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Abstract

There is an increasing need for a highly standardized, scalable source of proximal
tubular epithelial cells (PTEC) for pre-clinical models of the kidney, for large-scale
substance-induced nephrotoxicity and drug screening, or for application in cell
therapies. Major problems of classical resources of primary and immortalized PTEC are
frequent dedifferentiation, lack of personalization, and non-availability of functional
equivalence. These limitations can be solved by PTEC derived from human pluripotent
stem cell (hPSC) which offers an endless cell source, specificity with each donor,
capabiltity of genetic modifications. For these reasons, research using hPSC is
widespread, but adequate technologies for mass production of hPSC and derived

products are lacking. My goal was to develop an approach for hPSC-derived PTEC.

The first aim was to identify media composition which support the efficient generation of
hPSC-derived PTEC in two dimensional (2D) culture. The second aim was to determine
culture parameters for large scale generation of hPSC-derived PTEC in a bioreactor
environment based on the identified media composition in 2D culture. In order to mass-
produce hPSC-derived PTEC in an automated and reproducible way, the complete
process of expansion and directed differentiation of hPSC was performed on matrix-
coated alginate beads in a dynamic fluidics system, called biolevitation. Three
dimensional (3D) culture in biolevitation showed significant improvements in both cell
expansion and differentiation efficacy compared 2D culture. After 24 days, overall
expansion of cells on matrix-coated alginate beads in biolevitation was 9-10 times. This
yield was around 4 times higher than those in 2D culture. Besides expressing
Aquaporin 1 (AQP1), Sodium-Potassium ATPase (Na*/K*-ATPase), Low-density
lipoprotein-related protein 2 (LRP2/Megalin) and Sodium-glucose linked transporter-2
(SGLT2) like hPSC-derived PTEC in 2D culture. PTEC on beads showed expression of
functional proteins for detoxification including organic anion transporters (OAT) and
organic cation transporters (OCT). PTEC on beads were functional with respect to the
reabsorbtion of glucose and albumin as well as in uptaking organic ions from peri-
tubular capillaries. After treatment with the common chemotherapy agent cisplatin,
PTEC on beads expressed Kidney injury marker-1 (KIM-1) indicating suitability for
nephrotoxicity applications. Moreover, PTEC harvested from beads could form a
monolayer and stably expressed functional solute transporters. My study was the first



research of mass production of human PTEC using biolevitation and matrix-coated

alginate beads.



Zusammenfassung

Es besteht ein zunehmender Bedarf fur eine hoch standardisierte, skalierbare Quelle
proximaler tubularer Epithelzellen (PTEC) fur praklinische Modelle der Niere, fur
substanzinduzierte Hochdurchsatz Nephrotoxizitats- und Arzneimittelscreenings oder
fur die Anwendung in Zelltherapien. Hauptprobleme bei klassischen Ressourcen von
primaren und immortalisierten PTEC sind haufige Dedifferenzierung, fehlende
Personalisierung und nicht- Verfligbarkeit von funktionaler Aquivalenz. Diese
Einschrankungen konnen durch PTEC aus humanen pluripotenten Stammzellen
(hPSC) uberwunden werden, die eine unlimitierte Zellquelle, Spenderspezifitat und die
Fahigkeit genetischer Modifikationen bieten. Aus diesen Grunden ist die
Forschungsverwendung von hPSC weit verbreitet, es fehlen jedoch adaquate
Technologien fur die Massenproduktion humaner PSC und abgeleiteter Produkte. Mein

Ziel war es, hierfur einen Ansatz fur hPSC — abgeleitete PTEC zu entwickeln.

Das erste Ziel bestand darin, Medienzusammensetzungen zu identifizieren, die die
effiziente Erzeugung von hPSC-abgeleiteten PTEC in zweidimensionaler (2D) Kultur
unterstitzen. Das zweite Ziel war die Bestimmung von Kulturparametern fur die
Generierung von hPSC-abgeleiteten PTEC im groBen Mallstab in einer
Bioreaktorumgebung basierend auf der identifizierten Medienzusammensetzung in 2D-
Kultur. Um hPSC-abgeleitete PTEC auf automatisierte und reproduzierbare Weise in
Massenproduktion herzustellen, wurde der vollstandige Prozess der hPSC-Expansion
und gerichteten Differenzierung an neuartigen matrixbeschichteten Alginatktgelchen in
einem dynamischen Fluidiksystem namens Biolevitation durchgefuhrt. Die 3D-Kultur in
Biolevitation zeigte signifikante Verbesserungen sowohl der Zellexpansion als auch der
Differenzierungseffizienz im Vergleich zur 2D-Kultur. Nach 24 Tagen betrug die
Gesamtexpansion der Zellen auf matrixbeschichteten Alginatkigelchen in Biolevitation
das 9- bis 10-fache. Diese Ausbeute aus der Biolevitation war etwa 4-mal hoher als bei
der 2D-Kultur. Neben der Expression von Aquaporin 1 (AQP1), Natrium-Kalium-ATPase
(Na*/K*-ATPase), Megalin und Natrium-Glucose-linked Transporter-2 (SGLT2) wie
hPSC-abgeleitete PTEC in 2D-Kultur, PTEC auf Kugelchen zeigte die Expression
funktioneller Proteine fur die Entgiftung, einschlieBlich Transporter fur organische
Anionen (OAT) und Transporter fur organische Kationen (OCT). PTEC waren
funktionell in Bezug auf die Reabsorption von Glucose und Albumin sowie bei der



Aufnahme organischer lonen aus peritubularen Kapillaren. Nach der Behandlung mit
dem gangigen Chemotherapeutikum Cisplatin exprimierten PTEC den Kidney Injury
Marker-1 (KIM-1), was auf die Eignung fur Nephrotoxizitdtsanwendungen hinweist.
Daruber hinaus eine effiziente Zellernte moglich; die geernteten PTEC bildeten mit
funktionellen Transportern ausgestattete Epithelteppiche. Meine Studie war die erste
Forschung fur die reproduzierbare Massenproduktion von humanen hPSC -
abgeleiteten PTEC geeignete Technologie.



1. Introduction

1.1. KIDNEYS AND FILTERING SYSTEM

Vertebrates, including humans have two kidneys, which play a crucial role in blood
filtration, liquid homeostasis and blood pressure regulation. Regarding anatomy from
outermost part into innermost part, kidney is composed of cortex, medulla, and pelvis.
The functional unit of the kidney, the nephron, is mainly located in the cortex (Figure 1).
In humans, each kidney contains approximately one million nephrons. Nephrons are
composed of a blood filtration system, called renal corpuscle, and a long tubular system
responsible for absorption of substances and fluid as well as secretion of toxic
compounds. The glomerulus is a blood filtering unit of the renal corpuscle allowing
water and small molecules such as glucose, electrolytes, creatinine to pass through its
filtration barrier while keeping blood cells and large molecules in circulation. Filtrate
from glomerulus called pre-urine passes directly into a tubular system beginning with
proximal tubule, followed by the Henle loop, distal tubule and ending at the collecting
duct. The proximal tubule is responsible for reabsorption of water, essential substances

as well as detoxification.

The nephron is composed of more than 20 cell types '. The scope of this study was
restricted to proximal tubular epithelial cells (PTEC) forming the proximal tubule (PT).
PTEC are cuboidal polarized cells with apical side facing the filtrate from glomerulus
and basolateral side facing vascular capillaries (Figure 2). PTEC selectively reabsorb
the majority of essential compounds from the pre-urine like water, glucose, albumin.
Additionally, abundant organic solute transporters enable PTEC to secrete organic
acids including creatinine and bases into the urine, regulating the potentia hydrogenii
(pH) of the filtrate. The transporter system of PTEC is presented in Table 1.

10
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Figure 1. Nephron structure. 1. glomerulus; 2, proximal convoluted tubule; 3s and 3I,
proximal straight tubule in the shortlooped nephron (3s) and long looped nephron (3l);
4s and 4l, thin descending limb; 5, thin ascending limb; 6s and 6l, medullary thick
ascending limb; 7, macula densa; 8, distal convoluted tubule; 9, cortical collecting duct;

10, outer medullary collecting duct; 11, initial inner medullary collecting duct; and 12,

terminal inner medullary collecting duct (Figure and legend from Weiner ID, 2015)%.
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Table 1. List of transporters in PTEC

SOLUTE AND SUBSTANCES TRANSPORTERS FOR REABSORPTION

Transporter | Location | Subtrate Function Mechanism Ref
AQP1 A,B Water Transport water from filtrate into | Mainly by | Baum
PTEC then into blood stream transcellular M,2005 3
0Smosis;
partialy by
paracellular
route
Na*/K+- B Na*, K+ Transport actively Na* from PTEC | Primary Jorgensen
ATPase into blood, resulting secondary | active PL,19864
reabsorption of water, glucose | transport
and other solutes; Transport K* | (uniport)
from blood into PTEC
SGLT2 A Na*, Transport glucose from filtrate into | Secondary Malhotra A,
Glucose PTEC active 2015 °
transport
(Cotransport/
symport)
GLUT B Glucose Transport glucose from PTEC into | Diffusion
Lu IT, 2019
blood stream .
Megalin A Albumin Transport albumin from filtrate into | Receptor
PTEC mediated Ferrell N,
| 20127
endocytosis
Cubilin A Albumin Transport albumin from filtrate into | Receptor
PTEC mediated Ferrell N,
| 20127
endocytosis
ORGANIC TRANSPORTERS FOR DETOXIFICATION
OAT1 B OA Transport OA from blood into | Tetiary
PTEC active Sandoval
transport P, 2021,
Faucher Q,
(exchange/a 6o
ntiport 2020
OA/dicarbox
ylate)
OAT3 B OA, OC | transport OA from blood into | Tetiary
(creatinin | PTEC active Sandoval
P, 2021,
e) transport
Faucher Q,
(exchange/a
ntiport 2020,
OA/dicarbox | Nishiima T,
2019 %7°
ylate)

12



MRP2 OA Transport OA from PTEC into | Secondary Faucher Q,
filtrate active 2020%"
transport
(uniport)
MRP4 OA Transport OA from PTEC into | Secondary
. . Faucher Q,
filtrate active
2020%"
transport
(uniport)
BCRP OA Transport OA from PTEC into | Secondary
. . Faucher Q,
filtrate active .
transport 2020
(uniport) Schaub TP,
1999 "
OCT2 oC Transport OC from blood into | Passive Faucher Q,
(Creatinn | PTEC transport 2020 °
e, (Electrogenic | Wright SH,
cisplatin facilitated 2019 '*
diffusion/uni Ciarimboli
port) G, 2012 "
OCT3 oC Transport OC from blood into | Passive
PTEC transport Nishijima T,
.| 2019
(Electrogenic
facilitated
diffusion/uni
port)
MATE ocC Transport OC from PTEC into | Secondary
(cisplatin) | filtrate active Faucher Q.
2020 °
transport
(exchange/a W”gr:; SH,
ntiport 2019
OC/H+)
P-gp ocC Transport OC from PTEC into | Secondary Faucher Q,
filtrate Active 2020 %™
transport
(uniport)

Aquaporin 1 (AQP1), Sodium-Potassium ATPase (Na*/K*-ATPase), Sodium-Glucose
linked transporter-2 (SGLTZ2), Organic anion transporter 1 (OAT1), Organic anion
transporter 3 (OAT3), Multidrug resistance associated protein 2 (MRP2), Multidrug
resistance associated protein 4 (MRP4), Breast cancer resistance protein (BCRP),
organic cation transporter 2 (OCT2), organic cation transporter 3 (OCT3), Multidrug and
toxic compound extrusion (MATE), Permeability glycoprotein (P-gp); A: apical side, B:

13



basolateral side; OA: organic anions, OC: organic cations; Ref: reference. Transporters
used for characterization in my study were highlighted in bold type. (Table 1: own

representation: Ngo, Thi Thanh Thao)

Pre-urine

Figure 2. Transport system in PTEC. Aquaporin 1 (AQP1), organic cation transporter
2 (OCT2), Organic anion transporter 1 (OAT1), Organic anion transporter 3 (OAT3),
Sodium-Potassium ATPase (Na*/K* pump), Glucose transporters (GLUT), Sodium-
Glucose linked transporter-2 (SGLT2), low-density lipoprotein-related protein 2
(Megalin/LRP2), Multidrug resistance associated protein 2 (MRP2), Multidrug and toxic
compound extrusion (MATE), Permeability glycoprotein (P-gp). (Figure 2: own
photograph: Ngo, Thi Thanh Thao).

1.2. PTEC SOURCES FOR NEPHROTOXICITY SCREENING, TISSUE MODELLING AND
REGENERATIVE THERAPIES

The proximal tubule (PT) is a primary target organ for acute tissue injury (AKI) because
of its steady exposure to metabolites and substances in the filtrate and blood. Clinical
observation shows that repeated AKI accompanied by inflammation often results in a

chronic stage and eventually in renal dysfunction (end-stage renal disease-ESRD);

14



however, how AKI progress to chronic kidney disease (CKD) in some patients as well

as role of PT in this progression are still under investigated.'*®

Patients are able to completely recover from tubular injury in general, and injured PT in
particular. PTEC dedifferentiate, proliferate and differentiate to repair the injury'®.
However, severe or repeated injury may cause cell cycle arrest, mitochondrial
dysfunction, epigenetic changes, metabolic changes, activation of the renin-angiotensin
system (RAS), overproduction of reactive oxidant species (ROS) resulting in the loss or
reduced regenerative potency and progression to CKD'. Some mechanism were
suggested to explain the role of injuried PT for progression of renal pathology from AKI
to CKD. Firstly, injured PTEC promote tubular inflammation through secretion of pro-
inflammatory cytokines and chemokines'®, which is exacerbated by overproduction of
ROS due to oxidative stress in injured PT '®'®. Prominent inflammation markers for
CKD produced by injured PT include interleukin-6 (IL-6), interleukin-1 (IL-1), C-reactive
protein and tumor necrosis factor-alpha (TNF-alpha) '®'®. Secondly, injured PT induce
tubulointerstitial fibrosis, a typical feature of CKD'®. Injured PTEC arrest at G2/M phase
of cell cycle and secrete pro-fibrotic factors such as transforming growth factor-g (TGF-
B), platelet-derived growth factor (PDGF) and connective tissue growth factor (CTGF)
that promote transition of PTEC to fibroblasts and myofibroblasts'®. Moreover, AKI
associated activation of the RAS may cause tubulointerstitial fibrosis through action of
Angiotensin II, a cleavage product of angiotensinogen'®'®. Angiotensin Il activates pro-
fibrosis mechanisms of TGF-B, and promotes proliferation of renal fibroblasts.
Angiotensin Il also promotes inflammation in glomerulus and tubular interstitium through

1617 Another contributor for tubulointestitial fibrosis is

recruiting inflammatory cells
Canonical Wnt pathway'®?°. Last but not least, an in-vitro model investigating exposure
of PTEC to high concentration of proteins like albumin, or transferrin suggested that
injured PTEC with proteinuria can cause tubulointerstitial fibrosis through secretion of
Endothelin-1, a pro-fibrosis and pro-inflammation factor'®. Finally, some reports implied
metabolic aberrations such as fatty acid oxidation resulting in accumulation of lipids in

PTEC, and epigenetic changes in PTEC after injury to induce CKD progression16.

Disorders, and diseases relating or originating from PT are various; hence, there is a
high need for kidney models mimicking the human disease at different stages, which
are suitable for drug- and toxicity screening (Table 2, Table 3).

15



Existing in vitro PT models use a number of conventional PTEC sources. The use of
primary PTEC isolated from human nephrectomies or urine ' increased because they
possess intrinsic characteristics of the in vivo system. However, laborious isolation,
limited growth capacity, differential gene expression and phenotype in in vitro culture
conditions limit reproducibility and utility of this source®. For example, only after a few
days of culture, primary cells loose OCT2 transporter expression, which represents the
most abundant organic cation transporter in PTEC 2.

Several PTEC lines like HK-2, the human telomerase reverse transcriptase (hTERT)
transgene immortalized human RPTEC/TERT1-line and the conditionally inactivated
ciPTEC-hTERT line with a proliferation capacity of at least 90 population doublings
are available for PT modeling. The HK-2 cell line was obtained by transduction of
human papilloma virus 16 (HPV-16) E6/E7 genes ?. The RPTEC/TERT1 was made by
transduction of a construct containing hTERT - a catalytic unit of telomerease enzyme.
ciPTEC-hTERT was obtained by transfection using hTERT and a temperature-sensitive
mutant of SV40T, allowing to switch between proliferating and differentiating stages of
the PTEC ?°. Despite their high proliferation capacity, important characteristics of the
original cells are not seen in these cell lines over time in culture ?°. Transporters for
detoxification including organic ion transporters such as OAT1, OAT3, OCT2 and efflux
transporters like MRP2, BCRP are absent in the HK-2 cells. Compared with HK-2 cells,
RPTEC/TERT1 and ciPTEC lines possess more similar characteristics to primary cells
such as high polarization, dome formation, expression of functional transporters
including OCT2 and efflux transporters; However, transgene transduction was required

to force expression of the OAT1 and OAT3 in these cells %’.

Animal models have been largely used to mimic kidney diseases in vivo (Table 3);
however, there are genetic, physiological and pathological differences between animal
and human kidneys, which hamper interpretation of results from these models for their

applicability to humans.
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Table 2. PTEC lines used for establishment of PT models

Model Used cell lines | Establishment Characteristic of model | Ref
3D  bioprinted | RPTEC/TERT1 Model includes | PT expressed | Lin NYC,
and perfusion seperating PT channel | transporters, uptaked 2019%
vascularised PT and EC channel | glucose and vacularided
model locating on high | by endothelial cells
permeable ECM.
3D bioprinted | RPTEC/TERT1 Model is a PT with an | 2 months stable, | Homan
and perfusion open lumen. PTEC | expressed key | KA,
PT on chips were embeded into | transporters, uptaked 2016%
ECM on a perfusable | anbumin, and reacted to
tissue chip, where | nephrotoxic.
physiological shear
stress can be applied.
3D Microfluidic | Primary hPTEC | Model includes | PT expressed | Vedula
PT seperating PT channel | transporters, uptaked | EM,
and EC channel | glucose. 2017°%°
locating on membrane.
3D PT model on | ciPTEC CiPTEC were seeded | Form of an epithelial | Prange
hollow fibers into hollow fibers | monolayer with | JA,
membranes expression of ZO1 and 2016
activity of OCT2
AKl-induced HK2; Cells were treated by | 2D models used to study | Faria J,
hyperglycemia RPTEC/TERT1; | 20-25mM glucose SGLT2 inhibitors, injuries 2021%,
CiPTEC; caused by high glucose | Harwood,
LLC-PK1 concentration in PTEC 2007%
AKI-induced RPTEC/TERT1; | Cells were treated with | 3D model investigated | Vormann
nephrotoxic CiPTEC different concentration | nephrotoxicity = through | MK,
drugs of cisplatin, tenofovir, | cell viability, LDH, miRNA | 20213
tobramycin, cyclosporin | analysis, toxicity markers.
AKl-induced Primary PTEC; Cells were cultured in | Injury of cells were | Turman
hypoxia LLC-PK1 condition without | evaluated via LDH assay | MA,
oxygen and glucose | as well as generation of 1997%

supply for 18 hours.

arachidonic acid

metabolites

EC: endothelial cells, Conditionally immortalized PTEC from kidney tissue or from urine

(Jansen J, 201436), LLC-PK1: Porcine tubular epithelial cell line, OCT: organic cation

transporters, LDH: lactate dehydrogenase. (Table 2: own representation: Ngo,Thi

Thanh Thao).
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Table 3. Animal models of kidney diseases

Model Species Protocol/dosage | Advantages Disadvantages Ref
AKl-induced Mice/rat 6-20mg/kg Simple, highly | Utility of cisplatin | Bao YW,
cisplatin cisplatin reproducible in clinical is | 2018%
declined
CKD-induced Mice Repeatedly inject | Simple, highly | Utility of cisplatin | Torres R,
cisplatin cisplatin reproducible in clinical is | 201638
(15mg/kg) declined
AKl-induced DT | Mice 0.25ng/g DT DT only target Takaori
to PTEC K, 2016"
CKD-induced Mice Repeated DT only target Takaori
DT injection of | to PTEC K, 2016"
0.25ng/g DT
AKI-induced Mice/rat 30-45 minutes for | Low cost, | Requirement of | Bao YW,
ischemia- ischemia; 24-48h | Closed to | surgery after | 2018%
reperfusion for reperfusion clinical inducing.
pathology
condition
CKD-induced Mice/rat Activation of RAS | Genetic Lack of a ideal | Bao YW,
diabetes and YAP/TAZ by | modification, | model to mimic 2018%,
hybridization; commercial He X,
Streptozotocin; availability 2019%,
diet Nagao S,
2020
PKD in | Mice Genetic Easy to mimic Bao YW,
transgenic mice modifications  of | PKD with 201837,
pkd1 or pkd2 single Nagao S,
mutation, 2012*
widely used
Alport Mice COL4A3 gene | Main model to Bao YW,
syndrome (AS) knockout mouse investigate 2018%,
pathogenesis Korstanje
of AS R, 2014*
CKD-induced Mice Spontaneous Compatible Requirement of | Bao YW,
hypertension hypertension plus | with surgery after | 2018%43
unilateral hypertension inducing.
nephrectomy; nephropathy
injection of
angiotensin I
Renal mass | Rat 5/6 nephrectomy Mimic well | requirement of | Bao YW,
reduction progression of | surgery after | 2018%,
renal failure inducing Leelahav
anichkul
A, 2010*
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Mice Injection of | Widely used Not often progress

Amyloid A . . Bao YW,
casein, renal failure
amyloidosis . . 2018%"
lipopolysaccharide
Simons
JP,
2013%
Systemic lupus | Mice Genetic Widely used | Features of the
erythematosus modifications  of | due to | disease are not Bao YW,
. - 2018,
murine  models: | development fully mimiced
MRL, CD95 | of proteinuria, Nickerso
mutants lymphoprolifer n
. - KM,2013
ation, mimic
46
well human
lupus nephritis
Focal Mice Injection of | Common Dosage of toxins | Cao Q,
segmental adriamycin ~ and | model to study | are different from 2010%
glomerulosclero puromycin FSGS species and
sis (FSGS) strain.

DT: diphtheria toxin, RAS: renal angiotensin system, YAP: Yes-Associcated Protein,
TAZ: Transcriptional coactivator with PDZ-bindung motif, STZ: streptozotocin, PKD:
Polycystic kidney disease. (Table 3: own representation: Ngo,Thi Thanh Thao).

An emerging advanced in vitro model, offering extensive utilization for regenerative
medicine and disease modelling are human kidney organoids. While mouse kidney
organoids have been established since the 1960™ from mouse embryonic kidneys*®*°
the generation of human kidney organoids has not been possible for lack of source
materials. However, human kidney epithelial cells obtained from biopsies have been
used to build kidney spheroids®®. More recently, human kidney organoids were
established from hPSC. Till today, the highest complexity of kidney organoids can be
reached due to self-organization of PSC-derived kidney organoids, a structure including
different cell types of kidney®'. Kidney organoid models are excellent to study
developmental processes, morphogenesis and genetic effects. However, for
nephrotoxicity and drug screening, renal organoids are at the current stage of limited
utility. Due to a mixture of renal and non-renal cell types, the immature state and lack of
vascularization, as well 3D structural complexity, kidney organoids are confronted with
translational and technological challenges: which compound concentrations have
effects on which cell type, exposure to apical side or basolateral side for analyzing
function of specific transporters and mode of delivery due to lack of vascularization *2.
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Moreover, high- and medium throughput imaging is highly demanding and other non-

visual assays yet to be resolved technologically.

To overcome above mentioned shortcomings in terms of high functionality, robustness,
unlimited source, homogeneity and reproducibility of PTEC, hPSC may provide an
excellent source material. In addition, inducted PSC technology offers the possibility of
personnalized kidney modeling and genetic stratification of models. To date, there have

been several protocols describing the differentiation of hPSC into PTEC %2~

1.3. GENERATION AND CHARACTERIZATION OF HPSC-DERIVED PTEC IN TWO DIMENSIONAL
STATIC AND MICROFLUIDIC CULTURE

For the first time, hPSC were reported to differentiate into PTEC in 2013 using a 20
days-protocol in 2D culture®®. This heterogenous mixture expressed different
metanephric kidney markers, not only AQP1 and Lotus tetragonolobus lectin (LTL)
characteristic for PT, but also podocalyxin and peanut agglutinin, typical for cells in the
glomerulus and aSMA for smooth muscle cells. One year later, also in 2D culture, Lam
et al published an 11-days protocol that differentiated hPSC specifically into a tubule-
like structure. At protein level, more typical markers for PTEC including LTL, N-
cadherin, AQP1 and Megalin were detected. However, cells comprising a tubular
structure also expressed Nephrin (NPHS1) and Synaptopodin (SYNPO) characteristic
for podocytes, Uromodulin (UMOD) for loop of Henle, and AQP2 for collecting duct **.
Similarly to previous publications, Hariharan et al. (2017) described the directed
generation of PTEC within 14 days with an efficiency of around 57%, based on AQP1
expression °°. In order to use PTEC from these protocols, a further enrichment step is
required. There are some complications to do this step because of poor recovery of

PTEC after cell sorting by flow cytometry or magnetic-activated cell sorting (MACS).

Kandasamy et al, successfully developed in 2015 a rapid one-step protocol for the
differentiation of human induced pluripotent stem cells (hiPSC) on Matrigel-coated
plates into PTEC within 8 days with more than 90% purity. On day 8, cells expressed
PTEC-specific markers at protein level including AQP1, SGLT1, Glucose transporter 1
(GLUT1), OAT3, Peptidtransporter 1 (PEPT1), Na*/K® ATPase and Zonula occluden-1
(Z0O-1). OAT and OCT2 activity were confirmed by functional assays. However, these

56

markers were stable for only 2 days ™. Recently, Chandrasekaran et al. (2021)
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developed a step-wise protocol by using small molecules and growth factors to
generate PTEC within 14 days that showed expression and function of Megalin and
ATP-binding cassette transporter protein (ABCB1). These markers were stable for up to
7 days®®. Despite the generation of PTEC with high purity, similar to previous 2D
protocols, PTEC from these both protocols highly expressed the injury marker KIM-1
without any drug treatment and did not show correct apical-basolateral polarization of
functional transporters®*. Moreover, only few solute transporters for detoxification were

reported in these publications.

Maintaining transporters and metabolic function of hPSC-derived PTEC as well as
achieving maturity and competence of hPSC-derived PTEC to recapitulate in vivo cell
characteristics and polarization seems to be impossible in static 2D culture, likely
because of a lack of shear stimulation/fluid flow across the cell surface®’. This led to the

58-60

development of different 2.5 dimensional (2.5D) formats , microfluidic and three

dimensional (3D) culture systems. Improvement was shown in the maintenance of

primary PTEC and immortalised cell lines cultivated on 2D microfluidic chips®**’

, Or on
fabricated 3D perfusable chips?®, where fluidic flow can be applied across the apical
pole of the cells and PTEC were maintained in culture up to 2 months®’. However, to
our knowledge, there has not been any system used to differentiate hPSC into PTEC
and maintain these cells in a fluidic environment in continuous cultivation in a scalable

system.

1.4. MICROCARRIERS FOR ANCHORAGE-DEPENDENT CELL GROWTH IN FLUIDIC SYSTEMS

Microcarrier technology has been developed for a long time. Anchorage-dependent cell
growth as monolayers on the surface of microcarriers or small beads was reported for
the first time in 1967°%'. These beads possessed a positively charged surface and were
used for cultivation of human embryonic lung cells. The increasing surface area/volume
ratio, approximately 20cm?/ml versus 4cm?/ml in comparison to Petri dishes, resulted in
a significantly increased yield of cells from small culture volume (10-fold or more)61.
Thus, by applying continuous propagation techniques, cultivation of anchorage-
dependent cells on beads in suspension cultures like stirred bioreactors does not
require elaborate sub-culturing steps and is only dependent on the available surface

area and bioreactor volume.
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A microcarrier is composed of a base that is often a cross-linked polysaccharide with or
without a polypeptide conjugated to the base component®*®®. Microcarrier bases can be
formed by cross-linked polysaccharide such as agarose, starch, dextran, cellulose or
polygucose beads, or alginate. Conjugation of a polypeptide to the base requires a free
carboxylic acid group. A carboxylic acid group needs to be introduced in most
microcarrier-bases while they are naturally available in microcarrier bases generated
from alginate. Furthermore, alginate is readily available in clinical grade and has been
used in for multiple clinical applications, for example to encapsulate beta cells®*®*
These features make using alginate to produce beads highly advantageous. Many
commercial microcarriers are available for the expansion of anchorage-dependent cell
types, typically as dextran microcarriers — like Cytodex, and cellulose microcarriers —
like Cytopore. Among Cytodex microcarriers, Cytodex 3, additionally, covered by a
denatured type 1 collagen layer is the most suitable one for the cultivation of several
different primary cell types and established cell lines®'. However, due to the inert xeno-
free characteristics, natural availability and abundant resources, easy modification of
physical properties such as stiffness and reversible gelation and possible
biodegradability, alginate beads offer a variety of application advantages for tissue
modelling. Importantly, clinical grade alginates are already used as vehicles for drug
delivery, immunoisolated transplantation via microcapsules with a proven safety
record®°®; however, reports for the cultivation of adherent cells on alginate beads are
very limited. Rowley et al, 1998 reported an enhanced attachment of mouse skeletal
myoblasts on surfaces of alginate hydrogel coupled with a sequence arginine-glycine-
aspartic acid (RGD) used as adhesion ligands®>. RGD-modified alginate hydrogels also
allow cultivation of chondrocytes, ovarien follicle cells, and bone marrow stromal cells®.
Additionally, modifications with YIGSR peptides enhance the adhesion of neuronal
cells®®. Few publications reported expansion and differentiation of hPSC on alginate
hydrogel®®. Expansion and differentiation of hPSC on alginate beads was reported by
Gepp et al’®. Gepp showed a high attachment of hiPSC on Matrigel-coated alginate
beads. Moreover, Gepp showed a better attachment of human mesenchymal stem cells
on these alginate beads compared to collagen 1-precoated dextran microcarriers. Since
hPSC need a specific matrix to attach and grow, Matrigel-coated alginate beads offer a
promising condition for the cultivation and expansion of hPSC. Before coated by
Matrigel, alginate beads need to be modified with a amide-containing linker that
increases coating efficacy by enhancing absorption of Matrigel proteins on alginate
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surface, resulting in high attachment of hPSC on the beads’®. Therefore, Gepp reported
a protocol for the modification of alginate beads, which finally allows a standard surface
coating of the beads’™. Additionally, Gepp successfully showed the attachment and
contraction of hiPSC-derived cardiomyocytes on these alginate beads.

hPSC can be expanded as adherent monolayer colonies in 2D cultures, as single cell

.72 encapsulated in thermoresponsive hydrogels’®> or on surface of

suspensions
microcarriers like alginate beads "° in bioreactors. There are many kinds of bioreactors
used for cell expansion including shaking flasks and spinner flask systems with

capacities ranging from 100ml to several liters’""?

. Compared to static cultures,
bioreactor-based processes reduces the laboratory work, generates a homogenous
medium for cell development due to presence of rotating or stirring systems; however,
most systems mentioned above require large medium consumption and are most
suitable for applications where a large number of cells is needed in one batch.
Furthermore, most bioreactor systems submit significant shear stress to cells.
Generating cells for biobanking or preclinical applications require highly flexible
systems, which are suitable to produce smaller cell nhumbers with minimal medium
consumption and high flexibility of culture condition adjustments, and scalability to
produce high cell numbers under optimized cultivation conditions. Biolevitation
furthermore offers the possibility to provide fluidic flow under very low shear stress
conditions. Midi-scalable bioreactors based on biolevitation principles appear to be
highly suitable for cultivation of hPSC and their differentiation into a diverse array of cell
types and subsequent upscaling. Furthermore, alginate beads can easily be adopted for
biolevitation-based cell cultivation due to their flexible mechanic-physical properties.
However, there has not been any publication using alginate beads in combination with
biolevitation for the expansion and differentiation of hPSC in a single step.

Biolevitator™ from Cero offers a system suitable for setting standard procedures for
expansion and differentiation of hPSC at affordable cost. In addition, the number of
reactor vessels is scalable unlimitedly and thus providing flexibility to produce a wide
range of cell numbers. One Cero system operates four separated 50ml-Cerotubes that
have small fins and flat bottom to reduce shear stress to cultured cells but providing
adjustable flow stimulation. To the best of our knowledge, Cero was used for the first
time in 2015 by Elanzew "2 for the cultivation of hPSC as aggregates, which led to a 5-
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fold expansion after 4 days. Additionally, Fischer et al, 2018 reported a successful

induction of single hiPSC into cardioshperes using the Cero system’>.
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1.5. HYPOTHESIS, AIMS AND THE PRESENT STUDY

In summary, there is a high need for a continuous supply of PTEC for human PT
modelling, reproducible and reliable large scale drug — and toxicity screening. Human
PSC-derived PTEC provide a personalized cell source material, with multiple
established protocols for their differentiation into PTEC. | hypothesized that fluidic
environments may provide favourable conditions to generate high numbers of
reproducibly functional PTEC and better maintenance of typical PTEC characteristics
upon differentiation. Matrigel-coated alginate beads have been shown to promote hPSC
expansion. Using a controllable fluidics environment in a biolevitation bioreactor we
furthermore hypothesized that differentiation of hPSC on Matrigel-coated alginate beads
may facilitate an adjustable surface for tubular formations for maturation of PTEC in a

reproducible way.

Aim of the study was to develop a reliable, high efficient technique to direct hPSC

towards the renal lineage and into functional PTEC.
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2. Methods

This section explains the principles of the methods used for the study. Materials used

for this study were presented in Table 4, Table 5 and Table 6.

Table 4. Human PSC-lines used in this study

Cell line Source Vector Factors

WAe001-A Human embryo

WISCi004-A Lung fibroblasts Lentivirus Oct4, Sox2, Nanog,
Lin28

BCRTIi005-A Urinary cells Sendai virus Oct4, Sox2, Kif4, cMyc

(Table 4: own representation: Ngo,Thi Thanh Thao)

Table 5. List of antibodies used for immunofluorescence and flow cytometry

Name Species Company Cat.Nr
Description

AQP1 Rabbitpolyclonal Apical/Basolateral side of | Proteintech 20333-1-AP
PTEC

Na*/K+-ATPase | Rabbitpolyclonal Basolateral side of PTEC | Abcam ab76020

SGLT2 Mousepolyclonal Basolateral side of PTEC | Abcam ab58298

LRP2 Rabbitpolyclonal Apical side of PTEC Abcam ab76969

E-cadherin Mousepolyclonal Basolateral side of PTEC | BD Biosciences 610181

KIM-1 Mousepolyclonal Apical side ThermoFisher

OCT2 Mousemonoclonal | Basolateral side of PTEC | Abcam ab242317

OAT1 Rabbitpolyclonal Basolateral side of PTEC | LSBio LS-B10034

OAT3 Rabbitpolyclonal Basolateral side of PTEC | Abcam ab247055

P-gp Mousemonoclonal | Apical side of PTEC Abcam ab253265

MRP2 Mousemonoclonal | Apical side of PTEC ThermoFisher MA1-26535

Six2 Mousemonoclonal | Embryonic cap | Abnova H00010736-
mesenchyme MO1

RET Rabbitpolyclonal Ureteric buds LSBio 53164

JAG1 Rabbitpolyclonal Renal vesicle Abcam ab7771

WT1 Mousemonoclonal | Renal vesicle SCBT sc192

(Table 5: own representation:

Ngo,Thi Thanh Thao)
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Table 6. Equipments used in this study

Equipment Manufacturer/Supplier
Cero oLS
Cerotube™ oLS

Operetta High Content Screener
MACSQuant Analyzer Cytometer
Microtome

Zeiss EM 906 electron microscope
Microplate reader

EVOM3 Ohmmeter

Incubator 11-13625

Cell scraper

Perkin Elmer, Waltham

Miltenyi Biotec

Leica RM2255

Carl Zeiss, Oberkochen, Germany
Spectra max 384

WPI

BINDER GmbH, Tuttlingen

TPP® Techno Plastic Products AG, Trasadingen

(Table 6: own representation: Ngo,Thi Thanh Thao)

2.1. MEDIUM SCREENING FOR PTEC DIFFERENTIATION OF HPSC IN 2D CULTURE

Two human induced pluripotent stem cell (hiPSC) lines (BCRTi005-A, WISCi004-A) and

one human embryonic stem cell (hESC) line (WAe001-A) were cultured in defined

serum-free Essential 8 (E8) medium on 2D plates coated by Geltrex that is the same

Matrigel but from different company. When hPSC reached 70-80% confluence, they

were differentiated into renal progenitor cells (day 8 cells) using an 8-day protocol

developed by Hariharan et al®®. Specifically, by using a combination of Activin A,

Retinoic Acid, and recombinant human bone morphogenetic protein 4 (BMP4) for the

first 4 days hPSC were induced into intermediate mesoderm. For further 4 days, cells

were induced into renal vesicle cells (day 8 cells) using Glial derived neurotrophic facror
(GDNF). Day 8 (d8) cells were further differentiated into PTEC using 6 different media

compositions (Table 7).
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Table 7. Composition of medium used to differentiate renal vesicle cells into
PTEC in this study

Medium 1 Medium 2 Medium 3 Medium 4 | Medium 5 Medium 6
Basal medium | DMEM- DMEM- DMEM/F12 | Low Low DMEM- | DMEM/F12

Ham'sF12 Ham'sF12 (1:1) glucose Ham'sF12 plus KSFM
(1:1) (1:1) DMEM/F12 | plus KSFM (1:1)

Supplemen (1:1) (1:1)

ITS X X X X X X

EGF X X X X X X

Hydrocortisone X X X X X X

T3 X X

Prostaglandin E1 X X

Ascorbic acid X

DMSO X X

Bovine pituitary X

extract

Cholera toxin X

Retinoic acid X

Ethanolamine X

Phosphorylethano | x

lamine

Dexamethasone X

Trace elements X

Cell line cultured Porcine RPTEC/TE | RPTEC/TE | RPTEC/TE | hPSC- Rat-PTEC
PTEC RT1 RT1 RT1 induced

PTEC

Reference Humes, Wieser, Ellis, 2011 | Radford, Home-made | Chang, 2013

1999 " 2008 *° ® 20127 i

Dulbecco’s modified Eagle’s medium (DMEM); Keratinocyte serum-free medium
(KSFM), Insulin-Transferrin-Selenium (ITS), Recombinant human epidermal growth
factor (EGF), Triiodothyronine (Ts3), Dimethyl sulfoxide (DMSO). (Table 7: own
representation: Ngo,Thi Thanh Thao).

To differentiate renal vesicle cells (d8 cells) into PTEC, different previously published
PTEC medium compositions for the cultivation of primary PTEC and immortal cell line
were tested. Additionally, the home-made media, media 5, was enrolled in the

screening. The composition of medium 5 was defined as followed: It was reported
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previously, that PTEC require a low glucose medium for growth78, therefore we
switched from high-glucose basal media to low-glucose media. We modified basal
media using low glucose DMEM/Ham'sF12 instead of high glucose DMEM/F12 (17mM).
Glucose concentration of this home-made medium was around 7.6mM that was quite
similar to those of commercial renal epithelial growth medium (REGM, Lonza) 6.6mM.
For medium 4 it was reported, that RPTEC/TERT1 was also cultured in a low glucose
medium’®. Additionally, we eliminated the xeno-components and replaced them by
chemically-defined Insulin-Transferin-Selelium (ITS) supplement. Regarding the choice
of growth factors for the home-made medium, we chose and picked commonly used
growth factors that were co-present in REGM and others including Recombinant human
epidermal growth factor (EGF) and hydrocortisol. Dimethyl sulfoxide (DMSO) was only
present in medium 6 but also included into the formulation of medium 5. Beside being a
drug solvent, a cryoprotectant, DMSO was also a potent inducer in studies of cardiac
differentiation’®®2. | think that DMSO might have a certain effect on our PTEC
differentiation. This was confirmed via our experiment. In medium with presence of
DMSO, cells exhibited a cobblestone appearance with dome formation while without
DMSO supplement, these events were not seen (Figure 3). Additionally, hydrocortisone
concentration in our home-made medium was reduced 1000 times to 1uM compared to
1mM in medium 6 since hydrocortisone induces high sensitivity to EGF resulting in an
increased proliferation rate while under normal circumstances, PTEC divides at a low

rate in vivo®>.
In conclusion: The medium screening on 2D culture plates revealed the home-made

medium 5 generated highest differentiation efficiency for PTEC with 70% AQP1, and
80% SGLT2. From this result, this medium was called PTEC medium.
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Figure 3. Phase contrast pictures of d16 cells on 6 well-plates in presence (A) and
absence (B) of DMSO. (Figure 3: own representation: Ngo,Thi Thanh Thao).

2.2. EXPANSION AND DIFFERENTIATION OF CELLS ON MATRIGEL-COATED ALGINATE BEADS
WITH BIOLEVITATION

The 2D differentiation protocol presented above was directly applied to the 3D hPSC-
differentiation performed on Matrigel-coated alginate beads (MAB) in a fluidic
biolevitation environment (MABB), called Cero. In particularly, hPSC were seeded on
MAB on day -4 (d-4). After 4 days, when cells covered almost surface of beads, on day
0 (d0) cells were differentiated into progenitor cells for 8 days®® and further differentiated
into PTEC until day 20 (d20). Schematic diagram of differentiation protocol is shown in
Figure 4.
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“Figure 4. Protocol of expansion and differentiation of hPSC on Matrigel-coated

alginate beads in Cero (Figure 4 has been published in Ngo et al, 2022%)”

2.3. CULTURE PARAMETERS OF HPSC ON MATRIGEL-COATED ALGINATE BEADS WITH
BIOLEVITATION

For a homogenous distribution of hPSC on MAB, generation of small hPSC-colonies
were required. 70-80% confluent hPSC on the culture plates were incubated with
0.5mM ethylenediaminetetraacetic acid (EDTA) for 3 minutes, disloged by a scarpper
and gently transferred to MAB. To prevent MAB from floating in medium that effects on
attachment efficiency of hPSC on beads as well as minimize rotation speed causing
shear stress for cells, MAB density of 40cm? in 10ml medium was used for each
Cerotube. Additionaly, to prevent the form of complex agglomerates from small beads "
as well as a reduction in the final cell yield/g bead from using large beads, MAB with
medium size from 300-400uM were used in my study °'.

The culture process of cells in MABB is composed of three stages: inoculation, culture
and harvest. The most important stage is the initial stage in which cells start to attach
and proliferate on the beads. In this stage, inoculation density need to be optimised to
get a maximum cell yield for the expansion stage ®1_ A minimum inoculation density is
required whereby the cells can attach homogenously all beads, since afterwards cells
are not going to migrate from one bead to others. Additionally, cell number should not
be too high to prevent multilayer formation on the beads. Minimum inoculation density
alters for each cell type®’. We tested different inoculation densities of hPSC on 40cm? of
MAB, and 6.5x10* cells/cm? was my optimised minimum inoculation density for all three
hPSC lines used. With this inoculation density, cells covered more than 90% of the
beads after 4 days.

To enhance exposure of cells with MAB, low medium volume and intermittent stirring
method of Clark were applied for the inoculation step®. Specifically, hPSC were
inoculated in 3-4ml E8 for 5 hours with 2 minutes agitation at 40rpm in alternating
direction (4s/direction) and 15 minutes agitation pause. After the inoculation step, in the
further culture step, cells were cultivated in 10ml medium at 37°C and 5% CO, under

continuous rotation at 40rpm in alternating directions (4s/direction).
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2.4. PROCESSING MATRIGEL-COATED ALGINATE BEADS FOR CHARACTERIZATION

For cell characterization of hPSC-derived PTEC on MAB, PTEC were directly fixed on
beads and encapsulated into 4% low-melting agarose. The melting temperature of this
agarose is at 65.5°C and still remains liquid at 37°C. Low gelling point at 24-28°C is
considered as a huge advantage of low-melting agarose compared to standard agarose
with a gelling point at 34-38°C. Beside the protection of the cells on the beads from
destruction by high temperature, it is also easier to handle low-melting agarose.
Afterward, the agarose blocks containing the cell-bead structures were dehydrated,
samples were passed through a series of different alcohol solutions with increasing
alcoholic concentration to remove all fixating solution and sample fluid which were
finally replaced by the organic solvent xylol due to its miscible property with both
paraffin as well as the alcohol used to dehydrate samples. After dehydration, samples
were embedded in paraffin to become solid for the cutting procedure and to preserve

sample structures.

2.5. FLOW CYTOMETRY

Cell characterization, including renal progenitor subsets, analysis of PTEC-markers,
populations conducting transport assays from differentiated cells was performed by flow
cytometry. Flow cytometry bases on light scattering and fluorescent emission of single
cells labelled by fluorescent molecules. This technique is used to measure and analyse
physical characteristics of single cells such as internal complexity, size or cell surface
area, fluorecsently lablelled-antibodies positive cells within heterogeneous suspensions
when cells pass through one or multiple laser beams. Specifically, the laser beam
excites cells from ground state at lowest energy level to excited singlet states; when
cells return to vibrational relaxation and finally to ground state, cells scatter light and
emit fluorescence that are captured, filterd spectrally, and converted to electronic
signals (voltage) through photodetectors. The voltage data is transferred to an external

cytometer computer for storage and further analysis.

It is very important to use viability dyes to exclude dead cells from flow cytometry
analysis, because dead cells have high level of autofluorescence and increased non-
specific antibody binding resulting false positive results. In this study, | used
LIVE/DEAD™ Fixable Dead Cell Stain Kit for this purpose. These are protein binding
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dyes binding to free primary amine on proteins on the surface of cells. In dead cells, the
dyes enter into the cells and bind to intracellular primary amines; therefore, dead cells
have greater fluorescence and easily distinguished from live cells. Additionally,
unstained control, and controls with only secondary antibodies to set gating regions and

separate positive from negative cells were used.

2.6. IMMUNOFLUORESCENCE

This assay is based on the specificity of antibodies to detect proteins in cellular contexts
via antigen — antibody reaction. In comparison with flow cytometry, this method is more
useful in analysing the precise localization of the protein of interest within the cultured
cells and in tissue sections. There are two different immunofluorescence assays
including indirect and direct immunofluorescence. Because of high sensitivity, easy to
change signal color, | used the indirect method to detect proteins including Aquaporin 1
(AQP1), Sodium-Potassium ATPase (Na*/K*-ATPase), Sodium-Glucose co-transporter-
2 (SGLT2), Megalin/LRP2, E-Cadherin, Laminin, and Kidney injury molecular-1 (KIM-1).
For indirect immunofluorescence method, cells are incubated first with an unlabeled
primary antibody. Afterwards, a secondary fluorophore-coupled antibody is added which
is recognizing and binding to the primary antibody. Fluorescent antibodies allow to

visualize the protein of interest using fluorescent microscopy.

2.7. TRANSMISSION ELECTRON MICROSCOPY

| used this technique to visualize small morphological structures of PTEC like microvilli
and organelles in PTEC cytoplasm. The working principle of transmission electron
microscope (TEM) is comparable to the light microscope. Micropscopes create a
magnified image through the use of a series of lenses, glass lenses for light microscope
and electromagnets for TEM. However, a basic difference is the illuminating source they
use to focus and to produce the image. While light microscope uses a beam of light, of
an approximal wavelength of 400-700 nanometers (nm), TEM uses a beam of
electrons, approximally equivalent wavelength of 1nm to focus on the specimen.
Therefore, principally the image is formed by the absorption of light waves for light
microscopy, and by transmission of electrons for TEM. The wavelength is closely
related to resolution of an image. Shorter wavelengths have greater resolution than
longer wavelengths. Regarding this mechanism, to increase image resolution, light
microscope has to decrease the wavelength of the light, while transmission electron
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microscope increase the wavelength of electron transmission. Because electrons have
100.000 times shorter wavelength than light, resolution of TEM is 1000 times, and
magnification is over 2 million times higher than light microscope.

2.8. CYTOTOXICITY ASSAY

To investigate whether generated PTEC can be used to model nephrotoxicity, a MTT
cytotoxicity assay with Cisplatin was performed. This is a non-radioactive, colorimetric
assay, measuring cell viability after Cisplatin treatment using MTT compound (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). This is a yellow tetrazolium salt,
which is soluble in culture medium and cell permeable. Once inside the cells, MTT is
reduced to purple formazan crystals due to activity of NAD(P)H-dependent
oxidoreductase enzymes in viable cells. Reduction level of enzymes with MTT
correlates with the number of viable, metabolically active cells. Resulting purple
formazan crystals accumulate inside the cells. Finally, after the addition of a
solubilization solution, the formazan becomes solubilized, forming a coloured solution.
The coloured solution is quantified by measuring absorbance or optical density (OD) at
570nm and 650 nm for background using a multi-well spectrophotometer. Cisplatin

untreated cells were used as negative controls.

Cell viability was calculated by formula:

OD(570) — OD(650) of treated sample
x 100

OD(570) - OD (650) of untreated sample

Besides cell viability, | also checked Cisplatin cytotoxicity on cell through KIM-1

expression.

2.9. TRANSPORT ASSAYS

Radioactivity is the most popular method used to investigate membrane transporter
characterization. However, there are many disadvantages of this approach such as high
cost and health risks for users. Unlike radioactivity, assays based on fluorescence are
much cheaper and safer %. Therefore, in this study, | used fluorescent-based assays for
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the analysis of membrane transport functionality. The uptake of substrates was

characterised by flow cytometry or fluorescence microscopy.
2.9.1. Glucose assay on Matrigel-coated alginate beads

To investigate glucose uptake of SGLT2 transporter, 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-
1,3-diazol-4-yl) Amino)-2-Deoxyglucose) was used. /n vivo, in PTEC, 90% glucose is
reabsorbed from glomerular filtrate through SGLT2 located on apical side of PTEC of
the proximal tubule (S1/S2 segments) 87 2-NBDG is a fluorescent derivative of D-
glucose used to investigate direct glucose uptake in living cells. Cells, which take up
this fluorescent tracer will fluoresce green. Transport rate of 2-NBDG is generally slower
than glucose. Once taken up, cellular metabolism turns this compound into a non-
fluorescent derivative. Therefore, quantification of 2-NBDG take-up has to be conducted
quickly after incubating cells with this compound.

Dapagliflozin was used to block glucose uptake through inhibiting SGLT2. Action
mechanism of this inhibitor was reported is independent of pancreastic 3 cell function
and modulation of insulin sensitivity but not displayed in detail®®. In my study, cells were
incubated with this inhibitor 30 minutes before an incubation with 2-NBDG for a specific
uptake. Also, cells needed to be washed several time with medium without glucose to
prevent glucose in medium from impeding 2-NBDG uptake.

2.9.2. Albumin assay on Matrigel-coated alginate beads

FITC-albumin (fluorescein isothiocyanate-tagged albumin) was used to investigate
cellular endocytosis of albumin mediated by apical transporter LRP2/Megalin in PTEC.
Before albumin uptake assay was conducted, cells needed to be cultured in medium
without serum for at least some hours; however, PTEC medium is defined medium
without serum, thus FITC-albumin was directly added to cultured cells. Because there is
no way to effectively inhibit Megalin we could find, we tested albumin uptake with
different concentrations and saw an uptake dependent on used concentration.

2.9.3. Organic anion uptake assay on Matrigel-coated alginate beads

OAT family is responsible for the excretion of many substrates such as drugs, toxins,
metabolites, endogenous hormones, nutrients from the blood to urine. Due to binding
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albumin, drugs and substrates mediated by OAT family do not pass glomerular filtrate,
resulting continue into petri-tubular capillaries and get inside into PTEC through
basolateral transporters OAT1 and/or OAT3. Fluorescent anion 6-CF (6-
Carboxyfluorescein) is a tracer used to investigate anion uptake by OAT1 2% however,
there is an overlap in substrate specificity for OAT3 and OAT1. Therefore, 6-CF was
used to investigate organic anion uptake by OAT1 and OAT3 in parallel, as described
by Lawrence et al. *®. This substrate is not membrane-permeable and only loaded into
PTEC through OAT1 and OAT3. Probenecid, a specific inhibitor of OAT1 and OATS3,
blocks anion transport by OAT1 and OAT3, and was used to demonstrate specificity of

fluorescent anion uptake.
2.9.4. Organic cation uptake assays Matrigel-coated alginate beads

Cation uptake in human PTEC is mainly conducted by the most abundant basolateral
transporter OCT2, and only slightly by OCT3 and OCT1%. In mice DAPI can be
transported by both OCT1 and OCT2°"%2 It was also reported that, the two substrates
DAPI and Metformine (anti-diabetes drug) are transported by OCT, while Cimetidine is

inhibiting the uptake®°,

DAPI is not permeable in live cells and only actively transported into intact PTEC
through OCT2 and OCT1 into the lumen. Also, DAPI only emits fluorescence after
intercalating with double-stranded DNA °'. Therefore, we used DAPI to investigate
cation uptake of OCT2 in our PTEC in presence or absence of the cationic drug
Metformin and Cimetidine as described by Lawrence et al ®2. This combination can be
explained that Metformin shares substrate recognition site with DAPI, resulting

competing DAPI uptake while Cimetidine can be recognized as an inhibitor of OCT2 o

The activity of renal OCT2 influx protein was also examined using fluorescent OCT
substrate 4-Di-2-ASP (Sigma-Aldrich). 15mM OCT inhibitor Tetrapentylammonium
chloride (TPA) (Santa Cruz) was used as an inhibitor. 4-Di-2-ASP is the preferable
fluorescent probe used currently because of strong fluorescence, temperature and pH
stability °°.
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In my study, PTEC on MAB were incubated for 30 minutes with TPA inhibitor before
incubating with 4-Di-2-ASP for only 15 minutes in continued presence of TPA, one of
inhibitor of OCT2 *°.

2.9.5. Transport assay of renal efflux P-Glycoprotein Matrigel-coated alginate

beads

Calcein-AM (Calcein acetoxymethyl ester) is a non-fluorescent acetomethoxy derivate
of the fluorescein complex Calcein. Due to protection of carboxylic acid groups by
hydrophobic acetomethoxy groups (AM) from the phospholipid bilayer cellular
membrane, highly lipid soluble Calcein-AM dye can passively diffuse into viable cells.
Once inside, endogenous esterase remove/cleave ester bond/the AM groups/moiety
from Calcein-AM to produce the impermeable, fluorescent Calcein that is well retained
in the cytosol and can be detected by flow cytometry *°.

P-glycoprotein (P-gp) actively pumps endogenous and exogenous toxic compounds out
of PTEC. We used nonfluorescent Calcein-AM to check P-gp function through retention
of Calcein in PTEC in presence of P-gp inhibitor PSC833 as described by Foll et al % In
absence of the inhibitor, P-gp pumps Calcein-AM out of PTEC resulting a decrease in
fluorescence of Calcein in the cytosol.

2.10. TRANSEPITHELIAL ELECCTRICAL RESISTANCE

Transepithelial electrical resistance (TEER) is a reliable, non-invasive method to
evaluate integrity and permeability of a cellular monolayer via measurement of electrical
resistance across the cellular monolayer. In order to measure TEER values, PTEC were
first seeded on Transwell insert where cells can form a monolayer on a porous
membrane, and medium can be added and changed separately on the apical and
basolateral side of the cells. TEER (Q.cm?) is measured by placing two electrodes on
each side of the monolayer along with applying a low frequency current. TEER value
(Q.cm?), An insert with media only was used to measure blank resistance. TEER of
monolayer was calculated by subtracting blank resistance, then multiplied by the
surface area.
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3. Results

My PhD project focused on experiments with the goal to efficiently and reproducibly
obtain large amounts of hPSC-derived PTEC. | used Matrigel-coated alginate beads
(MAB) in a fluidic biolevitation environment (MABB) to achieve maturation and function
of the cells. My results confirmed the hypothesis that the fluidic, homogenous condition
is suitable to produce a reproducible source of mature PTEC with functional

transporters as well as significant expansion rates.

3.1. DIFFERENTIATION OF RENAL PROGENITOR CELLS AND PTEC ON GELTREX-COATED
POLYSTYRENE IN 2D AND ON MATRIGEL-COATED ALGINATE BEADS WITH BIOLEVITATION

Differentiation of hPSC into renal cells was measured by expression of typical markers
for different stages of maturation. Expression of SIX Homebox 2 (SIX2) and Receptor
Tyrosine Kinase (RET) was determined, two key transcription factors for formation of
intermediate mesoderm and ureteric bud, respectively. In cells differentiated in a
conventional 2D system, and in MABB 70-80% of cells expressed SIX2 and 50-60%
cells expressed RET after 4 days of differentiation with Activin A, Retinoic Acid and
BMP4. Two indicators of renal vesicle stage differentiation, Wilms’ tumor protein 1
(WT1) and Jagged 1 (JAG1) were also detected in cells of both culture conditions in
similar proportions. The JAG1 cell population increased on d8 upon treatrment of d4
cells with GDNF, an inducer of ureteric bud formation.

However, differentiation efficacy of renal progenitor cells (d8) into PTEC (d16) showed
clear differences between MABB and 2D culture. In 2D culture, 70% and 80% of cells
were labelled with AQP1, and SGLT2 respectively. However, only 30% of cells were
detected with Na*/K*-ATPase. Expression levels decreased to 50% on d20. Additionally,
these PTEC were not viable after passaging and thus harvesting for subsequent

experiments was not possible.

In MABB, expression of PTEC markers AQP1, SGLT2 and Megalin was already
detectable at d12. On d16, AQP1, SGLT2, Megalin, Na*/K*-ATPase were detected in
more than 80% of the cells. Transporter proteins for detoxification such as OCT2,
OAT1, OAT3, P-gp and MRP2 were also detected in around 40-60% of the cells.
Moreover, these PTEC-markers were stably detectable until d20 with the same
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proportions. Furthermore, results of transmission electron microscopy (TEM) and
immunoflurescent staining showed polarization of PTEC via detection of microvilli,
organelles and proper localization of SGLT2 on apical side and Laminin on baselateral
side of MAB. Importantly, functional assays confirmed transporter activities. Functional

test results of transporter proteins are presented in Table 8.

Table 8. The flow cytometry showed percentage of d16 hPSC-derived PTEC on
MABB uptake substrates in presence and absence of inhibitors

Functional Transporter | Substrate Percentage of | Inhibitor Percentage of
test d16 cells d16 cells
uptake uptake
substrate substrate in
presence of
inhibitor
Glucose -
SGLT2 2-NBDG 50% Dapaglifiozin | 25%
uptake
Albumin - i
LRP2 FITC-albumin | 54 409, Gentamicine | 20-40%
uptake
Organic anion -
J OATI/OATS | 6-CF 50% Probenecid 8%
uptake
. . TPA
Organic cation | ocT2 4-Di-2-ASP 459 3%
(o]
uptake
, . DAPI Metformin,
Organic cation | ocT2 . 11%
25% Cimetidine
uptake
- in- [ )
Renal efflux P-gp Calcein-AM 59% PSC833 51%

ND: Data is presented as Mean with p < 0.05. (Table 8: own representation: Ngo, Thi
Thanh Thao).

Solute transporters were not only functional on MABB — expanded PTEC but also stable
and functional even after PTEC were harvested from the beads. Specifically, passaged
and harvested PTEC formed a tight monolayer when seeded on Transwell inserts as
well as showed expression of KIM-1 when cells were treated with Cisplatin. The drug
induced nephrotoxicity in these cells indicates their utility for drugs testing.
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In conclusion, by using MABB, we generated a homogenous, functional hPSC-derived
PTEC population that can be directly used for preclinical applications such as drug
screening, disease modelling or kidney organ engineering. Differentiation efficacy was
enhanced significantly to above 80%.

3.2. EXPANSION EFFICACY OF CELLS ON MATRIGEL-COATED BEADS WITH BIOLEVITATION

A comparison in terms of cell numbers of the stages hPSC expansion, renal progenitor
differentiation, PTEC differentiation and PTEC expansion showed significant expansion
of cells in MABB compared to 2D. It is known that hPSC-lines show diverse proliferation
and differentiation behaviours. Therefore, one hESC-line, WAe001-A, and two hiPSC-
lines, BCRTi005-A and WISCi004-A were used to assess reproducibility of expansion
rates.

Starting with 2.6x10° hPSC, fold expansion was measured on 4d after hPSC seeding.
On MAB, fold expansion was around 6 for two hiPSC-lines and around 10 for hESC-line
used. These expansion rates were around 2 times higher than those observed in 2D
culture. Subsequently, the number of renal vesicle cells harvested from MAB on d8 was
4-5 times higher compared to 2D condition.

With only 2.6x10° hPSC at the beginning, around 2.4-2.6x10’ cells in total were
harvested after 24 days from MAB while in 2D culture, only around 12-x10° cells were
harvested. Compared to 2D culture, cell yield in MABB was 2-2.2 time higher than in
2D. However, differentiation efficacy for PTEC in 2D culture was only around 50% on
d20. Thus around 6x10° hPSC-derived PTEC were generated in this condition.
Considering both elements, final cell yield and differentiation efficacy, hPSC-derived
PTEC yield from MABB was around 4 times higher than those in 2D culture. Comparing

to starter seeding (2.6x10° hPSC), overall expansion of cells on MABB was 9-10 times.
In conclusion, expansion efficacy of cells was significantly enhanced in MABB

compared to 2D culture starting with the same initial material. The remarkable

expansion of cells on MABB is summarized in Table 9.
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Table 9. Cell yield on 40cm? Matrigel-coated alginate beads with biolevitation

Day (-4) Day 0 Day 8 Day 20
Cell line hPSC hPSC Progenitor cells PTEC
BCRTIi005-A 2.6x10° 16x10° 17.2x10° 24 x10°
WISCi004-A 2.6x10° 17.6x10° 15.2 x10° 24 x10°
WAe001-A 2.6x10° 25.2x10° 21.6 x10° 26.4 x10°

Data is presented as Mean with p < 0.05. “Table 9 modified from Table 1 Ngo et al,

20228

41



4. Discussion

4.1. SHORT SUMMARY OF RESULTS

| successfully developed a defined medium and optimised diffrentiation protocol of
hPSC into PTEC. Using a novel and scalable cultivation system on Matrigel-coated
alginate beads in a biolevitation environment, | generated a homogenous, functional
PTEC population that can be directly used for preclinical applications without further
enrichment steps. A fludic evironment with homogenous distribution of supplements to
cells and adjustable mechanical shear and flow offered by biolevitation was a key factor
that enhanced differentiation efficacy compared to conventional static 2D culture.
Matrigel-coated alginate beads (MAB) provided optimal surfaces for cell adhesion and
subsequent expansion. With an inoculation density of 6.5x10* hPSC/cm?, after 24 days
we generated 2.4-2.6x10 cells. More than 80% of the expanded cells showed PTEC
phenotypes. PTEC highly and stably expressed AQP1, Na*/K*-ATPase, protein
transporters SGLT2 for glucose uptake, Megalin/LRP2 for albumin endocytosis, organic
ion transporters for detoxification such as OCT2, OAT1, OAT3 and P-gp and MRP2 for
disposal of toxic compounds from PTEC to pre-urine. Funcional activity of these
transporters confirmed phenotypic conformity of the generated PTECs.

4.2. EMBEDDING THE RESULTS INTO THE CURRENT STATE OF RESEARCH

Although biolevitation by the Cero reactor system was used before for expansion as

30,31
c*Y

well as differentiation of hPS , my study was the first report that cultured and

differentiated hPSC on the surface of microcarriers.

Regarding quantity, our differentiation efficacy for PTEC was comparible to those of
Kandasamy et al °°® and Chandrasekaran et al ° with above 80% differentiation efficacy.
However, regarding quality, generated PTEC were showed broader marker expression
profiles, expression stability and functionality. Comparing to existing immortalized
human proximal tubule cell lines like HK2, RPTEC-hTERT and ciPTEC-hTERT, the
MABB-generated PTEC possess organic transporters while these immortalized cell
lines do not express these, requiring genetic engineering for expression of transporters.
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Common inoculation density of hPSC for expansion in biorectors ranged from 2x10° to
1x10° cells/ml. Although inoculation densities were quite high, the expansion of hPSC in
these studies were moderate ’'. Expansion of hPSC using MABB in my study was
significant, around 6-fold for two hiPSC lines and 10-fold for hESC line in 4 days, with
an average inoculation density 6,5x10° cells/ml. Kallos et al, 2019 reported a low
inoculation density, 2x10* cells/ml but high expansion of hPSC, 32-fold in 6 days’". For
our MABB, with a low inoculation density, there was increased number of MAB not
covered by cells.

After expansion and differentiation of hPSC, we harvested 2,4x10” PTEC for each
Cerotube. This number is not only enough for bioprinting but also for setting up toxicity
tests using different drugs and controls®®®°. For scaling potency of PTEC, it can be

conducted via an increase of Cerotube number.

4.3. LIMITATIONS AND FURTHER OPTIMIZATION APPROACHES

Although we showed the generation of a reproducible PTEC source, some optimization
can be conducted.

At first, further optimization of coating surface on alginate beads to allow clinical
applications. Specifically, xeno-free extracellular matrix (ECM) to replace mouse-
derived Matrigel should be used. One option would be human kidney derived
decellularized ECM (dECM) or ECM-components that specifically enhance maturation
of cells'®. Similarly, alginate allowes functionalization via chemical linkage of organic
molecules, which may have properties to enhance attachment, proliferation,
differentiation and harvesting of cells.

Second, polarization of PTEC on MAB was shown with the basolateral pole side resting
on beads and functional transporters are present on the cells. This arrangement could
be further utilized for new approaches to monitor movement of substrates through the
PTEC cell monolayer. Since each monolayer is covering one bead, each bead is
assumed as a proximal tubule comprising the external side contacting the glomerular
filtrate and the internal side connecting to the blood stream. Upscaling of assays
targeting the proximal tubulus may therefore be possible. A potential method to detect
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how substrates are transported into the bead volume may be based on high throughput
fluorescence microscopy in combination with fluorescent substrates at optimized
incubation times and substrate concentrations. The use of patient — derived or
genetically characterized hPSC as source material, would allow to personalize these

assays (Figure 5).

Pre-urine

' PTEC

FS

MAB

Figure 5. An assumed proximal tubule with a monolayer of PTEC on the surface
of a Matrigel-coated alginate bead (MAB). Internal side of MAB is considered as
tubular lumen where blood stream flow. External side of MAB contact the glomerular
filtrate (pre-urine). This model could be used to detect movement of fluorescent

substrates (FS). (Figure 5: own representation: Ngo,Thi Thanh Thao).

Third, establishing disease models using patient-specific hiPSC like polycystic kidney

disease '*'!

requires cell sources of reproducible quality and at sufficient quantities to
perform high throughput assays. Disease models directly employing patient-specific
hiPSC allow studying pathogenesis on a personalized level. Moreover, models using
patient-specific hiPSC-derived PTEC are directly clinically relevant, for example, for

diagnosis, prognosis and to identify optimal treatment options.
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4.4. IMPLICATIONS FOR PRACTICE AND/OR FUTURE RESEARCH

4.4.1. Good Manufacturing practice product for reliable PTEC source

The applied bioreactor system (Cero®) provides the option for a closed production
process and a pipeline for the production of PTEC with a high standard. Its conversion
to a good manufacturing practice (GMP) procedure is thus in principle feasible for
commercial and validated production process implementation. Beside Matrigel-coated
alginate beads, other alginate-matrix combinations are already available. For example,
Laminin-coated alginate constitute a defined humanized matrix for cell growth and
differentiation. In preliminary experiments, | confirmed a good quality of hPSC-derived
PTEC differentiated on Laminin in 2D cultures.

4.4.2. Clinical applications

The renal proximal tubule is extremely vulnerable to injuries, which can lead to acute
kidney injury (AKI) and chronic kidney disease (CKD). For both cases, it was shown that
they constitute two cell populations, one undergoing regeneration while another
becoming atrophied and nonfunctional’®®. PTEC have some capacity for regeneration
that exceed the regenerative potency of cells of the glomerulus and distal tubule "% It
was demonstrated that CD24-positive PTEC scattered in the proximal tubule are in the
G1 phase of the cell cycle and in order to respond to injuries, they are ready to
dedifferentiate and proliferate’®. Directly injecting MABB-derived PTEC into kidney as
regenerative therapies is a possible therapeutic option. However, this is extremely
difficult to practically perform with associated risks of cell clocking and kidney damage.
The described proximal tubulus model with PTEC monolayers presented on MAB and
the shown nephrotoxic responses, it may be possible to explore therapeutic approaches
to stimulate PT repair processes. A first step may be to assess whether CD24-positive
cells can be observed in our model, and whether these contribute to induced PT

damage in vitro.

On another pathway, current dialysis principles are based on membranes with filtration
function. However, other functions that are provided by PTECs such as hormone
secretion are lacking. The use of a standardized source for PTEC within the dialysis
process may improve the physiological properties of the machines and thus enhance
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patient’s quality of life. Humes et al, 1999 developed in vitro bioartificial kidney device
using PTEC '®. This device actively transported not only nutrients but also hormones.
Such devices have been developed for clinical use.

Much research was performed in generating a bioartificial proximal tubule as a source
of a functional kidney tissue 22'°>'% To engineer a proximal tubule, an adequate
number of functional PTEC, an efficient scaffold as well as appropriate 3D culture
condition are required. Tubular structures such as blood vessels, urinary bladder,

larynx, traches were produced successfully '’

, however, at dimensions (>4mm
diameter) far exceeding that of proximal tubules (<60um). Nevertheless, MABB
generated PTEC combined with a suitable scaffold and flow conditions supporting self-
organization may be used for engineering a functional proximal tubule. The generation
of a functional proximal tube also facilitates nephrotoxicity evaluation of compounds, a
crucial preclinical step so that medicine can be developed to cure end-stage renal

diseases. ?'.

Individually, mutations of PTEC such as common mutations of SGLT2 causing renal
glucouria is also one of clinical importance '°. Specifially, somatic cells from patients
with mutations can be reprogramed into hiPSC-lines and the genetic defect corrected
be gene editing techniques. Using our protocol, these corrected hiPSC can be
differentiatiated into functional PTEC and may be transplanted into patients for
improving function of proximal tubule. The relative regeneration rate of the proximal
tubule may facilite expansion of domination of the normalized cells within the patients
PT. This would require transplantation of a relatively low cell number reducing clinical
risk. A principle proof of concept for such an approach was provided in patients with

epidermulysa bullosa, a severe skin disease'®.
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5. Conclusion

We verified our hypothesis that expansion and differentiation of hPSC on Matrigel-
coated alginate beads in a fluidic system will facilitate the generation of a scalable
number of mature PTEC in a reproducible way.
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1 | INTRODUCTION

The kidney has a crucial role in blood clearance, homeostazz main-
tenance, and waste product elimination. Through renal arteries, the
blood entars the kidney where it is paszively filtarad in the glomeruli,
followed by selective reabzorption of between 70% and 100% of

Abstract

Objective: To provide a standardized protocol for large-scale production of proximal
tubular epithelial cells (PTEC) generated from human pluripotent stem cells (hPSC).
Methods: The hPSC were expanded and differentiated into PTEC on matrix-coated
alginate beads in an automated levitating fluidic platform bioLevitator. Differentiation
efficacy was evaluated by immunofiuorescence staining and flow cytometry, ultras-
tructure visualized by electron microscopy. Active reabsorption by PTEC was inves-
tigated by glucose, albumin, organic anions and cations uptake assays. Finally, the
response to csplatin-treatment was assessed to check the potential use of PTEC to
Results: hPSC expansion and PTEC differentiation could be performed directly on
matrix-coated alginate beads in suspension bioreactors. Renal precursors arose 4 days
post hPSC differentiation and PTEC after 8 days with 80% efficiency, with a 10-fold
expansion from hPSC in 24 days. PTEC on beads, exhibited microvilli and dear apico-
basal localization of markers. Functionality of PTECs was confirmed by uptake of
glucose, albumin, organic anions and cations and expression of KIM-1 after Cisplatin
treatment.

Conclusion: We demonstrate the efficent expansion of hPSC, controlled differentia-
tion to renal progenitors and further specification to polarized tubular epithelial cells.
This is the first report employing biolevitation and matrix-coated beads in a com-
pletely defined medium for the scalable and potentially automatable production of
functional human PTEC.

the zubztances in the pre-urine, including water, amino acids, elec-
trolytez, and glucose by proximal tubular epithelial cells (PTEQ) via
numerous tranzport systems.! PTEC are cuboidal, mononudiear cells
with apical-bazal polarization and densely microvilli covered bruzh
border= on the apical side, a typical morphological feature distin-
guizhing PTEC and distal tubular calls.? PTEC are also rezponsible for

This iz an open access artide under the termz of the Creative Commons Attribution Licerze, which permits uze, distribution and reproduction in any medium,

provided the original work iz propery cted.

© 2022 The Authors. Cell Proliferation publizhed by John Wiley & Sore Ltd.
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detoxification and secretion of exogenous compounds such as drugs
and x=naobictics into the urine.

Due to high susceptibility to toxic and waste compounds, PTEC
are extremely vulnerable, and their injury may rezult in renal failure or
total destruction. There iz 2 high demand of PTEC for tiszue modeling.
large-scale drug-induced nephrotondcity screening, and potentially for
regenerative therapies. Immortalized and primary PTEC cultivated a=
3-dimenzional microtiszue were reported to dedifferentiated within
10 dayz.” Morsover, aithough exhibiting a variety of functional tranz-
porters, primary PTEC are variable depanding on donors, and partially
dedifferentiat= in vitro while immortalized PTEC iines show functional
changez related to the immortaication procadurez * To improve
PTEC-modek, several differentiation protocoks of human pluripo-
tant stem callz (hPSC) into PTEC have been developad ¢ The uze of
human induced pluripotent stem cells (hPSC) provides an unlimitad
zource of callz that are donor specific and can be p=netically modi-
fied to prezent specific kidney dzease backgrounds. However, pen-
eral imitations of these hPSC-derived PTEC are often ther immature
tranzporter properties, limitad polarization and short ifespan. A lack
of technologies for efficent, robust and automatable mazz production
of high quality PTEC limits their applicability.

Many biomaterialz have been developed for expanzion, embed-
ding, and differantiation of stam calls.” Alginate hydrogel, for exam-
ple, offers a variety of advantages such a= low cost, environmental
tion, functionalization, and adjustable gelation” Spherical alginate
beadsz after coating with extraceliular matrix allow cultivation of cellz
and expanzion of surfaces by bead supplementation.” In addition,
the beads are aazily apphad to fluidic culture systems of diverse de-
zignz including strring. rotating, and agtation biorsactors. These
fluidic system:z can be adapted to mimic the fluidic environment of
and transport functions of PTEC2® In 2015, Elancew and colleagues
first reported long-term expansion of hPSC az undifferentiated
aggregates with low inoculation denzity uzing a Biolevitator™,
now CERO from OLS.** In 2017, expanzion of human stem cellz on
Matrigel-coatad alginate beads using thiz system was reported.”

We uzad 2 biolevitation-bazad approach allowing zcalable call cul-
ture to expand and déferentiate hPSC into human PTEC cultivated on
Matrigel-coated alginate beads. The biolevitation together with the
floating cell-coverad beads models 3 fluidic ervironment. Thiz system
zupportad the efficent exparcion of hPSC and their mmediate differ
entiation to renal progenitors in a single system. Thiz is the first report
of uzing biclevitation of cell-coated alginats beads for zcalable and
potentially automated production of functional human PTEC.

MATERIALS AND METHOD
Cell culture and maintenance in static culture

2 |
21 |
The hiPSC fnes WISGOO04-A (referred to = IMRS0-4-iPS, derived

from female lung fibroblast) from pazsages 35 to 65, BCRTI005™ de-
rived from urinary cells at paszage 25 to 35, and WA=001-A derived

from male blaztocyst were cultured on 6-well plates (Fakcon) coated
with Geltrex [Tharmo Fisher Scientific) in zerum-free, defined Ezzantial
8 (EB) medium (STEMCELL Technologies). Cellz were mantsined ina
humidifiad 5% CO, atmospheare at 37°C. 0.5mM ethylenadiamine-
tetraacetic acid (EDTA Gibeo) in calcium/magnezium free phozphate-
buffered zafine (PBS) was used to passage hPSC as colonies.

22 | Bioreactor platform

BicLevitator ™', now CERO from Omni Life Science GmbH & Co was
dezigned 2= 3 sesled miniaturized incubator, whare parameters for
cell culture including CO, level, temperature, zpeed of tube rotation,
and thuz, fluidic stresz can be adjusted. It can manage separately
four SOml vezzelz called Lavitubes™, now CEROtubez™ with 2 max-
imum working capacity of 50ml each.

2.3 | Preparation, seeding and expansion of hPSC
on Matrigel-coated alginate beads

Matrigel-coated alginate beadz or Matripel-coated beads were zup-
plied by Fraunhofer Institute for Biomedical Engineering (IBMT),
Germany. Growth factor-reduced Matrigel was used to cover al-
ginate beads. Matrigel-coated beads were stored at £°C until uze.
Before hPSC zeeding, Matrigel-coated beads were rinzed twice with
ES medium. Around 40cm® Matripel-coated beads were uzad for
each 50 ml CEROtubez™. Confluant hPSC were harvested using
0.5mM EDTA and rezeeded on Matrigel-coated beads at a densty of
2 6 x 10° cellz in a final volume of 4ml ES medium for each tube. On
the next day, EB was filled up to 10ml and changad every day. £ days
after seading, 90% of Matrigel-coatad beads wers coverad by cells.
Observation of beads and cellz on beads was performed with phaze
contrast microscopy (Nikon Eclipze Ts2)

24 | PTEC differentiation and expansion

Confiuent hPSC on Matrigel-coated beads were differentiated into
renal progenitors following the protocol developed by Harharan
et al.* Specifically, hPSC were inducad into intermediats mezodarm
during the first 4 dayz in STEMdiff™ APEL2™ Medium (Stemcell
Technologiez) with 5% Protein free hybridoma medium (PFHMII)
in presence of 10ng/ml Activin A (Peprotech). 1pM Retinoic Acid
{Sigma-Aldrich), and 20ng/mi recombinant human bons morphoge-
netic protein 4 (BMPY) (Peprotech). Thiz step waz followed by fur
ther £ days: in the zame bazal medium supplementead with 150ng/mi
Glial derived neurotrophic factor (GDNF) (Peprotach) (Figure 1(A]).
To induce differentiation and expanzion of PTEC, an optimized
low glucose, serum-free medium, called PTEC medium waz replaced
on day 8 (dS). Bazal medium composition of PTEC medium included
a mixture of low glucoze Gibco ™ DMEM (11054) and Ham'z F-12K
(21127022, Thermo Fisher) in 2 1:1 ratio, then this mixture was
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mioeed to Defined Keratinocyte-serum-free medium (KSFM) (10785-
012**, Gibco) i a 11 ratio. Thiz bazal medium waz supplemented
with Inzulin-Tranzferrin-Selenum (ITS) (Gibco), 20ng/ml Epidermal
growth factor (EGF). 1pM Hydrocortizone and 0.5% Dimethyl sulf-
oade (DMSO). Callz were maintainad in thiz medum until day 20
(d20) (Figure 1{A)). PTEC meadium was changed every other day. The
differentiation was monitored by marker exprezsion analysiz on day
4 (d4) and day B (dB) for renal progenitors, and on days 10 (d10), 12
(d12), 14 (d14), 16 (d16). 20 (d20) for PTEC.

In static culture of hPSCs, the differentiation protocol for renal
linez with the exception that Geltrex waz used for coating instead of
on day 8 using Accutaze cell dissociation reagent (Gibeo), re-platad on
Laminin521 (LN521) (Biclamina) and differentiatad into PTEC.

25 | Immunofluorescence staining

Culturad callz on 96-well plates were washed with PBS, fixed with
Cytofix (BD Biosciences) for 10 minutes at room temperature (RT)L
zecondary antibody host zerum for 30 minutes at RT and further
incubated with primary antibodiez overnight at 4°C. Primary anti-
bodies were diluted in BD Parm/Wazh™ with dilution factor 1:100 or
following the manufacturer's instructions. After wazhing twice with
BD Perm/Wazh™, labeled zecondary antibodies were applied to
the callz in 1-1000 dilution for 1h 2t RT in the dark. Finally, the cellz
were stained with flucrezcant dye 4, é-diamidinc-2-phenylindole
(DAPI; Sigma-Aldrich, D-8417) to labal nuclei. Negative controls
omitted either primary or both primary and zecondary antibodies.
The primary antibodies using in thiz study were Aguaporin 1 (AQP1)
(Proteintech), Sodium-Potazzium ATPaze (NaVK-ATPaze) (Abcam),
Sodium-Glucoze cotransporter2 (SGLT2) (Abcam), Mezafin/LRP2
(Abcam), E-Cadhann (BD Biozciences), and iGdney injury molecu-
lar-1 (KIM-1) (Thermo Fzher). Secondary antibodies were Donkey
anti-Mouze IgG (H + L) Secondary Antibody, Alexa Fluor 488;
Donkey anti-Mouse IzG (H + L) Secondary Antibody, Alexa Fluor
647; Donkey anti-Rabbit 12G (H + L) Secondary Antibody, Alexa
Fluor 488; Donkey ant-Rabbit I2G (H + L) Secondary Antibody,
Alexa Fluor 647 (all from Thermo Fisher). Biotinylated Lotus
Tetragonolobus Lectin (LTL) (Vector Laboratories), Texaz Red™-X
Phallcidin (Thermo Fisher) were used to detect Fucoze on microvili
and actin filaments, rezspectively, of PTEC. The Operetta high con-
Waltham, MA, US) were uzed for maging and analyzing.

26 | Paraffin embedding and sectioning

Matripel-coated beads covered with cellz were harvested, fixed,
wazhed and encapsulated in £% low melting agaroze. Half an hour
zubzequently embedded into paraffin. The samples were sectioned

at £pm thickness using a microtome (Leica RM2255). After removing
the paraffin by Xylene (Sigma-Aldrich), the sections were heated in
Target Retrieval solution (Dako) at 96°C in a water bath for 30 min-
utez for antigen retrieval and stained with antibodies.

27 | Flow Cytometry

Adherent cellz were dzsociated to 2 single-cell suzpenzion using
Trypz=n/EDTA 0.5% (Thermo Fizher) and disaiminated alive callz and
dead cells uzing LVE/DEAD™ Fioable Dead Cell Stan Kit (Tharmo
Fizher) for 30 min at 4°C. For labeling of intraceliular antigen, cellz
were permeabilced wing Phosflow Perm Buffer Il (BD Biosciences)
for 15 minutes at RT, incubated with primary antibodies for 30 min-
utes, and further for another 30 minutes with zacondary antibodies.
The diution factor for primary antibodies waz 1:100 or according to
the manufacturer’s instructionz, and for secondary antibody it was
1:1000. Labelad cellz werse measured wsing MACSQuant Analyzer
{Miltenyi Biotec), and data was analyzed with FlowJo zoftware. All
samples were parformed in duplicates and all expariments wers
repeated 3 times. Antibodies used were SIX Homebox 2 (SIX2)
{HO0010736-M01, Abnova), Receptor tyrozine kinaze (RET) (53164,
LSBio), Jagzad 1 JAGY) (ab7771, Abcam), Wilms" tumor protein 1
(WT1) (<192, SCBT), AQP1 (20333-1-AP, Proteintech], Na/iC-ATPaze
{ab76020, Abcam}, Megzlin/LRP2 (2676969, Abcam), SGLT2 (ab58298,
Abcam), LTL (FL-1321, Vector Laboratories), organic cation transporter
2 (OCT2) (ab242217, Abcam|, organic anion tranzporter 1 (OATY)
({LS-B20034, LSBio), organic anion tranzporter 3 (OAT3) (ab247055,
Abcam), AF647 Anti P-Glycoprotein (P-gp) (ab253265, Abcam), multi-
drug resiztance protein 2 (MRP2) (MA1-26535, Tharmo Fishar)

28 | Transmission electron microscopy

Matriget-coated beads coverad with callz were harvested, rinced with
PBS and foeed with 2.5% zhutaraldehyde (Serva, Heideberg, Garmany)
in 0.1 M zodium cacodylate buffer (Serva, Heidelberz, Garmany) for
20 min at RT and stored at £°C. The samples were postfived with 1%
oczmium tetroxide (Electron Microzcopy Scences, Hatfield, USA) and
0.8% potazzium ferrocyanide |l (Roth, Karisruhe, Germany) n 01 M
cacodylate buffer for 1.5 h and embaddad in agaroze overnight.
After cutting the agaroze in smaller blocks, the samples were dehy-
drated in a graded ethanol series and transferred to Epon resin (Roth,
Karlzruhe, Germany). Finally, ultrathin zactionz of the zamples (70nm|
was carried out with 2 Zeizs EM 906 electron microzcope at 80kV ac-
celeration voltage (Carl Zeizz, Oberkochen, Germany).

29 | Glucose assay
Glucoze uptake of cellz on Matrigel-coated beads was measured

through cellular uptake of 2-NBDG (24{N-{7-Nitrobenz-2-oxa-1,3-dia
zol-4-yl} Amino}-2-Deoxygiucoze) (Thermo Fisher). Matrigel-coatad
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FIGURE 1 Expansion and differentiation of hPSC into PTEC on Matrigel-coated alginate beads by biolevitation. (A) Schematic illustration
of hPSC expanzion and PTEC differentiation on Matrigel-coated alginats beads by biolevitation. The protocol includes two definite steps:
(i) Expansion of hPSC in Eszential 8 medium for £ days from d4 to d0; () D#ferentiation and Expansion of PTEC from d0 to d20. This step
includesz (1) differentiation of hPSC into renal progenitors for 8 days and (2) zeneration, expanzion and maintenance of PTEC; (B) Phase
contrast pictures of cellz on Matrigel-coated alginate beads on dd, d0, d16. One reprezentative bead for each time point was taken with
zcale bar = 500zm; (C) Growth rate of cellz on 40 om?® of Matrigel-coatad alginats beads from zeeding (d-4) until d20 for the hiPSC inas
(WISCi004-A, BCRTI005-A) and the embryonic stem cell (ESC) line WA2001-A, respactively (n = 3} (D) Toluidine blus stained histological
zaction of a Matrigel-coated alginates bead at d16 with a PTEC monclayer on the bead surface. Scale bar = 100um
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beadz for azsay were washad twice with DMEM without glucoze,
incubated with 4002M 2-NBDG for 30 minutes in prezance or ab-
zence of 1yM Dapagificzin inhibitor. Beads were wazhed twice
with DMEM without ghucoze before calls were harvested from
beads uzsing Trypzin/EDTA. Uptake of 2-NBDG waz meazured using
MACSQuant Analyzer (Miltenyi Biotac) and data analyzed with
Flowdo software.

210 | Albumin assay

Callular endocytozz of albumin was investigated through applica-
tion of different concentrations of FITC-Albumin {Abcam) to callz on
incubated with serum-free medium with/without 50pg/mi, 200sz/
mil, 500pug/ml, 1mg/mi FITC-Albumin for 2 hours at 37°C. For mmu-
noflucrezcence stamning, callz were fixed uzing BD Cytofix, embed-
dad into paraffin, sectioned and analyzed by Operetta high content
imager and Columbuz image analyziz zerver (both PerkinEimer,
Waltham, MA, US). For FACS analyziz, calls were harvested from
Maztrigel-coatad beads uzing Trypzin/EDTA and albumin uptake was
azzezsed using MACSQuant Analyzer and data analyzed with Flowdo
zoftware.

211 | Organic anion uptake assay

To investizgate organic anion transport by the bazolateral organic
anon transporters OAT1 and OAT3, an azzay was parformed using
the fluorezcent anion 6-Carboxyfluorezcen (6-CF) (Tharmo Fizher),
3 tracer dye. az described by Lawrence et al_*? Briefly, d16 cellz on
Matrigel-coated beadz were incubated with S50pM &6-CF for 40 min-
utes in presence or absence of 2.5mM Probenacid inhibitor (Sigma-
Aldrich). Beadsz were wazhed twice with PES before cellz were
harvested from beads using Trypsn/EDTA. Uptake of 6-CF was
measured using MACSQuant Analyzer (Miltenyi Biotec) and data
analyzed with FlowJo software.

212 | Organic cation uptake assays

Orzanic cation uptake by PTEC was investizgated using the fluores-
cent cationic molecule DAPL, tranzported into five PTEC through
the organic cation tranzporter 2 (OCT2) as dezcribed by Lawrence
et al_*? Shortly, uptake of 1uM DAPI for 90 minutes by OCT2 was
evaluated in presence or abzence of Metformin and Cimetidine
inhibitors (Abcam). Additionally, the activity of renal OCT2 influx
protein was checked through the expozure to 5pM fluorescent
OCT substrate £4-Di-2-ASP (Sigma-Aldrich) for 15 minutes in pres-
ence or abzence of 15mM OCT inhibitor Tetrapentylammonium
chioride (TPA) (Santa Cruz) as demonstrated by Janzen et al_**

Cell | Sef14
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The uptakes of these fluorescent substrates was measured uzing
MACSQuant Analyzer (Miltenyi Bioctec) and data analyzed with
FlowdJo software.

213 | Trgnspottassayofremleffth-
Glycoprotein

ABC tranzporter parmeability (P)-ghycoprotein (ABCBL; MDR1/P-zp)
of d16 cellz on Matrigel-coated beads waz evaluated using Calcein
accumulation.” Thus, cellz were incubated with 100nM Calcsin,
AM, cell-permeable dye (Thermo Fzher) for 15 minutes in prezence
or abzence of 40pM P-gp inhibitor PSC-833 (MedChemExpress).

214 | Cytotoxicity assay

PTEC weare harvested from the beads at d14 using TrypLE™ Expresz
{Gibco) and reseeded at a concentration of 50.000 cellz/well into
Geltrex-coated 96 wells. After incubation at 37°C for 2 days, PTEC
medium waz replaced. Confluent monolayers of callz were treated
with various concentrationz of Cizplatin (Sigma) from 50pM to
400pM for & hours in triplicatesz. Nephrotoxicty of Cisplatin was
measured by MTT aszay (Sigma-Aldrich). After 6 hours of Cisplatin
treatment. medium waz changed to fresh medum, zupplementad
with 0.5mg/ml MTT Libeling reagent yellow tetrazole and incubated
in the dark for further 4 hours. NAD(P)H-dependent cellular oxidore-
ductaze encymes of living cells were capable of reducing tetrazofum
dye MTT to itz purple insoluble formazan. Insoluble formazan was
dizzolved by incubating cellz with zolubiication solution overnight.
The absorbance or optical density {OD) was meazured at 570nm and
650nm using a microplate reader (Spectra max 384). Cizplatin un-
treated calls were uzad as nagative controls.

Cell viability waz calculated by formula:

0D(570) — OD(650) of reated sample

OD(70) — OD(650)f un¥ coted sampile - 00

215 | Transepithelial electrical resistance

Tranzepithelal electrical resistance (TEER) of matured PTEC
monolayers on Transwell inzerts [elQART) wa: measured
uzing an EVOM2 Ohmmeter. TEER waz meazured according to
manufacturer s instruction. D14 cells were harvested from Matrigel-
coated beads and rezeeded on 24-Tranzwell inzert with a density of
50.000 callz par inzert. 2 days after cell zeeding, epithelial rezistance
waz meazured daily. To obtain TEER value (Q.cm?), blank resistance
{inzert with meda only) was subtracted from the messured reszt-
ance and afterward muiltiplied by the zurface ares.
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216 | Statistical analysis

Call culture on Matrigel-coated beads were performed n duph-
cates and further cell characterization and functionality tests were
repeated 3 times (n - 3). Statistical analysiz waz performed by
GraphPad Prizm 5 {GraphPad Software, La Jolla, US). Statiztical zig-
nificance was calculatad by two-way ANOVA.

3 | RESULTS

31 | Matrix-coated alginate beads offer an
adjustable surface for hPSC expansion and renal
differentiation in a dynamic culture system

The differentation protocol (Figure 1{A)) waz applied to three differ-
ent hPSCHines, the fibroblast derived hiPSC-line WISCIO04-A, the
urinary cell derived hiPSC-fine BCRTI005-A, and the human embry-
onic stem cell (ESC)-line WA=001-A. Celiz attached to » 90% of the
beadz with optimized inoculation density and culture medium vol-
ume (Figurs 1{B]). 4 day= after seeding hPSC, fold expanzion waz 6.2
(BCRTID05-A), 6.7 (WISCi004-A), and 9.7 (WA2001-A), respactively
(Table 1, Figure 1(C).

Attachment and expanzion of hPSC in 4 dayz waz mmediately
followead by succeszsive differentiation into mesoderm, renal progen-
itors and PTEC (Figure 1(A]).* After an initial increaze in call numbers
during expanzion of hPSC (d0), a steady number of renal progenitor
cells waz maintained untd dS (Table 1, Figure 1{C)). After subsequent
differentiation and expanzion of PTEC (Fgure 1(A]), the call num-
bers further increazad until d20 (Table 1). More specific, when a
starter culture of 2.6 x 10° hPSCz were cultured on 40cm?® of beads,
around 24-26 x 10° PTEC were obtsinad on d20. In comparizon, in
parallel static cukture on Matrigel-coated 6-well plates, 4 to 5 times
fawer renal progenitor call wers obtained at dB (<1 x 10° callz/
om?). and at d20 (<14 x 10° cellz/cm?) for all cell fines, when the
starting cell numberz were zame az in the fluidic culture. Toluidine
bilue staned histological saction of a Matrigel-coated alginate bead
at d16 showed a2 PTEC monolayer on the bead surface (Figure 1[D).

In summary, starting with hPSC, the average number of cells in-
creased reproducibly 9.2 and 10.2 times using hiPSC lines and the
ESC line, rezpectively, after expanszion and differentiation into PTEC
(Figure 1(Q)L

3.2 | Differentiation of hPSC to PTEC on
developmental stages of nephrogenesis

hPSC treatment with Activin A, Retinoic Acd and BMPS increazed
SDQ2 exprezzion, a key tranzcription factor for metansphric mes-
enchyme.** About B0% of BCRTID05-A-derived cellz and 68% of
WISGO02-A and WA=001-A cellz zhowed SIX2 exprezzion on dd
(Figurs 2(A)). Thaze percantage: decreasad with further specifica-
tion in the renal lineage, to 50% on dB for all three pluripotent call
linez. Around 60% of the cells expressed RET, an indicator of ureteric
bud formation, in all three cell ines on d4 (Figure 2A)). Occurrence
of a RET positive population aiready on d4, before inducing ureteric
bud by GDNF, could be sxplained by SIX2 4+ callz producing GDNF
locally for ureteric bud formation and growth?* The nephron pro-
gentors emerging by dd progreszed to the renal vesicle stage as
vizualzed by the appearance of WT1 and JAG1 by d8 (Figure 2(B)).
The three hPSC finez zhowed a higher population of JAGI than WTL
The Notch ligand JAGL iz typically expreszed in renal vesicle cells
dozest to the ureteric bud tip az well az in the prospective proximal
tubular callz?® Itz consistent appearance at dB indicates initiation
of PTEC differentiation. The successive appearance of metanaphric
mesenchyme, ureteric bud and renal vesicle cells during the induced
differentiation process is consztent with renal development and the
rezults cbtained in static culture in previous work® (Figure 51).

3.3 | hPSC-derived renal progenitors give rise to
polarized PTEC layers on matrix-coated alginate beads

PTEC medium was used to further déferentiate renal progenitors
on di0, d12, di4 d16 and d20. Cells started to express PTEC mark-
ers like AQP1, Megalin/LRP2, and SGLT2 as early az d12. On d14,
above 50% of cellz derived from the hiPSC and around 50% of the
ESC-derived cellz exprezsed PTEC-spacfic markers AQP1, Na7/
K™-ATPaze, az well 2= protein transporters including Megalin/LRP2
and SGLT2 (Figure 2{A)). Around £0-60% d16 cellz alzo expreszad
other tranzporter proteins required for transepithelial movement of
organic ionz, such az OCT2, OAT1, OAT2 on the bazolateral zide;
P-gp and MRP2 on the apical side (Figure 52). For hiPSC-derived
PTEC, exprezzion of these markers was stable until d20 while

TABLE 1 Call yields during hPSC differentiation on Matrigel-coated beads in the bioreactor

Day-4 Day 0

hPSC hPSC
Cell lines cellz/cm? celz/em’
BCRTIO0S-A 6.5x10° 4x 10°
WISCi004-A 6.5x10* 44x10°
WA2001-A 65x10* 63x10°

Day4 Day 8 Day 20

metanephric renal vesicle progenitors PTEC
mezenchyme

cellz/cm?® cellz/om® cellz/om®

41x10° 43x10° 6x 10°

43x 10° 38x 10° 6x 10°

49x 10° 54x10° 6.6x 10°
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FIGURE 2 Efficiency of renal progenitor call induction. Flow cytometry analy=is of d4 and dS cells generated from hPSC ines
BCRTIO05-A, WISCi002-A and WA=001-A showed 2 high percentage of (A) SIX2 and RET positive cellz on d4; (B) WT1 and JAG] positive

cellz on d8

the ESC-derived PTEC zhowed decreasing expreszion over time.
Lotus lectin (LTL) that binds to Fucoze on microvili of PTEC and
iz an indicator for mature PTEC” waz ako abundant (around 70%)
on d16 (Figure 3(B)). Moreover, Phalloidin allowed visualcation of
actin bundlez, sugpesting the prezance of microvilli™® on the hPSC-
derived PTEC, confimed by immunofiuorezcence analyziz on d16
(Figure 3{Q)). In contrast, in static culture with the same medium and
the same protocol, around 60% of the cells expreszad AQP1 and
55% were positive for LTL on d16 (Figure S3(A]). When cultivated
on Laminin 521 during static culture, PTEC expreszed LTL (66%)
and AQP1 (82%) (IFigure S3(BJ), which was localized on the mem-
brane but not homogenously in the culture; however, they showed 2
cuboidal morphology (Figure S3{C)) typical of tubular epithelial callz
in the proximal tubule. The exprezzion data obtainad by flow cytom-
etry were confirmed by immunofiuorezcence microscopy of cellz on

Matrigel beads (Figure (D), Figure 54). In addition, the baszement
membrans was explored by analyzing Laminin localization in com-
bination with the typical apical membrane localized cotranzporter
SGLT2. Both proteinz showed the expacted apico-basal localization
in hPSC-derived PTEC (Fgurs 4(A]).

To chedk further polarity and ultra-structurez of PTEC, cellz
were visualized on d16 by transmiszion electron microzcopy (TEM)
resting on beadz and the apical side with numercus microvili. Large
numbers of mitochondria were visible, 2 physiclogically relevant
feature of kidney proximal tubules. PTEC ako contained many large
lysozomesz of different stages. Proximal tubular lysozomes are re-
sporzible for catsbolizing proteinz such az albumin after uptake
from the glomerular fikrate and are present at high numbers in the
cytoplazm. ™’ Tight junctionz were wel-devalopad between PTEC.
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FIGURE 2 Aszeszment of hPSC-derived PTEC. hPSC were seeded, expanded and differentiated in zuspenzion on Matrigel-coated
alginate beads for zcalable automated manufacture of PTEC (A) Flow cytometry analyziz of cells on d16 post-differentiation induction for
AQP1, Na/IK-ATPaze, SGLT2, Megalin/LRP2. Starting cells were the hiPSC finez BCRTIO05-A, WISCi004-A and the ESC-ine WA=001-A,
rezpectively; (B) Flow cytometry analysiz of d16 cellz showing LTL and (C) Puoresceance microzcopy for Phalloidin (yellow); DAPI (blus) shows
ruciel Scale bar = 50unt (D) Immuncfiuorescence analysis of d20 cells showed exprezzsion of AQP1, Na/K-ATPaze, Megalin/LRP2 (all n
redl SGLT2, E-Cadherin (CDH1) (green). Scale bar = 300pm; (E) Transmizzion electron microzcope images of d16 cellz showed apical-bazal
polarization (A). Bazal zide crientad toward Matripel beads. Microvilli on apical side (MV). (A-C) Tight junction (TJ) nuclei {N), mitochondra

(M) and lyzozomes (L)

34 | hPSC-derived PTEC are capable of active
reabsorption

Selactive uptake of glucoze and albumin from glomerular filtrate is
2 main function of PTEC in the kidney. The uptaks capacity of sub-
stances was investigated on d16 post-differentiation induction. In
PTEC, SGLT2 = rezponsible for 90% of the glucoze-reabzorption
from the glomerular filtrate in vivo. This tranzporter iz expressed
on the apical side of PTEC (Figure 4(A]). d16 cellz were incubated
with 400uM 2-Deoxy-2-[7-nitro-2,1,3-bencoxadazol-4-yi-amino}-
D-glucoze (2-NBDG) for 20 minutes in presence or absence of 1pM
Dapaglifiozin, a selective inhibitor of SGLT2Z. 2-NBDG waz taken

up by 50% of cells (Figure 4(B]). In the presence of Dapaglifiozin, 2-
NBDG uptake decreazad by 50% (Figure 4(B]).

Receptor-mediated albumin endocytoziz by PTEC iz carmed
out by Megalin/LRP2. Abumin uptaks of d16 callz were maximum,
by 20% - 40% of PTEC when cellz were incubated with 1mg/mi
ATC-Albumin for 2 hours (Figure 4{C)). Fluorescence microzcopy
analyzz zhowed expreszion of Megalin/LRP2 and endocytosiz of
ATC-Albumin (Figure £{Di).

The ability of d16 cellz on Matrigel-coated beads to take up or
ganic cationz was investigated using the flucrezcent cationic molk-
ecule DAPI, which can be tranzported into live PTEC through the
bazolateral organic cation transporter 2 [OCT2) > Around 45%

73



—— . ey T 9cF 14
[ P Wi LEY-——
aAciauon
(A)

DAPI-Laminin SOLT2-Laminis SGLTZ-Laminm-0AP|
5) BCRTHOSA WISC004-A BCRTIMG.A WISCioda.A
101 02 | {01 02 101 02 1t 02
‘042 0,3% 0 0 0.1 0,28 0 0
- 4“ - -«
|
1 3 3 T
] S : i :
1 % e .
04 Qs 104 i o3 104 03
{438 66,5 1685 ] 3 1796 204
“ . \ Pl M e rase srenss sraces paue el et ot s p—y—vy
S00uM 2.NBDG S00M 2-NBDG 19 inhibRror-430uM 2-NBOG
(C) BURTRO-A WISCI0&A Waed01.4
‘401 02 | »{o1 02 | w0 Q2
10 0 10 0 0 0
(7 -_1 I\.1‘
a3
1
.; , e 34
1 .
104 . % Q3
1580 42,0
B B AL Y ™y LB
1 ) 2 ) 4 . { K : y a s ) | 2 ) 4 ;
Y] " " C " " ’ " X L 1l 4 " n " n "

FITC-Albwmin

Nagalin ITC-Albemin DAPIFITC Alumi MegalinDAPIFITC-Albumin DAM-negsive control

FIGURE 4 Functional analyziz of hPSC-derived PTEC (a-b) SGLT2 localzation and Glucoze uptake of d16 PTEC. (A) Immunofiucrezcence
stamning for SGLT2 (green), Lamnin (red); Scale bar = 20um; (B) Flow cytometry analyziz of 400uM 2-NBDG uptaks in abzence or presence
of 1aM Dapagiifiazin of d16 PTEC; (C) Flow cytometry analy=is for 1mg/ml FAITC-Albumin-endocytozizs of d16 PTEC; (D) immunofiuorescence
stamning for Megain/LRP2 and FITC-Albumin of d16 PTEC; Scale bar = S0um

74



NGO maL

10cF14 Cell
et |y o S

of d16 cellz were able to uptake the fluorescent OCT zubstrate
£-Di-2-ASP and about 26% showed DAP| tranzport. In the prezence
of OCT2 inhibitors, uptake of both substrates decreazad appreciably
(Figure S5(A,B}). The fluorescent anion 6-Carboxyfluorezcein (6-CF).
a tracer dye, was used to investizgate organic anion tranzport by the
basclateral organic anion transporters OAT1 and OAT2™ Activity
of OAT1/0OAT3 waz determinad 2z probanecid-zenztive fluorescein
uptaks zince only around 5% of the inhibitor-treated callz took up
6-CF 2z oppozad to untreated cells, where up to 50% cellz were
capable of 6-CF uptake (Figure S5(C)). PTEC were incubated with
Calcein AM and an increase in fluorescence intensity was seen due
to the cell-permeant nature of the dye. To investigate if the offlux of
the dye was mediatad by P-gp, cellz were treated with the inhibitor
PSC-833. The fluorescence intensity of Calcein AM waz unchanged
indicating that the P-gp (Figure S5(Dj), though expreszad on d16
cellz, waz not fully functional.

35 | Modeling drug-induced nephrotoxidty in
hPSC-derived PTEC

PTEC were harvested from Matrigel-coated beadz on d14, post-
differentiation and rezeedad on Gektrex-coatad 96-well plates. The
cellz: maintained expreszzion of AQP1, SGLT2, Mezain/LRP2 on
d2, 4 and 8 post-zeeding (Figure 5(Al} and formed a tight epithe-
lial monolayer on transwell inzerts within the first 2 days of seed-
ing (Figure S6). At d22, 2 week of culture on the tranzwell inzert
later, the tranzepithelial resistance of PTEC stabiiced at 90 Qom2,
which iz very similar to the TEER values hztorically demonstrated by
Whitin et al. for HK-2 callz (1000cm2).” 2 dayz after rezeeding on
Geltrex-coated 96-well plates, cellz were treated with Cizplatin for
6 hours zhowing a concentration depandent reduction in viabilty
(Figure 5(B)). For all three cell lines used, PTEC started showing cyto-
towic effect of Cizplatin at S0pM and 2 completes deterioration in call
viabllity at 200pM (Figure S(C]). Senzitivity with Ceplatin of PTEC
induced from WA=001-A and BCRTIO05-A waz quite similar and
higher than of PTEC induced from WISCI004-A. 50% reduction of
cell viabilty in WISCI004-A, WA=001-A, and BCRTH005-A-derived
PTEC wasz at 200pM, 200 uM, and 100 pM, rezpectively. KIM-1 waz
detacted by immunofiuorescence staining on zamples treated with
Cezplatin for 6 hours (Figure 5{C).

4 | DISCUSSION

To establizh an effective, economical, simple and reproducible pro-
tocol for expanzion and differentiation of hPSC-derived PTEC, a

platform waz developad uzing a levitating fluidic bioreactor together
with an adjustable surface for cell adhesion, proliferation and di-
rectad déferentation bazed on alginate bead: coated with Matrigel.
The system allows expanzion and differentiation without further
cell procezsing in a zingle culture system. Cell yield and differenta-
tion efficacy were compared with conventional cultivation in static
culture on Matripel-coated polystyrene.® Both, expanzion ratez and
yield of PTEC was 2 times higher for hiPSC finez and 2,2 times for
WA=001-A hPSC-lines, when expanded on alginate beads in the
CERO bioreactor compared to static culture in the zame medum
and timeline. Althouzh reproducible for the three selected hPSC-
lines, there was variability detectable between hiPSC lines and hESC
line in tarms of expanzion and differentiation efficacy. This variabi-
the need for cell-ine specific optimization of cultivation conditionz.

Biolevitation has been used previouzly to expand hPSC on
Matrigel-coated alginate beads.” Howsver, thiz method has never
bean utilzced to obtain renal callz. Renal calls were previously dif-
farantizted and expandad in rotating-wal veszak, > in wave bicre-
actors™ or in zpecializad bioractors. ™ An advantage of biclevitation
and call cultivation on floating beads is the continuous and adjustable
flow exposure of the surface-covering cellz. Addrtionally it has basn
shown in many systems that flow promotes functional déferentiation,
in vivo cell behavior 2z well 2z it mimics the cellular environment by
providing mechanical stimulation.” " Thuz, we believe that bioke-
itation in combination with alginate beads benefit differentiation of
pluripotent stem cells into PTEC regarding both quality and quantity.

Despite the wide variety of applications of alginate hydrogel in
cell encapzulation, cell tranzplantation, and tizsue engineering, ef-
ficacy of using algnate hydrogel &= three dimenszional cell culture
substrates have been only investigated for a few cell types such as
mwm”hmmdmbommm
fibroblastic cel:™ and hPSC® The high porosity of the biopolymer
network in alginate hydrogel: helps to establizh 3 continuous ex-
change of nutrients, gazses, wastes products and signaling molecules
with cellz zrown on the hydrogel. Indead, cur results show that the
formed PTEC monolayers polarize on the alginate bead with the
vascular side forming a bazal membrane and their spical microvilli
exposed to the fluidic zide. The functionality of such a polarized ep-
ithelium has alzo been demonstratad by the uptake of zubstrates by
solute transporters, indicating a high-level zuitability for nephrotox-
icity applicationz. Existing proximal tubule modek rely on immortal-
ized human proximal tubule cell lines e HK-2, RPTEC-hTERT and
GPTEC-hTERT. The HK-2 cellz do not show the presence of organic
ion transporters, whereaz RPTEC and ciPTEC ines express them but
require an additional lentiviral transduction of each transporter to
be utiizad for drug toxicity testing ?¥

FIGURE 5 Ciplatin-induced cytotoscity on harvested hPSC-derived PTEC. (A) Immunofiuorescence showed exprezzion of AQP1,
Mezalin/LRP2 (both in red), and SGLT2 (green) n PTEC harvested from Matrigel beads on d14 and cultured on 96-well plates after 2 days=,
4 days and 8 day= in 2D culture. Scale bar = 50pm; (B) MTT azsay showed concentration - dependent effects on cell viability after 6 hours
of treatment of PTEC derived from WA=001-A, BCRTIO0S-A, and WISCi004-A; (Q) Immunofiucrescance showed sxpreszion of KIM-1on
BCRTi005-A-derived PTEC treated with Cizplatin for 6 hours. Scale bar = 50am
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Alginates can be exzily modified in termz of stiffnesz and its sur-
face chemically modified, to alow protein coating. ™~ The utiity
of extracellular matrix (ECM)-functionalized alginate hydrogel beads
could be modfied by selecting purpoze-specfic matrices. ECM
compositions including type IV collagen, entactin, heparan zulfate
proteoglycan, and laminin differentially decorate the bazement
membrane of all zegments along the nephron. For instance, laminin
concentration in proximal tubulez iz 50% higher compared to the
dstalubde.”WedweeM’elzaprﬂ:inufaoemab'm
beads az thiz growth factorreduced ECM containz abundant ani-
mal ghycoproteinz {laminin, type IV collagen, heparan) and factors
that mimic the basement membrane and help to support epithefial
growth.™ For animal-free cultivation, laminin or other matrix pro-
teinz may be used. Indeed, on 2D culture, when we uzad LN521
instead of Matrigel, differentiation efficacy increaced slightly from
70% to 80% AQP1, 55% to 66% LTL positive callz by forming a typical
cuboidal epithelial layer of PTEC on d16 (Figure S2(B), Figure S2(CJL
Further optimization of alginate surface coating, for example with
human kidney derived-ECM or ECM-components specific to the tar-
g=t nephron structure may enhance speed and efficacy of renal cell
differentiation and maturation.™

Differentiation media to obtain PTEC from hPSC offer addi-
tional pezsibilities to modify and cptimize the environment of the
cellz. We developed a simplified culture medium bazed on 2 medium
used for growing rat PTEC on chitozan™ with significant variations.
Specifically, we verifiad 2 bazal medium with defined low glucosze in
mdmﬁamgz’”aﬂ&niﬂtedﬂ\emmbo-
vine pituitary extract and cholera toxin. In addition, hydrocortizone
that zenzitces cellz to EGF and increaszes profiferation was reduced
to 1pM az PTEC are usually low-proliferating cellz in vive. Thus, we
dezignad 2 medium that iz zerum-free and xeno-free with minimal
factors, offering a high controllability of the PTEC medum. Although

express functional zolute transporters, making them superior to ex-
isting mmortaiced cell fines.

In condlusion, we have successfully developed a platform tech-
nology for differentiation and expanzion of hPSC-derived PTECina
serum-free xeno-free medium without the need for paszaging, n a
single cultivation unit, providing high cell numbers in 2 reproducible
manner for multiple applications.
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apautic application or as cellular componants for tizzue engineer
inz. The monclayer coverage of the alginate beads with polariced
PTEC and tight junctionz furthermors may provide a system for high
throughput screening of PTEC function where each bead mimics a
tubular element with 2 basal tubular zurface and an outer urinary
zurface. Additionally, even when harvested from the beads, theze
cellz are capable of forming a tight epithelium within two days and

alization, validation, writing original draft preparation. lscbelle
Sebaztien involved in conceptualization, methodology, nvestiga-
tion. Julia C. Neubcuer involved in conceptualization, methodology,
resources. Andreas Kurtz nvolved in conceptualization, rezources,
supervizion, funding acquizition. Krithika Hariheran nvolved in
conceptualization, methodology, formal analyzis, visualzation,
writing original draft preparation, supervizion, project administra-
tion. All authors contributed to writing and review and editing of
thiz manuscript.

DATA AVAILABILITY STATEMENT
The data that zupport the findings of thiz study, are available from
the correzponding author upon reazonable request.

ORCID
Krithika Hariharan () http=//orcid org/0000-0001-6172-9602

REFERENCES

1. Malhotra A, Kudyar 5, Gupts A, Kudyar R, Malhotra P. Sodium glu-
coze co-transporter mhibitors - A new class of old drugs. Int J Appd
Basic Med Res. 2015;5(3r161. doiz10.4103/2229-516w.165363

77



NGO eraL

10.

19

Du Z Duan Y, Yan Q, Weinbaum S, Weinztein AM, Wang T. Flow-
activated proximal tubule function underkes glomerulotubular bal-
ance. Phyziol Behav. 2016;176(1):129-148.

Prange JA, Bieri M, Segerer S, et al. Human proximal tubule
cellz form functional microtizzues. Pflugers Arch Eur J Physiol
2016;468(4):739-750. doi:10.1007/:00424-015-1771-8

Narayaran K, Schumacher KM, Tasnim F, ot al. Human embryonic
stem cells dfferentiate into functional renal proximal tubular-like
cellz_ Kidney Int. 2013;83(4):593-603. doi:10.1038/%1.2012.442
Lam AQ, Freedman BS, Morzane R, Lerou PH, Valeriuz MT,
Bonventre JV. Rapid and efficient differentiation of human plurip-
ctent stem celz into intermediate mesoderm that forms tubules
expressing kidney proximal tubular markers. J Am Soc Nephrol
2014;25(6)1211-1225. doc10.1681/ASN. 2013080831

Hariharan K, Stachelscheid H, Rossbach B, et al Parsllel gen-
eration of eazily zelectable muitiple mephronal cell types from
human pluripotent stem cellz. Cell Mol Life Sci. 2019;76(1):179-192
doiz10.1007/:00015-018-2929-2

Seale NM, Varghese S. Biomaterials for pluripotent stem cell engi-
neering: From fate determination to vasculanzation Naiah. Physiol
Behav. 2017;176{3):139-148. dotr10.1039/C5TR02658) Bioma
terals

Lee KY, Mooney DJ. Alginate: Propertiez and biomedical appli-
cations. Prog Polym Sci. 2012;37(1):106-126. dor101016/ progp
olymzci2011.06.003

Gepp MM, Fizcher B, Schulz A, et al Bicactive surfaces from
seaweed-derived algnates for the cultivation of human stem
cellz. J Appl Phycol. 2017:29(5):2451-2461. doi:10.1007/:1081
1-017-1130-6

Sakolizh CM, Mahler GJ. A novel microfiuidic device to model the
human proximal tubule and glomeruuz. RSC Adv. 2017;7{84216-
4225. doc10.1039/c6ra25641d

Elanzew A, Sommer A, Puzch-Klein A, Bristle O, Haupt 5. A repro-
ducible and versatile system for the dynamic expansion of human
pluripotent stem cellz in suspenzion. Biotechnol J. 2015:10(104:1589-
1599. doi:10.1002/biot. 201400757

Rozzbach B, Hildebrand L, El-Amad L, Stachelzcheid H, Reinke P,
Kurtz A. Generation of 2 human induced pluripotent stem cell fne
from urinary cellz of 2 healthy domor using integration free Sendai
virus technology. Stem Cell Res. 2017;21:167-170. doc20.1016/1
2¢r.2016.09.002

Janzen J, Schophuen CMS, Wilmer MJ, et al. A morphological
and functional comparizon of proximal tubule cell ines established
from human urine and kidney tizsue. Exp Cell Res. 2014;323(1)87-
99. doi:10.1016/].yexcr.2014.02.011

Self M, Lagutin OV, Bowding B, et al. Six2 iz required for suppreszion
of nephrogenesiz and progenitor renewsl in the developing kidney.
EMBO0 J. 2006;25(21):5214-5228. dor10.1038 /5 emboj 7601381
Costantini F, Shakya R. GDNF/Ret signaling and the development of
the kidney. BioEszays. 2006:28(2x117-127. doic10.1002/bies. 20357
Cheng HT, Kim M., Valerius MT, et al. Notch2 (but not Notchl) is
required for proximal fate acquisition in the mammalian nephron.
Bome. 2011;23(1x1-7. doic10.1242/dev.02773 Notch2

Galarreta Cl, Grantham 1), Forbes MS, Mazer RL Wallace DP,
Chevalier RL. Tubular obztruction leads to progressive proximal tu-
budar injury and atubular glomeruli in polycystic kidney dizeaze Am
J Pathol. 2014;184(7):1957-1966. dor10.1016/1 2jpath 2014.03.007
Kumaran GK, Hanukoghs |. Identification and classification of ep-
ithekal cellz in nephron zegments by actin cytoskeleton patterns.
FEBS J. 2020;287(6x1176-1194 doic10.1111/febs 15088

Anderzen ¥J, Haga HJ, Dobrota M. Lyzosomes of the renal cor-
texc Heterogeneity and role in protein handing. Kidmey Int
1987.31(4r886-897. dor10.1028/ki.1987.82

Whitin JC, Bhamre S, Tham DM, Cohen HJ. Extracellular ghe-
tathione peroxidaze is secreted baszolaterally by human renal

21

23

25.

a1

3z

a3

5.

Cell 130614
oireraion A

proximal tubule cells. Am J Physiol Renal Physiol. 2002;283(1):20-28.
doi:10.1152/5prenal 00014.2001

Chen WC, Lin HH, Tang MJ. Regulation of praximal tubular cell dif-
ferentiztion and profferation in primary culture by matrix stiffness
and ECM components. Am J Phyziol Renal Physiol. 2014;30746)F695
-F707. doi10.1152/3jprenal. 00684.2013

Hammend TG, Hammond JM. Optimized zuspenzion culture:
The rotating-wall veszel Am J Physiol Renal Physiol 2001;281(1
50-1)12-25. doic10.1152/3jprenal. 2001.281.1 12

Lohr V, Genzel Y, Behrendt |, Scharfenberg K, Reichl U. A new
MDCK suspenszion line cultivated in 2 fully defined medium in
stirred-tank and wave bioreactor. Voccine. 2010;28(38):6256-6264.
doi:10.1016/j.waccine.2020.07.004

Mollet 8B, Bogaerts ILJ, van Almen GC, Dankers PYW. A bicarti-
ficial esvironment for kidney epithelial cellz based on a suprame-
lecular polymer bazement membrane mimic and an organotypical
cuture system. J Tissue Eng Regen Med 201711(6r1820-1834.
doi:10.1002/term. 2080

Jang KJ, Suh KY. A multi-layer microfluidic device for efficient cud-
ture and analyziz of renal tubular cells. Lob Chip. 20210;:10{1x35-42.
doi:10.1039/6907515a

Ferrell N, Ricci K8, Groszek J, Marmerstein JT, Fiszell WH. Albumin
handling by renal tubular epithelial cellz in 2 microfluidic bioreactor.
Bone. 2011;23(1)1-7. doi:10.1002/bit 24339.Albumin

Jang KJ, Cho HS, Kang DH, Bae WG, Kwon TH, Sub KY. Fluid-shear
stress-induced transzlocation of agquaponim-2 and reorganization
of actin cytozkeleton in renal tubular epithelial cells. Integr Biol.
2011:3{2):134-141 doi:10.1039/0ib00018c

Raghavan V, Rbaibi Y, Paztor-Scler NM, Carattine MD, Erratum
WOA. Shear stress-dependent regulation of apical endocytosiz in
renal proximal tubule cells mediated by primary cila (Proceedings
of the National Academy of Sciences of the United States of
America) Proc Notl Acod Sci U S A. (2014);111:8506-8511. 10.1073/
pnasz.1602041113

Sciancalepore AG, Sallustio F, Girardo S, et al A bioartificial renal
tubule device embedding human renal stem/progenitor cells. PLoS
Ome. 20149(1): doi10.1371/journal pone 0087496

Rowley JA, Madlambayan G, Mooney D). Algnate hydrogels 2z syn-
thetic extracellular matrix materials. Biomaterials. 1999;20(1):45-
53. doiz10.1016/50142-9612(98)00107-0

Lawzon MA, Barralet JE, Wang L, Sheiton RM, Triffitt JT. Adhesion
and growth of bone marrow stromal cellz on modified alginate
hydrogels. Tizuwe Eny. 2004;10(9-10)1480-1491. doi:10.1089/
ten.2004.10.1480

Faria J, Ahmed S, Gerritzen KGF, Mihaila SM, Mazerseuw R Kidney-
bazed in vitro models for drug-induced toxicity testing. Arch Toxicol.
2019;93(12):3397-3418. doi:10.1007/:00204-019-02598-0
MacHida-Samo |, Matsuda Y, Namiki H. In vitro adhezion of human
dermal fibroblazts on ron cross-inked alginate films. Biomed Mater.
2009;4(2r doi-10.1088/1748-6041/4/2/025008

Machida-Sanc |, Hirakawa M, Matzumoto H, et al. Surface char
acteniztics determining the cell compatibifity of icnically crosz-
linked alginate gels. Biomed Mater. 2014;9(2) dor10.1088/174
8-6041/9/2/025007

Desjardine M, Bendayan M. Heterogemous Distribution of
Type IV Collagen, Entactin, Heparan Sulfate Proteoghycan, and
Laminin Among Renal Bazement Membranes a: Demonstrated
by Quantitative Immunocytochemistry. J Histochem Cytochem.
1989;37(6x885-897.

Vuorizto S, Toivonen 5, Weltner J, et al A Novel Feeder-Free
Culture System for Human Pluripotent Stem Cell Culture and
Induced Pluripotent Stem Cell Derivation. PLoS Ome. 2013;8{10):1-
14, doi:10.1371/journal pone 0076205

Ullzh |, Buzch JF, Rabien A, et al. Adult Tisue Extracellular
Matrix Determines Tiszue Specification of Human PSC-Derived

78



140F14 Cell
et Ly o SO

as.

NGO raL

Embryonic Stage Mesodermal Precurzor Cells. Adv Sci. 2020:7(5x
doic10.1002/3dv=.201901198

Chiang IN, Huang WC, Huang CY, Pu Y35, Young TH. Development
of a chitozan-bazed tiszwe-engineered renal proximal tubule con-
duit. J Biomed Mater Res - Part B Appl Biomater. 2018;:106(1):9-20.
doiz10.1002/jbm.b.33508

Moraiz C, Westhuyzen J, Pat B, Gobe G, Healy H. High ambi-
ent glucose iz effect meutral on cell death and proliferation in
human proximal tubular epithelial cells. Am J Phyziol Renal Physiol.
2005;2592:401-409. doiz10.1152/2jprenzl.00408.2004

Radford R, Slattery C, Jennings P, et al. Caranogens induce lozz of
the primary cilium in human renal proximal tubular epithelal cells
independently of effects on the cell cycle. Am J Physiol - Ren Physziol.
2012;302{8): doi:10.1152/5jprenal 00427.2011
Nadazdy T, Laszik Z, Buck KE, Johnzon LD, Siva FG. Johnson
and FGS. Profiferative Activity of Intrincic Cell Populations in the
Normal Human. Kidney. 1988;2005(19%:3-5.

SUPPORTING INFORMATION
Additional supporting information may be found in the online
version of the article at the publizher’s website.

How to cite thiz artide: Ngo TTT, Rozzbach B, Sébastien |,
Neubauer JC, Kurtz A, Hariharan K. Functional differentiation
2nd scalable production of renal proximal tubular epithelial
celkz from human pluripotent stem celk in a dynamic culture
system. Call Prokif. 2022:55:213190. doi10.1111/cpr. 13190

79



Curriculum vitae

"For data protection reasons, my curriculum vitae will not be published in the electronic
version of my work."

80



81



82



83



Publication list

Ngo TTT, Rossbach B, Sébastien |, Neubauer JC, Kurtz A, Hariharan K. Functional
differentiation and scalable production of renal proximal tubular epithelial cells from
human pluripotent stem cells in a dynamic culture system. Cell Proliferation. Impact
factor 2021/2022: 6.8

84



Acknowledgements

| am deeply grateful to my supervisors, Prof.Reinke Petra amd Prof.Andreas Kurtz for
allowing me to work in Stem Cell laboratory despite of my limitations about laboratorous
skills at the beginning, for giving me opportunity to work with new and attractive
scientific objects, for giving me a working atmosphere without any pressure.
Prof.Andreas Kurtz always provided me good comments, timely orientations for my
experiments, encouraged me when the experiement results were not like expected, and
be patient and tolerant for my mistakes. | express sincerely grateful to my two mentors,
Dr.Krithika Hariharan and Dr.Bella Rossbach for teaching me laboratorous skills, for
many discussions that contributed greatly to my good resuls, for being dedicated with
my publication, for involving me to challenge projects so that | had good chance to

learn more.

| am especially thankful to Dr.Julia C. Neubauer, M.Sc.lsabelle Sébastien and Dr. Ina
Meiser at Fraunhofer Institute for Biomedical Technology for providing materials,
devices to support for my study, for contribution to my publication. In addition, | thank all
my colleagues from A.G Kurtz group and Stem Cell Core Facillity of Charité, especially
Dr.Iris Fischer, for helping me to get familiar with devices or whenever needed as well

as for sharing experiences. | thank Dr. Dang Van Duc in German Rheumatism
Research Centre for finding my professor for me, for giving me first guidances about life

in Germany.

| highly thank my family and friends, especially thank my father, my husband, my
daugther and my sister. My father encouraged me to get scholarship for oversea study,
strengthened my mind to overcome difficulties in my life. My husband and daughter
were always active and healthy then | could focus on my study. My sister took care well
herself, my mother and my niece so that | were not worry about them.

85



86



