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3 Summary

Podocytes are highly specialized kidney cells that are attached to the outer aspect of
the glomerular capillaries and are damaged in more than 75% of patients with an
impaired renal function. This specific cell type is characterized by a complex 3D
morphology which is essential for proper filtration of the blood. Any changes of this
unigue morphology are directly associated with a deterioration of the size-selectivity
of the filtration barrier. Since podocytes are postmitotic, there is no regenerative
potential and the loss of these cells is permanent. Therefore, identification of small
molecules that are able to protect podocytes is highly important. The aim of this work
was to establish an in vivo high-content drug screening in zebrafish larvae. At first,
we looked for a reliable podocyte injury model which is fast, reproducible and easy to
induce. Since adriamycin is commonly used in rodents to damage podocytes, we
administered it to the larvae and analyzed the phenotype by in vivo microscopy,
(immuno-) histology and RT-(q)PCR. However, adriamycin did not result in a
podocyte-specific injury in zebrafish larvae. Subsequently, we decided to use a
genetic ablation model which specifically damages podocytes in zebrafish larvae.
Treatment of transgenic zebrafish larvae with 80 pM metronidazole for 48 hours
generated an injury resembling focal and segmental glomerulosclerosis which is
characterized by podocyte foot process effacement, cell depletion and proteinuria.
Following this, we established an in vivo high-content screening system by the use of
a specific screening zebrafish strain. This screening strain expresses a circulating
78 kDa eGFP-labeled Vitamin D-binding fusion protein, which passes the filtration
barrier only after glomerular injury. Therefore, we had an excellent readout to follow

podocyte injury in vivo. We generated a custom image analysis software that
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measures the fluorescence intensity of podocytes and the vasculature automatically
on a large scale. Furthermore, we screened a specific drug library consisting of 138
compounds for protective effects on larval podocytes using this in vivo high-content
system. The analysis identified several initial hits and the subsequent validation
experiments identified belinostat as a reliable and significant protective agent for
podocytes. These results led to a patent request and belinostat is a promising

candidate for a clinical use and will be tested in mammalian podocyte injury models.
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4 Introduction

Kidney function in mammals is critically dependent on an intact filtration barrier in the
renal glomerulus. The filtration barrier consists of a fenestrated endothelium, a
glomerular basement membrane (GBM) and podocytes covering the outer aspect of
the glomerular tuft. Podocytes are highly specialized, postmitotic cells with a
complex three-dimensional (3D) morphology including interdigitating foot processes
attached to the GBM (Fig. 1). Between these exceptionally organized foot processes,
a slit membrane is spanned with the transmembrane protein nephrin [1]. This
zipper-like morphology represents an important part of the blood-urine barrier and is

essential for the size-selectivity, which is limited to 70 kDa [2].

Figure 1: Scanning electron microscopy of the murine renal filtration barrier. A whole

glomerulus is depicted in A. Podocytes (P) cover the glomerular capillaries with their 3D
cytoarchitecture (B). Primary processes (PP) ramify into interdigitating foot processes (FP) with the
actual filtration barrier in between foot processes (C). Photo: Dr. Nadine Artelt and Dr. Rabea
Schluter.
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Any changes of this complex morphology like the loss of nephrin, impairment of
other components of the slit membrane or a broadening of foot processes
(effacement) lead to a loss of the size-selectivity of the filtration barrier [3, 4]. This
allows the passage of high molecular weight proteins such as albumin, which is
termed as proteinuria and is a clinical hallmark of kidney disease [5]. Moreover, not
only effacement but also detachment of podocytes leads to a leaky filtration barrier.
Since podocytes have no regenerative potential due to their postmitotic state, a loss
of these cells is permanent. Therefore, knowledge about processes resulting in
filtration barrier injury and substances that are able to ameliorate these changes is
essential. In order to study this aim, our research group uses a well-accepted animal
model, the zebrafish larva. This model allows manipulations and investigations of the
filtration barrier directly in vivo. Larvae of the small teleost zebrafish, Danio rerio,
have become a widely used vertebrate model in many research fields in the last
decades [6-9]. A rapid ex utero development, optical transparency, a high fertility
and comparably low maintenance costs grant critical advantages as in vivo model
over mammalian organisms. Moreover, around 70% of all human genes have at
least one orthologue in the zebrafish genome, which makes this model very
attractive for life sciences [10]. Particularly in the field of kidney research, the
zebrafish larva has been established as an important tool to study glomerular
development, physiology and responses to injury [11-14]. The larval zebrafish
pronephros develops one glomerulus which fuses from two migrating progenitor cell
populations at the midline [11]. This glomerulus is composed of a fenestrated
endothelium, a GBM and highly differentiated podocytes with interdigitating foot
processes that are connected by a slit membrane, like in mammals (Fig. 2) [15-18].

Podocytes become terminally differentiated as soon as 4 days post fertilization (dpf)
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and thus, the glomerular filtration barrier (GFB) reaches its restrictive properties for

large molecular weight proteins [15].

Healthy podocytes Podocyte injury

Mouse

Zebrafish larva

Figure 2: Transmission electron microscopy of the glomerular filtration barrier. The glomerular
filtration barrier is a highly conserved structure between mammals and zebrafish (A, B). A fenestrated
endothelium (E), a three-layered glomerular basement membrane (GBM) and interdigitating foot
processes (FP) of podocytes which bridge the filtration slit with a slit membrane are central structures.
Upon podocyte injury, foot processes flatten and merge, a phenotype called effacement (C, D). The
size selectivity of the filtration barrier is impaired. Photos: Dr. Nadine Artelt, Dr. Antje Blumenthal,

Maximilian Schindler.

Additionally, transgenic introduction of cell specific fluorescent reporters and/or
enzyme expression via the Tol2 transposon or the CRISPR/Cas9 systems provides
further advantages, especially for in vivo microscopy [19-21]. Podocyte-specific
expression of the enhanced green fluorescent protein (eGFP) or mCherry allows

direct assessment of the cell condition in vivo and on histologic sections (Fig. 3).

10
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2-Photon in vivo microscopy Immunofluorescence
#

Figure 3: Zebrafish larvae offer outstanding possibilities for microscopy. Due to transparency,
tissue accessibility and fluorescent reporters, podocytes (P) and primary processes (PP) can be
resolved in vivo (A). Important slit membrane proteins such as podocin (Nphs2) can be visualized by
confocal laser-scanning microscopy (B). Glomerular morphology presents itself best on plastic
sections of zebrafish larvae (C). N = Notochord, In = Intestine, C = Capillary lumen, M = Myotomes,

BS = Bowman’s space. Photos: Maximilian Schindler.

Furthermore, the group of Anand-Apte created a transgenic reporter line, that
expresses a circulating fusion protein of the Vitamin D-binding protein and eGFP
(VDP-eGFP) with a size of 78 kDa [22]. Although initially created to investigate the
blood-brain-barrier, this fusion protein is unable to pass the glomerular filtration
barrier in zebrafish larvae under healthy steady-state conditions. Upon podocyte
injury, the VDP-eGFP cannot longer be retained in the blood and is cleared through
the GFB. This results in a loss of eGFP fluorescence in the blood and can be utilized

as surrogate parameter for proteinuria, a hallmark of podocytopathies (Fig. 4) [23].

11
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Figure 4: Transgenic zebrafish can be utilized to assess glomerular parameters in vivo. On the

basis of brightfield images, the gross morphology can be evaluated (A). The 78-kDa, circulating
VDP-eGFP is retained in the vasculature in healthy larvae and passes the glomerular filter after
podocyte injury (B). Presence and fluorescence intensities of podocytes can be assessed in the living
larva (C). Podocyte and vascular fluorescence can be combined as read-outs for glomerular integrity

(D). Photos: Maximilian Schindler.

Unfortunately, kidney diseases are on an alarming rise worldwide and are a severe
burden for patients as well as health care systems [24]. Disruptions of the
glomerulus are responsible for 90% of end stage kidney disease (ESKD) cases [25].
Focal and segmental glomerulosclerosis (FSGS) is a histopathological pattern in the
glomerulus that often results in ESKD [26]. Initial podocyte injury leads to foot
process effacement, podocyte loss and glomerular matrix accumulation which
clinically presents as nephrotic syndrome [27]. Unfortunately, the regenerative
potential of podocytes is strongly limited due to their postmitotic state and the kidney
function of patients progressively declines. Renal replacement therapies such as
transplantation or hemodialysis are often the only option but implicate a severe
deterioration in quality of life and a dramatic increase of mortality [28, 29]. However,
no curative drugs that directly target podocytes are available until now and patients
suffering from FSGS are treated non-specifically with immunosuppressants (e. g.
Dexamethasone, Cyclosporin A) or drugs that reduce blood pressure (angiotensin-
converting enzyme or renin-angiotensin-aldosterone system inhibitors) [30]. This lack

of specific treatment creates a large demand for drugs that directly target podocytes

12
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and potentially decelerate or even stop disease progression of podocytopathies.
Large scale drug screens are a promising approach to find new drugs that might
close this gap of podocyte protection. However, most models lack scalability which is
a limiting factor for high-throughput screenings. Cell culture based systems can
provide a high homogeneity in screening experiments and robust podocyte injury
models are available [31, 32]. Nevertheless, podocytes as terminally differentiated
cells tend to de-differentiate upon immortalization in cell culture and lose important
podocyte markers such as Wilms tumor protein 1 (Wtl1) and Podocalyxin [33]. The
complex and necessary physiological environment of podocytes in vivo including
glomerular blood pressure, blood composition and cellular crosstalk are barely
possible to mimic in vitro. On the other hand, screening experiments in mammalian
models such as mice and rats might bring results that have a short road to a clinical
translation because of the high resemblances of the GFB. Podocyte injury in rodents
requires injections of podocyte toxins, such as adriamycin (ADR) or puromycin
aminonucleosides (PAN) [34, 35]. Despite the evident ethical concerns that come
along with injury models in mammals via injections, these models can barely be
combined with a high-throughput.

For these reasons, we used transgenic zebrafish larvae as an in vivo model for this
work, since it combines a high-throughput with necessary properties such as blood
pressure in the glomerulus. In order to establish a screening for beneficial effects on
differentiated podocytes, a suitable podocyte injury model is a compelling first
necessity. Podocyte-specific injury in zebrafish larvae is a difficult task but has been
successfully achieved via injections of either ADR or PAN [36, 37]. However,
injections in zebrafish larvae require plenty of time and experimental skill and can

thus hardly be scaled to a high-throughput. Since zebrafish larvae are able to absorb

13
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drugs directly from the water (transdermal, oral or by diffusion), induction of podocyte

injury by treatment via the water is a possibility offered by this model.

Aim of this work

In order to study damage as well as loss of podocytes and substances that protect
podocytes and the filtration barrier, we aimed to establish an in vivo high-content
screening protocol based on transgenic zebrafish larvae. First, a reliable and
scalable podocyte injury model had to be established. To this end, we first examined
the effect of ADR on larval podocytes. Furthermore, we used the pharmacogenetic
nitroreductase/metronidazole (NTR/MTZ) model to induce a podocyte specific injury
in zebrafish larvae. Using a dedicated screening microscope, we further aimed to
create an imaging-based, high-content readout system for the presence of
podocytes and the constitution of the GFB. After calibration of the screening method,
a library of small molecules was screened for their protective effects on larval

podocytes.

14
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5 Zebrafish strains

Strain: ,AB*“ wildtype

pigmented

. « . ow2iw2 a9/a9
Strain: ,ET construct: Tg(-35.1wtla:eGFP); mitfa ; mpv17

Characteristics: GFP expression in wtla positive cells

transparent Podocytes
] B _ow2mw2 a9/a9

Strain: ,cade construct: Tg(-3.5fabp10a:gc-eGFP); mitfa ; mpv17

Characteristics: Vitamin D-binding eGFP fusion protein, 78 kDa

transparent Blood plasma

W w2/w2 ag/a9
Strain: ,,cherry construct: Tg(nphs2:GAL4-VP16); Tg(UAS:Eco.nfsB-mCherry); mitfa ; mpvl7

Characteristics: Exclusive expression of mCherry and nitroreductase in podocytes, MTZ sensitive

= -
Strain: ,screeFi“ construct: Tg(nphs2:GAL4-VP16); Tg(UAS:Eco.nfsB-mCherry); Tg(-3.5fabp10a:gc-eGFP);
w2/w2 ag/a9
mitfa ; mpvl7
Characteristics: Screening fish, cross-breeding from cade and cherry, MTZ sensitive

transparent Blood +

Figure 5: List of zebrafish strains used in this work. Photos: Maximilian Schindler
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Abstract

Podocytes are highly specialized epithelial cells that are essential for an intact glomerular fil-
tration barrier in the kidney. Several glomerular diseases like focal segmental glomerulo-
sclerosis (FSGS) are initially due to podocyte injury and loss. Since causative treatments for
FSGS are not available until today, drug screening is of great relevance. In order to testa
high number of drugs, FSGS needs to be reliably induced in a suitable animal model. The
zebrafish larva is an ideal model for kidney research due to the vast amount of offsprings,
the rapid development of a simple kidney and a remarkable homology to the mammalian
glomerulus. Zebrafish larvae possess a size-selective glomerular filtration barrier at 4 days
post fertilization including podocytes with interdigitating foot processes that are connected
by a slit membrane. Adriamycin is an anthracycline which is often used in mice and rats to
induce a FSGS-like phenotype. In this study, we aimed to induce a similar phenotype to zeb-
rafish larvae by adding adriamycin to the tank water in different concentrations. Surprisingly,
zebrafish larvae did not develop glomerular injury and displayed an intact filtration barrier
after treatment with adriamycin. This was shown by (immuno-) histology, our filtration
assay, in vivoimaging by 2-photon microcopy, RT-(q)PCR as well as transmission electron
microscopy. To summarize, adriamycin is unable to induce a podocyte-related damage in
zebrafish larvae and therefore major effort must be made to establish FSGS in zebrafish lar-
vae to identify effective drugs by screenings.

Introduction

Chronic kidney disease (CDK) with a global prevalence of 9.1% and an increase by 29.3%
since 1990 is a major burden for both patients and public healthcare [1]. Within CKD, Glo-
merulopathies are the main causes for the development of nephrotic syndromes worldwide

[2]. Especially, focal segmental glomerulosclerosis (FSGS) is a severe glomerular pathohistolo-
gical condition which often results in end stage renal disease [3]. FSGS is strongly associated
with podocyte damage, hypertrophy and a loss of these post-mitotic cells [4]. Activated parietal
epithelial cells, accumulation of extracellular matrix and finally glomerular scarring follow
podocyte injury [5]. Since regenerative mechanisms of podocytes are poorly understood, the
renal filtration barrier is permanently affected. Until now, no causative drugs or therapies are

PLOS ONE | https://doi.org/10.1371/journal.pone.0242436 November 13, 2020
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available underlining the urgent need of screening methods that identify drugs for
glomerulopathies.

In the past, it became clear that the zebrafish larva is an excellent model to study kidney
development, function and morphology [6, 7]. Today, it is apparent that the zebrafish could be
an ideal model for drug screening due to a large number of advantages compared to mice and
rats. The quick development of hundreds of ex utero fertilized eggs per week, a simple kidney
(pronephros) as well as transparency open many possibilities in that field. The zebrafish larva
develops a filtrating pronephros approximately 40 hours post fertilization (hpf) which is com-
posed of only one single glomerulus connected to two tubules [8]. Moreover, the morphology
of the zebrafish glomerulus shows high similarities to that of mammals. Additionally, the inter-
digitating podocytes of the zebrafish larvae express slit membrane specific proteins like
nephrin and podocin that are the prerequisite for a size selectivity of the filtration barrier.
Thus, the knockdown of nephrin or podocin by specific Morpholinos resulted in a disrupted
filtration barrier and a proteinuric phenotype in zebrafish larvae [9]. The renal filtration of
zebrafish larvae can even be observed in vivo by utilizing a strain that expresses eGFP fused to
the vitamin-D binding protein as an indicator for a proper filtration barrier [10].

In order to induce glomerular injury in animal models, adriamycin (ADR or Doxorubicin)
is widely used. ADR is an anthracycline that is commonly utilized to induce FSGS in rodents
[11-13]. The efficacy of ADR is strongly dependent on the rodent strain it is used on. While
being effective on most rat strains, only a few mouse strains are susceptible to ADR nephropa-
thy [14]. Beside this, side effects like cardiomyopathy, a small range for the dose and a high
degree of technical administration expertise are disadvantages of this model [15]. Regarding
zebrafish, administration of ADR at an early stage to the tank water induced developmental
defects of the pronephros [16]. Injection of ADR in 3 dpf old larvae resulted in severe cardio-
vascular off target effects and was deemed unsuitable as an injury model [17].

The aim of this study was to induce injury to the pronephric glomerulus of zebrafish larvae
in order to mimic FSGS and therefore to create a drug screening model. To this end, ADR was
administered into the tank water of 7 dpf old larvae. Subsequently, zebrafish larvae were ana-
lyzed by RT-(q)PCR, a filtration assay, in histological sections and in vive 2-photon micros-
copy. In contrast to rodent models, zebrafish larvae did not respond to ADR treatment with a
FSGS-like phenotype.

Materials and methods
Zebrafish husbandry

Zebrafish were held at standard conditions in tanks with circulating water at 27°C and and a
light cycle of 14:10 h (14 light: 10 dark). Mating was induced in small groups in mating tanks
overnight and eggs were collected in the morning. Larvae were raised in E3 medium at 28.5°C,
as previously described [18]. In order to track podocytes, the ET strain (Tg(-35.1wtla:eGFP);
mitfa"?™% mpv17***°, kindly provided by Dr. C. Englert, Jena, Germany) was used for all
experiments except for the filtration assay [18, 19]. This was conducted with DBP larvae (Tg
(-3.5fabp10a:gc-eGFP), which was kindly provided by Dr. B. Anand-Apte, Cleveland, USA
[20]. Larvae were fed twice a day from 6 to 9 dpf with GEMMA Micro 75 (Zebcare, Needer-
wert, Netherlands). Anesthesia for in vivo imaging and euthanasia was conducted with tricaine
(Sigma-Aldrich, St. Louis, Missouri, USA).

All prerequisites of the German animal protection law were met and experiments were per-
formed in accordance with the guidelines of the federal agencies in Mecklenburg-Western
Pomerania (LALLF M-V). The responsible ethics committee within the LALLF M-V approved
the experiments with zebrafish larvae older than 6 dpf.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242436 November 13, 2020 2/11
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Adriamycin treatment

At 7 dpf the E3 medium was changed to E3 containing 0 (Ctrl), 20, 40, or 60 uM adriamycin
(Doxorubicin-HCL, Selleckchem, Houston, Texas, USA). The medium was refreshed at 8 dpf
to remove feeding debris. After 48 h adriamycin was washed out three times and larvae were
either fixed for histological studies or homogenized in TRI-Reagent (Sigma-Aldrich) for
mRNA analysis.

Filtration assay

DBP larvae expressing eGFP as a fusion protein with the vitamin D-binding protein (~68kDa)
were anesthetized with tricaine (0.1-0.5%) at 7 dpf before treatment and the caudal artery was
focused with a Leica TCS SP5 10x air objective (Wetzlar, Germany). After treatment with
ADR, larvae were again anesthetized and imaged. For each concentration and each round of
treatment (4) 10 corresponding larvae were imaged before and after treatment, resulting in 40
larvae per concentration. The vascular eGFP intensity was measured with Image] (National
Institutes of Health, Bethesda, MD, USA) and the intensity after treatment was normalized to
the fluorescence intensity before treatment.

Histology

Hematoxylin and eosin (HE) staining was performed on plastic sections. Larvae were fixed
overnight in 2% PFA at 4°C and dehydrated in an ascending series of ethanol on the next day.
Following dehydration, larvae were treated with infiltration medium, embedded in Techno-
vit" 7100 (Kulzer, Hanau, Germany) and hardened overnight. Plastic sections (4 um) were cut
with a rotational microtome (Jung RM2055, Leica Biosystems, Wetzlar, Germany). Sections
were stained with Gill's hematoxylin, alcoholic eosin and mounted with Eukitt™ (Sigma-
Aldrich). Images were taken with an Olympus BX50 microscope (Tokio, Japan).

Immunofluorescence

Cryosections (6 pm) were cut on a Microm HM 560 microtome (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) and immunofluorescence staining was performed as previ-
ously described [21]. Nephrin staining was carried out overnight at 4°C with 1:2000 rabbit
anti-zebrafish nephrin (gift of Dr. A. Majumdar, Uppsala, Sweden) and Alexa-Fluor-647 anti-
rabbit antibody (Invitrogen, Carlsbad, California, USA). An antigen retrieval step was neces-
sary for podocin staining. Briefly, cryosections were boiled in Tris-HCL pH 9.0 for 10 min.
After antigen retrieval and blocking, cryosections were incubated with a rabbit anti-podocin
antibody (Proteintech, Rosemont, Illinois, USA; 1:200) o.n. at 4°C followed by an incubation
with Alexa-Fluor-647-labeled anti-rabbit antibody (Invitrogen). Nuclei were stained with
Hoechst 33342 (Sigma-Aldrich) and sections were finally mounted with Mowiol (Carl Roth,
Karlsruhe, Germany). Confocal microscopy of cryosections was carried out on a Leica TCS
SP5 with a 40x and a 63x oil immersion objective.

RNA isolation and cDNA synthesis

RNA of 8-12 larvae was isolated with TRI-Reagent according to manufacturer s protocol. The
QuantiTect reverse transcription kit (Qiagen, Hilden, Germany) was used for cDNA synthesis
out of 1 pg RNA.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242436 November 13, 2020 3/11
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RT-PCR and RT-qPCR

PCRs were performed as previously described [21]. In brief, DreamTaq DNA Polymerase
(Thermo Fisher Scientific) was used for RT-PCR and RT-qPCR was carried out with iQ SYBR
green Supermix (BioRad, Hercules, California, USA) on an iCycler Thermal Cycler (BioRad).
Primer sequences were the following: nphsi-FOR: CAATGTCCCTAACCCGCACT, nphsI-REV:
ACGCCTCACATTGCAGAGAA, nphs2-FOR: GAAGCAAGACGTCAGGCACA, nphs2-REV:
GGTATGTTGAGGACCACGGC, eeflalll-FOR: AAGGAGGGTAATGCTAGCGG, eeflalll-REV:
GGGCGAAGGTCACAACCATA. Controls without cDNA template, without RNA and samples
without reverse transcriptase (RT) in the RT reaction were included in every run. Melting
curves for each primer were also checked.

Ultrastructural analysis

Larvae were fixed with 4% glutaraldehyde, 1% PFA and 1% sucrose in 0.1 M HEPES at 4°C
overnight. Dehydration in an ascending ethanol series was performed after post-fixation in 2%
osmium tetroxide. The larvae were embedded in EPON 812 (Serva, Heidelberg, Germany)
and cut with an Ultracut UCT ultramicrotome (Leica, Wetzlar, Germany). Ultrathin sections
(70 um) were drawn on a copper grip and contrasted with Sato s lead stain and 5% uranyl ace-
tate for 5 min. Images were acquired with a LIBRA 120 transmission electron microscope
(Zeiss, Oberkochen, Germany).

In vivo imaging by 2-photon microscopy

ETlarvae were embedded, positioned in 0.6% low melting agarose and anesthetized as
described earlier [22]. Before treatment and 48 h post treatment with 0, 20, 40 and 60 pM ADR
automated z-stacks over a distance of up to 90 um with 1 pm distance between frames were
acquired with a LSM710MP (Carl Zeiss Microimaging, Jena, Germany) and a Chameleon Ti-
Sapphire Laser (Chameleon, Coherent, Santa Clara, CA, USA). A 20x (1.0 NA) water immer-
sion objective was used with an excitation wavelength of 890 nm for eGFP. Movies were gener-

ated with Image].

Statistics

Mann-Whitney U test was used for analysis in which p values <0.05 were considered statis-
tically significant. Error bars represent +SD. All experiments were repeated four times with
18 to 58 larvae per treatment group in each round. A total of 784 larvae were used for this
study.

Results
ADR treatment did not induce edema formation

Zebrafish larvae were treated with three different concentrations of ADR (20, 40 and 60 uM)
in tank water for 48 h. Theses doses were chosen on the basis of Zennaro at al. [16] and prelim-
inary experiments. The mortality of zebrafish larvae increased after the treatment with 60 uM
ADR but no evident edema formation was observed. However, ADR in lower concentrations
did not lead to any edema formation (periocular, pericardial or yolk sac). In contrast to the
zebrafish larvae treated with 60 pM ADR, low dose treated larvae survived similar to the larvae
of the control group (Fig 1).
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Fig 1. Evaluation of phenotype, autofluorescence, vascular eGEP fluorescence, survival and edema rate of larvae
after treatment. Treated larvae did not develop periocular or pericardial edemas at a significant rate (A, D, G).
However, high concentrations of ADR caused an increase in mortality of the larvae (H). All doses of ADR led to a
strong accumulation of ADR in the intestinal tract which caused a remarkable autofluorescence over a wide spectrum
(B, E). Quantification of the vascular eGFP fluorescence of DBP larvae (Tg(-3.5fabp10a:gc-eGFP) after ADR treatment
did not reveal a significant vascular reduction of the eGFP-DBP fusion protein (~68 kDa) (C, F, I). Scale bar in D
represents to 200 pum, in F* to 50 um. *P = 0,03.

https://doi.org/10.1371/journal.pone.0242436.9001

The filtration barrier remains intact during ADR treatment

To study the function of the filtration barrier, a screening zebrafish strain expressing the 68
kDa eGFP-vitamin D-binding protein (Tg(-3.5fabp10a:gc-eGFP)) in the blood was used [20].
Under healthy conditions, all vessels of the larvae show a strong fluorescence of eGFP in con-
trast to a loss of the fluorescence if the filtration barrier becomes leaky which results in the
excretion of the eGFP-vitamin D-binding protein [10].

After the treatment of the zebrafish larvae (7 dpf) with different concentrations of ADR, the
fluorescence of the vasculature remained unchanged (Fig 1), indicating an intact filtration bar-
rier. Beside the eGFP fluorescence, a strong red fluorescence in the intestine was observed
when exposed to an excitation wavelength of 543 nm which was caused by the uptake of ADR
by the larvae (Fig 1).

ADR did not affect the morphology of the glomeruli

In order to examine the glomerular morphology in ADR-treated zebrafish larvae at 9 dpf, his-
tological sections were cut and were stained with hematoxylin and eosin (HE). We have found
that ADR treatment at different concentrations did not change the morphology and the size of
the glomerulus, respectively. Furthermore, neither a loss of podocytes nor areas of naked glo-
merular basement membrane (GBM) were observed suggesting that ADR has no effect on the

glomerular structure (Fig 2).

ADR did not influence the expression of slit membrane proteins

In order to assess the integrity of the pronephric filtration barrier of zebrafish larvae, the ET
strain was used which expresses eGFP in podocytes under the control of the wtla promotor.
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ctrl I 20 uM |

Fig 2. Glomeruli of ADR-treated larvae did not show morphological alterations demonstrated by HE staining on
histological sections. A loss of podocytes or a Bowman's space edema could not be observed (A-D). n: notochord, da:
dorsal aorta, ¢: capillary, p:podocyte, bs: Bowman's space. Scale bar represents 10 ym.

https://doi.org/10.1371/journal.pone.0242436.9002

Cryosections of ADR-treated larvae revealed that endogenous eGFP fluorescence was not
diminished in the presence of ADR (Fig 3). In accordance with this, immunostainings of the
slit membrane proteins nephrin and podocin showed a well-organized, meandering pattern in
the pronephric glomerulus in each group. Furthermore, we have not found a significant regu-
lation of podocin and nephrin mRNA due to ADR treatment quantified by RT-(q)PCR (Fig 3
and S1 Fig). These results hint towards an insusceptibility of larval zebrafish podocytes to
ADR.

ADR had no impact on glomeruli in vive

Living larvae (9 dpf) were imaged and the glomerular integrity was assessed before and after
ADR treatment by 2-PM. In vivo z-stacks of treated larvae did not show impaired glomeruli
and were indistinguishable from controls (Fig 3A and 52-S6 Movies in S1 File).

ADR has no impact on the ultrastructure of the glomerular filtration
barrier

The filtration barrier of larval zebrafish is remarkably similar to the mammalian counterpart,
especially in terms of morphology. Podocyte foot processes (FP) are basolaterally connected by
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Fig 3. Evaluation of wtla expression in vivo and immunostaining of cryosections for the slit membrane protein
nephrin in ADR-treated larvae. 2-PM in vivo imaging revealed no morphological changes or glomerular
abnormalities in treated larvae (A). Immunostainings showed that ADR treatment neither reduces the expression of
the pronephric transcription factor wtla nor changes the expression pattern of nephrin (B). RT-PCR (C) and RT-
qPCR (D) confirmed that nephrin mRNA expression was not altered in ADR-treated larvae at 9 dpf. Scale bars
represent 10 um.

https://doi.org/10.1371/journal.pone.0242436.9003

slit-membrane and adhere to the three-layered GBM on top of a fenestrated endothelium. In
many pathologic conditions, the slit-membrane perishes and foot processes flatten and merge.
This condition is called effacement. To find out whether FP morphology is affected by ADR
administration, ultrathin sections were examined with a transmission electron microscope
(TEM). Ctrl- and ADR-treated (60 uM) larvae both showed highly organized and interdigitat-
ing foot processes which are connected by the slit membrane. Podocyte foot process efface-
ment was not observed in ADR-treated larvae. Furthermore, the morphology of the
glomerular endothelium was unchanged as well as the thickness of the GBM was similar to the
Ctrllarvae (Fig 4).

Discussion

The zebrafish larva is a well-established model organism to investigate pronephric develop-
ment, morphology and function. Due to the low maintenance costs and rapid maturation of
even highly specialized cells like functional podocytes within 3.5 dpf [6], it offers considerable
advantages over mammalian organisms. The enormous reproduction rate of several hundred
eggs per week makes it an ideal model for high throughput screening of drugs. Since kidney
diseases and especially the ones affecting the glomerulus are on an alarming rise, it is of crucial
importance to find causative medical treatments. The first step to establish a drug screening
assay in zebrafish larvae is induction of a reliable and reproducible glomerular injury that
mimics diseases like FSGS.

An induction of glomerular injury in zebrafish larvae has been achieved successfully by sev-
eral approaches in the past. The injection of morpholinos at early developmental stages which
repress mRNA translation of essential proteins for the pronephric development or ones that
target podocyte specific mRNAs directly have shown convincing results [18, 23, 24]. Although
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Richardson’s stain TEM TEM (magn.) ‘

Fig 4. Morphology and ultrastructure of larval glomeruli. Morphological investigations by Richardson's staining of
semithin sections (500 nm) did not show abnormalities of the glomerular morphology due to ADR treatment (A, B).
Ultrastructural analysis of the pronephric filtration barrier confirmed the abscence of a glomerular phenotype (C-F).
The interdigitating pattern of podocyte foot processes (asterisk in E and F) is present in both control was well as 60 uM
ADR-treated larvae. The slit membrane as a highly organized structure connecting foot processes was not affected by
ADR (arrows in E and F). Scale bars in A and B represent 10 pm, in Cand D 1 pm, in E and F 200 nm.

https://doi.org/10.1371/journal.pone.0242436.9004

this technique provides robust results, it is limited to represent developmental defects of the
pronephros and no direct damage to fully functional podocytes.

In order to target mRNA translation in the pronephric glomerulus in later developmental
stages, Vivo-morpholinos have successfully been used by our group [25]. This technique offers
induction of injury at stages in which podocytes are fully functional but is not suitable for
high-throughput experiments because of the time-consuming manner in which intravenous
injections in zebrafish larvae have to be performed. An excellent method to specifically induce
damage to podocytes in zebrafish larvae has been carried out with the nitroreductase-metroni-
dazole system [10, 26]. Podocyte apoptosis, formation of pseudocysts, podocyte detachment
and proteinuria can be induced by adding metronidazole to the medium without injection
[21, 27]. Although this model is very robust and provides easily reproducible results, it is lim-
ited to one zebrafish strain.

Since ADR is commonly used in rodent models to induce glomerular injury, we tested the
effect of this compound on glomeruli of zebrafish larvae. It was reported that the application
of ADR at early larval stages affects their proper development and the formation of the filtra-
tion barrier [16, 28]. Since injections of ADR into the cardiac sinus venosus in zebrafish larvae
at 3 dpf causes off-target cardiovascular effects, ADR was being considered unsuitable for
induction of an pronephric injury via injection [17].

In the present study, we found that application of ADR to the tank water of zebrafish larvae
with a fully functional pronephric filtration barrier caused a significant increase in mortality at
60 uM but did not cause an occurrence of hallmarks for nephrotic syndromes such as pericar-
dial or periorbital edema. In accordance with this, a renal loss of eGFP of DBP larvae could not
be observed in treated larvae indicating an intact and size-selective filtration barrier. Interest-
ingly, ADR accumulated in the intestinal tract of treated larvae which led to a strong fluores-
cence when excited with a wavelength of 543 nm. According to Motlagh and colleagues, ADR
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has its peak of fluorescence at ~591 nm with an emissive bandwidth of 150 nm [29]. Therefore,
zebrafish strains that express endogenous fluorophores in this bandwidth (e.g. mCherry with
Agm ~ 610 nm, RFP with A, ~ 588 nm) as well as conjugated antibodies that emit in this
bandwidth (e.g. Cy3 with Ag,,, ~ 570 nm) cannot be used in ADR treatments.

In order to identify possible pre-nephrotic pathohistological alterations of the glomerular
filtration barrier, HE staining and immunofluorescence staining for nephrin and podocin of
ET larval glomeruli were performed. Treated larvae did not show histologic hallmarks of glo-
merular injury such as podocyte loss, dilated capillaries or Bowman ‘s space edema. Immuno-
fluorescence staining did not reveal a changed protein expression of nephrin or podocin. RT-
(q)PCR results undermined the unaltered expression of these two important podocyte proteins
upon ADR treatment.

Since transparent zebrafish larvae are ideal for in vivo observations, imaging of living ADR-
treated larvae was performed by 2-PM. Z-stacks of glomeruli displayed no injury in living lar-
vae after treatment which strongly corroborates the results of a missing nephrotic phenotype.

Ultrastructural analysis of treated larvae further revealed that ADR did not have any impact
on the glomerular filtration barrier. Even larvae that were treated with 60 pM still showed a
fenestrated endothelium, a normal GBM and interdigitating foot processed connected by a slit
membrane. Foot process effacement or a thickening of the GBM was not induced, which are
further hallmarks of glomerular injury.

Most rat strains but only a few mouse strains are susceptible to ADR nephropathy [14].
Zheng and colleagues found that ADR susceptibility in mice is a Mendelian trait. A decreased
expression of the Prmt7 protein of the DOXNPH locus is responsible for susceptibility to ADR
nephropathy in mice [30]. It was shown that zebrafish larvae express prmt7 at early develop-
mental stages [31, 32] but little is known about the expression of prmt7 at later stages.

In conclusion, zebrafish larvae are an excellent animal model to study kidney function in
vivo. However, ADR is not a suitable drug to induce acute podocyte or glomerular injury in
zebrafish larvae. Further substances have to be tested in order to find a drug that induces glo-
merular injury and mimics FSGS in zebrafish larvae.

Supporting information

S1 Fig. Effects of ADR treatment on the expression of podocin. Similar to nephrin, podocin
showed a meandering expression along the slit membrane in glomeruli throughout all ADR
concentrations (A). These results were corroborated by podocin mRNA analysis of treated lar-
vae via RT-PCR and RT-qPCR (B, C). Scale bar represents 10 pm.

(TIF)

S1 File. S2-S6 Movies. Representative 2-photon microscopy in vivo z-stacks of ET larvae
before treatment at 7 dpf and after treatment at 9 dpf. No signs of glomerular injury such as
podocyte loss or bowman’s space edema were seen after ADR treatment. Treated larvae dis-
played an intact glomerular cytoarchitecture, primary processes of podocytes could be resolved
in all groups.

(ZIP)

S1 Raw images.

(PDF)
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Abstract

Focal and segmental glomerulosclerosis (FSGS) is a histological pattern frequently
found in patients with nephrotic syndrome that often progress to end-stage kidney
disease. The initial step in development of this histologically defined entity is injury
and ultimately depletion of podocytes, highly arborized interdigitating cells on the
glomerular capillaries with important function for the glomerular filtration barrier.
Since there are still no causal therapeutic options, animal models are needed to de-
velop new treatment strategies. Here, we present an FSGS-like model in zebrafish
larvae, an eligible vertebrate model for kidney research. In a transgenic zebrafish
strain, podocytes were depleted, and the glomerular response was investigated by
histological and morphometrical analysis combined with immunofluorescence stain-
ing and ultrastructural analysis by transmission electron microscopy. By intravenous
injection of fluorescent high-molecular weight dextran, we confirmed leakage of the
size selective filtration barrier. Additionally, we observed severe podocyte foot pro-
cess effacement of remaining podocytes, activation of proximal tubule-like parietal
epithelial cells identified by ultrastructural cytomorphology, and expression of proxi-
mal tubule markers. These activated cells deposited extracellular matrix on the glo-
merular tuft which are all hallmarks of FSGS. Our findings indicate that glomerular
response to podocyte depletion in larval zebrafish resembles human FSGS in several
important characteristics. Therefore, this model will help to investigate the disease

development and the effects of potential drugs in a living organism.
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FSGS, glomerulus, podocyte injury, zebrafish model organism
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1 | INTRODUCTION

Focal segmental glomerulosclerosis (FSGS) is a life-threat-
ening progressive disease with limited therapeutic options
often resulting in end stage kidney disease. It is well known
that podocyte damage and subsequent depletion are the first
steps in the development of FSGS! followed by an activation
of parietal epithelial cells (PECs). This activation leads to the
formation of cellular lesions on the glomerular tuft? Recently,
Kuppe and colleagues have shown that upon activation, PECs
develop a cuboidal phenotype and are the main cell type in
sclerotic lesions.” Simultaneously, remaining podocytes lose
their complex 3-D morphology, interdigitating podocyte foot
processes become broadened as well as flattened which is
named foot process effacement.

Since experimental procedures in rodents are not suit-
able for high-throughput drug screenings, we and others
use zebrafish larvae as a simple vertebrate model* to study
glomerular morphology5 as well as the permselectivity of
the glomerular filtration barrier.® Starting at 48 hours past
fertilization (dpf), zebrafish larvae develop a single al-
ready filtering glomerulus which is connected to a pair of
tubules.? Analogous to mammals, the glomerular filtration
barrier consists of a fenestrated endothelium, the glomeru-
lar basement membrane (GBM), and interdigitating podo-
cyte foot processes, which are bridged by an electron-dense
slit diaphragm that is formed by homodimerization of
the transmembrane protein nephrin.4 Due to the translu-
cency of the early larvae, the rapid development of the
filtration barrier of its simple kidney, its morphology and
genetics homologous to mammals, the zebrafish model
is ideally suitable for high-throughput drug screenings.7
As the zebrafish model is easily accessible to fast genetic
methods  like  morpholino-oligonucleotide-mediated
knockdowns of genes, the model has been used in a
number of studies investigating genetic causes of pri-
mary FSGS by generating knockdowns of nphs]/npth,g
chap,g wz‘],10 or inf?.“

To generate a podocyte injury comparable to FSGS,
we applied the transgenic nitroreductase/metronidazole
(NTR/MTZ) model for cell-specific tissue ablation, first
established in zebrafish by Davidson and collegues,12 In
our model of podocyte depletion, the prodrug MTZ is ac-
tivated exclusively in podocytes expressing the NTR under
control of the nphs2 promotor via the G‘allllUAS-systr:m413
Activated MTZ functions as a DNA cross linking agent,
which induces selective cell death of podocytes. This leads
to rapid onset of proteinuria and edema resembling human
nephrotic syndrome,j‘(“14 The aim of this study was to exam-
ine the glomerular response upon partial podocyte depletion
and to investigate the applicability of this model for human
FSGS.
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2 | MATERIALS AND METHODS
2.1 | Zebrafish husbandry and MTZ
treatment

Zebrafish (Danio rerio) were bred, maintained, and staged
as described before.® We used the double transgenic strain
Tg (nphs2:GAL4); Tg (UAS:Eco.nfsb-mCherry), ZFIN:
ZDB-FISH-160601-2 backcrossed to transparent mitfa“>*?
for at least two generations to generate homozygous double
transgenic larvae for all experiments. Larvae express the
bacterial enzyme nitroreductase and the fluorescent protein
mCherry exclusively in podocytes. Prior to all experiments,
larvae were selected for homogenous mCherry expression in
the group within the glomerulus. From this selected groups,
larvae were randomly assigned to the treatment and con-
trol groups. All experiments were performed according to
German animal protection law overseen by the “Landesamt
fir Landwirtschaft, Lebensmittelsicherheit und Fischerei,
Rostock™ of the federal state of Mecklenburg—Western
Pomerania. For drug treatment, 0.1% DMSO was freshly di-
luted in E3-embryo medium. MTZ (Sigma-Aldrich, St. Louis,
MO, USA) was added at a concentration of 80 umol L~! for
all experiments. Controls were treated with 0.1% DMSO-
solution only. Treatment was started at 4 dpf and a treatment
period of 48 hours was held for all experiments.

2.2 | Histology

Larvae for histological analysis were fixed at 6 dpf and at
9 dpf in 4% paraformaldehyde at 4°C overnight. Glycol
methacrylate plastic resin embedding was performed with
Technovit 7100 (Kulzer GmbH, Hanau, Germany) as per the
manufacturer's instructions. 4 pum transversal sections were
made with a Jung RM 2055 rotational microtome (Leica
Microsystems, Wetzlar, Germany). H&E and PAM silver
staining according to Jones were performed adhering to
Technovit 7100 routine staining protocols.

2.3 | Immunofluorescence staining

For podocin, collagen I alpha I and atplal staining, lar-
vae were fixed in 4% paraformaldehyde at 4°C overnight
and embedded in paraffin according to the standard pro-
tocols. 5 um sections were made on a Leica SM 200R mi-
crotome. After heat-mediated antigen retrieval, sections
were incubated with primary antibodies 1:500 polyclonal
rabbit anti-podocin (Proteintech, IL, USA) or 1:500 poly-
clonal rabbit anti-collal (GeneTex, CA, USA) or 1:200
monoclonal mouse anti-atplal (abF clone, Developmental
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Studies Hybridoma Bank, University of lowa, deposited
by DM Fambrough, Johns Hopkins School of Medicine)
at 4°C overnight. For pcna, pax2a and laminin staining,
larvae were fixed in 2% paraformaldehyde at 4°C over-
night. 30% sucrose in PBS was mixed 1:1 with TissueTek
(Sakura Finetek Europe, AV, Netherlands) and used for in-
filtration for 3 hours at room temperature. Samples were
snap-frozen in liquid nitrogen. Between 4-5 pum sections
were made on a Microm HM 560 microtome (Thermo
Fisher Scientific, MA, USA). After permeabilization with
0.3% Triton X-100 and five washes with PBS, slides were
incubated with 1:50 polyclonal rabbit anti-pcna (sc-56,
Santa Cruz Biotechnology, TX, USA), 1:500 rabbit anti-
pax2a (ab229318, abcam), or 1:35 polyclonal rabbit anti-
laminin (L9393, Sigma-Aldrich) at 4°C overnight. Slides
were washed five times in PBS. For all stainings except
staining for atplal, Alexa Fluor 488-, or 647-conjugated
goat anti-rabbit IgG F(ab) 2 antibody fragment (Dianova,
Hamburg, Germany) were used at 1:300 dilution. For
atplal staining, Cy3-conjugated goat anti-mouse IgG
(Jackson ImmunoResearch, PA, USA) was used at a 1:300
dilution. For the staining of human FSGS and control tissue
biopsies, anonymized excess tissue of kidney biopsies that
was diagnosed by experienced nephropathologists of the
Dept. of Nephropathology, University Erlangen-Niirnberg,
was used. The use of kidney biopsies from Erlangen has
been approved by the Ethics Committee of the Friedrich
Alexander University of Erlangen-Nirnberg, waiving the
need for retrospective consent for the use of archived ex-
cess material (Ref. No. 4415). Briefly, 5 um sections of
FFPE-material was collected on super frost slides, depar-
affinized in xylene, and hydrated in an ascending ethanol
series. After heat-mediated epitope retrieval in 10 mM cit-
ric acid buffer pH6 in a pressure cooker, sections were in-
cubated with the aforementioned afplal antibody (1:200)
and a guinea pig anti nephrin antiserum (1:300, gpN2,
Progen, Heidelberg, Germany) at 4°C overnight. After
five washes in PBS the primary antibodies were detected
using 1:800 Cy3-conjugated donkey anti guinea pig and
1:800 Alexa Fluor 488-conjugated goat anti mouse anti-
bodies Dianova, Hamburg, Germany). In all stainings,
cell nuclei were counterstained with 0.1 mg/mL DAPI
(4',6-Diamidine-2'-phenylindole dihydrochloride, Sigma,
MO, USA) for 20 minutes. After one wash with PBS, and
with A. dest, slides were mounted with Mowiol for micros-
copy (Roth, Karlsruhe, Germany). Immunofluorescence
micrographs were acquired with a TCS SP5 confocal laser
scanning microscope (C-LSM) using the 63x, 1.4 NA
oil immersion objective (Leica Microsystems, Wetzlar,
Germany). Brightfield images were acquired with an
Olympus BX50 light microscope using the 40x, 0.6 NA
objective (Olympus, Hamburg, Germany). Image] V1.51f
(Wayne Rasband, National Institutes of Health, USA) was
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used for all morphometric measurements, the cell counter
plugin was used to count pax2a* cells on the glomerular
tuft.

2.4 | Transmission electron microscopy
Larvae collected at early 9 dpf were fixed in 4% glutaral-
dehyde, 1% paraformaldehyde, and 1% sucrose in 0.1 M
HEPES at 4°C overnight and embedded in EPON 812
(Serva, Heidelberg, Germany) as per the manufacturer's
instructions. Semithin (500 nm) and ultrathin sections
(70 nm) were made on an Ultracut UCT microtome (Leica
Microsystems, Heidelberg, Germany). Semithin sections
were stained with methylene blue. Ultrathin sections were
placed on copper grids, contrasted with 5% uranyl acetate
for 5 minutes and with Sato's lead stain for 5 minutes.
Images were acquired with a LIBRA 120 TEM (Carl Zeiss
GmbH, Oberkochen, Germany) with an anode voltage of
80 kV.

2.5 | Statistical analysis

GraphPad prism V5.01 (GraphPad Software, CA, USA) was
used for all statistical analyses. Gaussian distribution was
checked by Kolmogorov-Smirnov testing. If passed, Student's
t test was used for significance testing and mean was given in
the results. For statistical testing of nonparametric data, Mann-
Whitney U test was applied, and median was used. P-values
lower 0.05 were considered statistically significant.

3 | RESULTS

We used the transgenic zebrafish strain  Cherry
(Te(nphs2:GAL4); Tg(UAS:Eco.nfsb-mCherry); mitfa“>*?
on AB-Tii background) for all experiments. Cherry larvae
express the bacterial NTR together with the red fluorescent
protein mCherry under control of a podocyte-specific GAL4-
driver (Figure 1A). After administration of the prodrug MTZ
to the medium, MTZ is taken up by the cells and converted
into a cytotoxic agent uniquely in NTR-expressing cells, in
this case podocytes (Figure 1A"). MTZ induces interstrand
DNA crosslinking and subsequent apoptosis in a concentra-
tion dependent manner, *!? resulting in areas with denuded
GBM due to the detachment of affected podocytes. To gener-
ate conditions comparable to the situation found at the onset
of FSGS in mammals, we used a low dose of MTZ to deplete
only a subset of podocytes. Cherry larvae were treated with
low-dose MTZ (80 umol L' in 0.1% DMSO) or with 0.1%
DMSO as a control beginning at 4 dpf. MTZ and DMSO was
washed out after 48 hours of treatment.
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FIGURE 1

6dpf 7dpf 8dpf 9dpf

A, Schematically shows gene expression in the used transgenic zebrafish line. Gal4 is expressed under the nphs2 promotor. After

binding to its specific recognition sequence UAS (upstream activation sequence), it activates the expression of a bacterial nitroreductase (NTR)
and the red fluorescence protein mCherry. A’ shows a scheme of how MTZ is activated by NTR and subsequently induces DNA damage, which
leads to apoptosis. B shows representative micrographs of 8 dpf zebrafish larvae to demonstrate the grading of developing edema after podocyte
depletion. (1) no edema, (2) mild edema, (3) medium edema, and (4) severe edema. The black arrowhead exemplary indicates periocular edema,
the blank arrowhead indicates abdominal edema. The graph in C shows relative distributions of phenotypes in n = 251 control-treated and n = 275
MTZ-treated Cherry larvae in four individual experiments and in n = 250 control-treated and n = 250 MTZ-treated wild-type larvae. As visualized
in the diagram in D, survival rates of podocyte-depleted Cherry larvae are similar to controls until an abrupt decrease at 9 dpf

We observed edema of different severity in larvae treated
with low-dose MTZ which was graded into four categories
starting from 1 (no edema) to 4 (severe whole body edema
with bent body axis) as shown in representative images of 8
dpf zebrafish larvae in Figure 1B. We found that MTZ-treated
Cherry larvae developed edema | day after MTZ-washout
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(7 dpf). At 8 dpf, 69% (of total n = 275) of living MTZ-
treated Cherry larvae showed medium to severe edema for-
mation (Figure 1C) and 51% of MTZ-treated Cherry larvae
finally died at 9 dpf (Figure 1D). In contrast to that, only
10% (of n = 251) of the control-treated Cherry larvae showed
edema of any severity or died during the observation time
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(Figure 1C,D). In contrast to that, nitroreductase-negative
non-transgenic wild-type larvae (AB-Tii strain) treated with
either 80 pmol L™" MTZ in 0.1% DMSO or 0.1% DMSO
vehicle control did not show significant edema or decreases
viability (Figure 1C,D).

To indirectly quantify proteinuria and to determine the in-
tegrity of the glomerular filtration barrier, we intravenously
injected far-red fluorescent low molecular weight dex-
tran (10 kDa conjugated to Alexa Fluor-647) together with
green fluorescent high molecular weight dextran (500 kDa,
FITC), directly after MTZ-washout. 0.5 and 19 hours after
the injection of the dextrans, we determined the intravascu-
lar fluorescence in the caudal vein by in vivo confocal laser
scanning microscopy (C-LSM), shown in Figure 2A. The flu-
orescence of FITC decreased by 59% in MTZ-treated larvae
after 19 hours (P = .0002 compared to the controls; n = 31),
whereas the fluorescence of FITC in controls did only de-
cline slightly (Figure 2B). Moreover, immunofluorescence
staining with a polyclonal podocin antibody showed a sig-
nificant reduction in MTZ-treated larvae in comparison to
controls, which displayed a regular and strong linear staining
pattern along the glomerular capillaries (Figure 2C,D).

Transmission electron microscopy (TEM) of MTZ-treated
larvae at 9 dpf revealed disintegrated cells along the GBM
localized close to podocytes (Figure 2E). The foot processes
of remaining podocytes of MTZ-treated larvae were severely
effaced, whereas controls the exhibited intact podocytes with
regular foot processes that were bridged by an electron dense
slit membrane (magnifications in Figure 2E).

Furthermore, histologic analysis of formalin-fixed and
plastic-embedded larvae showed a reduced glomerular cell
density in MTZ-treated larvae compared to controls (median:
0.014 nuclei per me in MTZ-treated larvae vs 0.022 nuclei
per pmz; P = .0011; n = 24) (Figure S1A,B). It remained
still reduced after 3 days of regeneration (0.0161 nuclei per
pmz vs 0.0325 nuclei per pm2 in controls at 9 dpf; P =.0003;
n = 24), although the absolute cell numbers at the capillar-
ies of MTZ-treated larvae increased to a level similar to con-
trols (Figure S1B,C). Numbers of podocytes per glomerular
cross-section determined by TEM remained significantly
reduced (mean: 9.0 vs 13.25 at 9 dpf; P = .0043; n = 17)
(Figure S1D). Moreover, we found that the Bowman's cap-
sules were enlarged after MTZ-treatment, which was deter-
mined as the area of the largest of the consecutive glomerular
serial cross-sections for each larva. At 6 dpf, the mean was
1043 pm2 after MTZ treatment compared to 538 pm"' in con-
trols (Figure S1E, P = .0008, n = 24). The difference was
even higher at 9 dpf (1085 um? in MTZ-treated larvae vs
374 ym?®, P = 0019, n = 24).

In podocyte-depleted larvae, distinct severities of podo-
cyte impairment could be discriminated by TEM: In 45%
(5 of n = 11) of MTZ-treated larvae, glomeruli showed a
uniform electron dense GBM, well fenestrated endothelial
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cells similar to controls, but a severe foot process effacement
(Figure 3A). Only a few capillaries showed normal foot pro-
cesses. Moreover, dilatations of the sub-podocyte space were
frequently found (asterisk in Figure 3A). In 36% (4/11) of
MTZ-treated larvae, no typical foot processes of podocytes
were visible. As shown in Figure 3B, visceral epithelial
cells were instead showing tight junctions and microvillous
transformation. 18% (2/11) of MTZ-treated larvae showed
a phenotype of intermediate severity that showed character-
istics of both previously described. Total numbers of local
electron-dense contacts to neighboring cells per visceral ep-
ithelial cell were increased from 0.29 in controls to 2.2 tight
junctions per cell in MTZ-treated larvae (P = .0002, n = 20)
(Figure 3B,C).

Histomorphologic analysis showed a thickening of the
PEC-layer that progressed between 6 to 9 dpf (Figure 4A).
After MTZ washout (6 dpf), mean thickness of PECs was
0.9 pm in controls and 1.11 pm in podocyte-depleted larvae
(P =.0043; n = 24). At 9 dpf, it was 0.78 um in controls and
3.96 pm after MTZ treatment (P = .0001; n = 24) (Figure 4B).
Under baseline conditions, PECs show very little proliferation
but become more replicative after injury-induced activation.
Immunostaining for proliferating cell nuclear antigen (pcnay,
an antigen only present during S-phase in cellular replication,
revealed proliferating PECs only in podocyte-depleted larvae
(Figure 4C).

To investigate whether these cuboidal cells on the glomer-
ular tuft were of PEC/tubular-origin, we immunostained with
a polyclonal antibody for the transcription factor pax2a which
is a marker of the proximal tubular neck segment and parietal
epithelial cells in the zebrafish pronephros. 1 As shown in the
C-LSM micrograph in Figure 4D, proximal tubule cells and
PECs where strongly pax2a-positive under baseline condi-
tions. Upon podocyte-depletion we found an increase of the
pax2a protein abundance on the parietal leaf of Bowman's
space. Additionally, the de-novo appearing cuboidal cells on
the glomerular tuft also expressed strongly pax2a, whereas
podocytes were pax2a negative. Figure 4E shows counts of
pax2a-positive cells on the glomerular tuft in MTZ-treated
larvae and in controls. After podocyte depletion, a statisti-
cally significant number of pax2a* cells were recruited to the
glomerular tuft.

To further discriminate the origin of these cuboidal
pax2a” cells on the glomerular tuft, we additionally stained
for the Na™-K"-ATPase subunit alpha 1 (azplal) using a
monoclonal antibody which in mammalian kidneys is a tubu-
lar marker and under baseline conditions not expressed in the
glomerulus or PECs as shown in the immunohistochemistry
micrographs of the protein atlas database (http://proteinatl
as.org) in Figure S2. To verify that arplal is expressed in the
proximal tubules and not in healthy PECs in zebrafish as well,
we stained sections of MTZ-treated and control zebrafish lar-
vae for pax2a and atplal simultaneously. A co-expression
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of both markers was found, as shown in Figure SA. Similar  activated prismatic PECs were also found atplal-positive.
to mammals, proximal tubule cells where strongly express- Additionally, we frequently found double positive cuboi-
ing atplal under control and diseased conditions in the dal atplal and pax2a positive cells on the glomerular tuft
basolateral cell membrane. Only after podocyte-depletion,  (Figure 5B).
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FIGURE 2 A, Confocal laser scanning micrographs of podocyte-depleted and control larvae 0.5 and 19 hours after injection with a mixture

of FITC-conjugated 500 kDa and Alexa Fluor647-conjugated 10 kDa dextran directly after metronidazole washout. Notice the decrease of

500 kDa dextran in podocyte-depleted larvae, whereas 10 kDa dextran accumulates in the tissue as shown in the caudal fin (white arrowheads).

As shown in graph B, fluorescence intensity of FITC measured in the caudal vein was significantly lower in podocyte-depleted larvae 19 hours

after dextran injection. C, The linear staining pattern of podocin 3 days after vehicle treatment in controls while the signal is greatly reduced in

podocyte-depleted larvae. The scale bar represents 10 um. D, Quantification of these differences by fluorescence intensity. Transmission electron

micrographs of 9 dpf control larvae in panel E reveal a normal morphology with fine foot processes connected by a slit diaphragm, whereas

podocyte foot processes in MTZ-treated larvae are broadly effaced, as shown in detail in the magnifications at the bottom right corner of each

image. The white asterisk labels the nucleus of a remaining podocyte after MTZ treatment. Remnants of an apoptotic podocyte are marked by the

black asterisk. The GBM is highlighted in yellow. Scale bar represents 2 pm

To find out whether this finding was restricted to the
zebrafish model only or rather a conserved mechanism, we
stained FFPE sections of kidney biopsies of n = 4 patients
with biopsy-proven FSGS and of n = 4 controls (tumor-free
excess tissue of tumor nephrectomies with healthy appear-
ing histology) for atplal and the podocyte-marker nephrin.
As expected, in the healthy controls, atplal expression was
absent in cells of the glomerular tuft and PECs and began
right at the PEC-proximal tubular interface (arrowhead in
Figure 5C). In contrast to that, activated PECs in the FSGS
biopsies showed atplal positivity (arrow in Figure 5C). This
phenomenon could be seen in at least one glomerulus in three
out of four of the examined biopsies (Figure S3).

Another feature of human FSGS is the presence of ad-
hesions of the parietal and visceral epithelial layer that are
formed by activated PECs to the denuded areas of the GBM.
In line with the previous findings, we found that in glomeruli
of podocyte-depleted larvae, adhesions between the activated
parietal and visceral glomerular cell layer were visible in H&E
sections (Figure 6A) and TEM micrographs (Figure 6B).
Since podocyte loss in humans is followed by progressive
scarring of the glomerulus, we investigated extracellular ma-
trix deposition in podocyte-depleted zebrafish larvae. While
Jone's stain showed slight accumulation of silver-positive
material on the glomerular tuft at 9 dpf (Figure 4A), a strong
accumulation of laminin was seen (Figure 6C) with signif-
icant GBM-thickening (Figure 6D). However, we could not
detect the accumulation of collagen I at 9 dpf (Figure S4).

Following podocyte injury and using classic histology
and TEM, we identified immigrating neutrophils and macro-
phages within Bowman's capsule only in podocyte-depleted
larvae and not in healthy control animals (Figure S5).

4 | DISCUSSION

It has been shown previously that the main reason leading
to the histologic pattern of FSGS is injury and subsequent
loss of podocytes. Regardless of the initial cause of podocyte
injury, may it be genetic, by endogenous circulating podocy-
totoxic factors or directly exogenously toxic, the relationship
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between podocyte depletion and glomerulosclerosis has been
shown in humans,"”'? as well as in animal models such as
transgenic mouse models of podocyte ablation,**! puro-
mycin aminonucleoside (PAN)-treated rats” and podocyte
ablation by diphtheria toxin injection in transgenic rats ex-
pressing the human diphtheria toxin receptor exclusively in
podocytes23 Unfortunately, these model organisms are not
easily usable in high-throughput assays and even in the era
of CRISPR/Cas9 genetic manipulation is rather difficult and
time-consuming. In the zebrafish model, the small larval size
and conserved morphology of the pronephros offers a gen-
eral applicability for high-throughput assays as larvae can
easily be treated and screened in the 96-well format as it has
been shown before for modulators of polycystic kidney dis-
case using a morpholino-based genetic zebrafish model* ora
developmental drug nephrotoxicity assay25 which both used
pronephric morphometry as the primary readout.

To analyze the glomerular response to podocyte depletion
in zebrafish and investigate the suitability of larval zebrafish
as a model for human FSGS, a targeted model of podocyte
depletion was needed. PAN has been shown to induce podo-
cyte injury in larval zebrafish, but since it has to be intrave-
nously injected, it is not directly eligible for high-throughput
screenings in which minimal hands-on time is a prerequisite
for scalability.() Another available method of podocyte deple-
tion is laser-induced injury, but spatial specificity of the dam-
age requires ablation of single cells, so treatment of higher
counts of larvae at the same time would not be possible.*®
Non-transgenic attempts to induce podocyte injury by adding
reagents to the water have not been successful for the effect
was either minimal or not limited to podocytes.27

To date the only inducible model of podocyte depletion
that combines the ease of adding a reagent to the medium
with the advantage of cell-specific ablation is the NTR/MTZ
model.'* In this study, we chose a short treatment with low-
dose MTZ to deplete a subset of podocytes so that larvae
survived long enough to investigate glomerular response and
adaption to injury.

As described before, MTZ-treated larvae developed
periocular edema, which is a hallmark for hypoproteinemic
proteinuria.14 Wild-type larvae did not develop significant
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FIGURE 3 Contrasting intact podocyte foot processes in control larvae, podocyte-depleted glomeruli displayed signs of podocyte impairment
as shown in the representative micrographs in A. Adjacent to a capillary displaying almost normal morphology: podocyte foot process effacement

and subpodocyte space, pseudocysts (asterisk) can be seen. Scale bar represents 2 um. MTZ-treated larvae showed markedly increased tight

junctions between remaining podocytes in n = 20 larvae (B, C). An electron-dense tight junction is shown in detail in the bottom right corner of the

picture in B. Black arrowheads accentuate loss of fenestration and cellular integrity of the capillary endothelium

numbers of edema, indicating NTR-dependency and spec-
ificity of the phenotype. Furthermore, we verified the loss
of permselectivity of the glomerular filtration barrier using
clearance of fluorescent-labeled high molecular weight dex-
tran from the vasculature which under healthy conditions is
retained in the blood plasma by the GFB. Three days after
MTZ washout, some non-detached podocytes were found
on the glomerular capillaries that showed severe foot pro-
cess effacement and reduction of the expression of the slit
membrane protein podocin as a sign of persistent podocyte
injury. An increase of tight junctions between neighboring
podocytes can be interpreted as a mechanism to prevent
detachment from the GBM under increased mechanical
forces and filtration which has been described extensively
in human patients and mammalian models.***
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Although the size of the glomerular tuft significantly
increased, the total number of podocytes per glomerular
cross section remained significantly lower than in controls,
indicating cellular hypertrophy of remaining podocytes.
Previous work has shown that insufficient podocyte-hy-
pertrophy and subsequent mechanical stress leads to the
development of sub-podocyte space pseudocysts preceding
podocyte detachment.*® Furthermore, increased filtration
in the sub-podocyte space has been suggested to play an im-
portant role in the regulation of glomerular permeability}'l

Another key feature of mammalian FSGS is the activation
of PECs which contribute to fibrotic lesions, as it has nicely
been shown by Smeets and colleagues,32 and thickening of
Bowman's capsule.33 By analyzing the pax2 expression,
Ohtaka et al and Dijkman et al furthermore showed that cells
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on the parietal-visceral interface contribute to cellular lesions following activation due to podocyte detachment. These
in human FSGS **% findings strongly support the hypothesis that upon podo-

In our model, PECs started to proliferate and changed cyte-depletion, flat PECs transform to Luboidal PECs, as it
their morphology toward a cuboidal, microvillous phenotype has recently been shown by Kuppe et al.® Together with the
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FIGURE 4 Panel A representative micrographs of Jone's-stained plastic sections of podocyte-depleted and control larvae. Black arrows point

at the PEC layer. The scale bar represents 10 um. The graph in B shows the result of PEC height measurements in H&E-stained plastic sections

of n = 25 podocyte-depleted and n = 23 control larvae. A statistically significant increase is visible in podocyte-depleted larvae directly after,

and 3 days after treatment. The micrographs in panel C show pcna-staining of larvae collected at 9 dpf. Expression of mCherry labels podocytes.

Podocyte-depleted larvae show pcna-positivity of PECs (white arrowheads). Panel D demonstrates pax2a-positive PEC-nuclei under baseline

conditions with increased expression of pax2a in cuboidal PECs and cuboidal cells on the glomerular tuft 3 days after podocyte depletion (white

arrowheads). The scale bar represents 25 um. The graph in E shows quantification of these differences

typical cytomorphology and the expression of pax2a, atplal,
and not podocin (no podocin protein in immunofluorescence
and no podocin promotor activity as shown by missing trans-
gene expression), we characterized them as cuboidal proxi-
mal-tubule like PECs that covered the denuded areas of the
GBM in the most severely injured 36% of MTZ-treated lar-
vae, which fits previous findings in a murine model of col-
lapsing FSGS.* Furthermore, using immunofluorescence in
FSGS biopsies, we could show that the presence of atplal
was not restricted to the model we used but a general and
conserved mechanism as the pattern of atplal expression in
MTZ-treated zebrafish larvae strongly resembled the situa-
tion found in human FSGS patients.

In contrast to that, other groups have suggested that
PECs are recruited to the glomerular tuft and replace podo-
cytes.jm8 Another work additionally mentions attachment of
PECs to the apical sides of podocytes after activation and
both propose extracellular matrix conglomerates in FSGS
to be synthesized by PECs as we have demonstrated in our
model ***° Still, the pathways involved in PEC activation
following podocyte injury remain incompletely understood.
Romoli et al recently proposed cxcl12 derived by podocytes
into Bowman's Space as a quiescence signal to PECs.* A
study performed by Kuppe et al in 2015 focused on the role
of PECs in secondary FSGS in humans. It revealed that cells
expressing the marker anxa3 for all PECs and the PEC ma-
trix marker [kiv69 were involved in all stages of secondary
FSGS, whereas the PEC activation markers cd44 and krt19
were expressed in cellular lesions, but only rarely in sclerotic
lesions. The findings where independent of the underlying
glomerular disease, indicating a common cellular pathway in
the development of sclerotic lesions.*!

Although zebrafish larvae have the general ability to
develop sclerosis, ™ they seem to develop remarkably little
fibrosis and instead regenerate tissue as shown for cardiomy-
ocytes.43 Expression analysis of the prevalent extracellular
matrix component collagen 1, which is expressed in tissues
of the musculoskeletal system of healthy individuals, does
not seem to detect sclerotic lesions sensitively, for we could
not detect it in the glomerulus despite clear accumulation
of laminin. Since accumulation of laminin, in combination
with other extracellular matrix components, directly causes
a thickening of the GBM, GBM width is equal to quantifica-
tion of laminin staining as a readout.
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As a potential readout for potential positive influence of
screened drugs on the disease cause two different approaches
can be chosen: First, an aim of analysis could be the impact of
potential drugs on the number of atplal- or pax2a-positive
cells on the glomerular tuft as an indicator of involvement
of cuboidal PECs contribute to sclerotic lesions. At least for
pax2a, a number of fluorescent reporter strains are available
which can be readily used to automate detection of intraglo-
merular pax2a expression and, therefore, quantification of
recruitment of disease-accelerating proximal-tubule like cu-
boidal PECs.

Second, as a more direct marker for disease progres-
sion, effects on proteinuria using transgene reporter lines
like the eGFP-labeled vitamin D binding protein line could
be used. In this model strains, 78 kDa eGFP-labeled vi-
tamin D-binding protein is synthesized in hepatocytes and
secreted to the blood plasma. As in healthy conditions, the
eGFP-fusion cannot pass the GFB freely, its intravascular
fluorescence intensity directly reflects the function of the
GFB as we have shown for the NTR-MTZ model before.®
Therefore, the slope of the intravascular eGFP-intensity de-
crease directly correlates with progression of proteinuria and
is ideal as a primary screening readout. In 2020, Steenbergen
et al presented a similar approach with easier imaging but
more complicated iv injections where they used intravascular
FITC-inulin clearance as a readout in a high-content zebraf-
ish drug screening pipeline for automated imaging in the 96
well format.**

Taken together, here we have shown that podocyte deple-
tion in zebrafish larvae is a versatile model that resembles
the clinical and histological appearance of human FSGS in
important characteristics such as proteinuria, development
of edema, formation of viscero-parietal adhesions, PEC ac-
tivation and -proliferation as well as deposition of extracel-
lular matrix. Our results establish a basis not only for the use
of the FSGS-like disease in zebrafish as a model for further
studies investigating the pathogenesis of ESGS, but also for
assessing the effects of potential drugs on disease devel-
opment in a vertebrate model suitable for high-throughput
experiments.

Additionally, we have found strong evidence, that the de-
velopment of glomerular sclerotic lesions by the activation
of proximal tubulus-like PECs is a conserved process that is
present across vertebrate species.
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FIGURE 5 Co-expression of atplal and pax2a in proximal tubule cells of 9 dpf zebrafish larvae is shown in A. Panel B shows atplal
expression and pax2a expression separately. It is limited to the proximal tubule in control larvae; whereas in podocyte-depleted larvae, it is

also found in activated parietal epithelial cells and on the glomerular tuft (white arrows). The scale bar represents 20 um. The micrographs in C
exemplary show atplal expression in a human glomerulus under healthy conditions, where it is limited to the tubule (white arrowhead), and in a
patient with FSGS. Notice atplal positivity of cells on the glomerular capillaries in FSGS, highlighted by the white arrow. Nephrin expression

marks podocytes. The scale bar represents 50 um
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FIGURE 6 A, Paricto-visceral adhesion in an H&E-stained plastic section. Scale bar represents 10 um. The transmission electron micrograph
shown in picture B further characterizes one adhesion. Scale bar represents 2 um. White arrowheads highlight local electron-dense parieto-visceral

GBM width [um]

co nltrol M"IZ

contacts in the magnification of B. C, Immunostaining for laminin in podocyte-depleted and control larvae at 9 dpf. A significant deposition of

laminin on the glomerular tuft can be noticed as shown in the inserts. mCherry expression labels podocytes. The graph in D quantifies the thickness

of the laminin-layer within the GBM measured orthogonally as the full width at half maximum. Podocyte-depleted larvae showed statistically

significant increased laminin-deposition as measured in five randomly picked capillaries in each three consecutive glomerular cross-sections of

n = 5 podocyte-depleted and n = 6 control larvae
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mainly FDA-approved drugs/compounds in a specific zebrafish larval FSGS model
which uses an automated analysis to obtain a high number of candidates. With this
screening system, we identified the FDA-approved drug belinostat as a potential
candidate to prevent disease progression of FSGS. As a repurposed drug, belinostat

has a short road to a clinical translation.

Journal of the American Society of Nephrology

46

Page 2 of 49



Publications

Page 3 of 49

ONOULLDA WN =

A novel high-content screening assay identified
belinostat to be protective in a FSGS-like zebrafish

model

Maximilian Schindler!, Florian Siegerist!, Tim Lange', Sophia-Marie Bach', Jochen

Gehrig?, Sheraz Gul® 4, Nicole Endlich’

"Department of Anatomy and Cell Biology, University Medicine Greifswald, Greifswald,

Germany
2Acquifer Imaging GmbH, Heidelberg, Germany

3Fraunhofer Institute for Translational Medicine and Pharmacology ITMP, Hamburg,

Germany

4Fraunhofer Cluster of Excellence for Immune-Mediated Diseases CIMD, 22525

Hamburg, Germany

Running title: High-content FSGS drug screening
Word count abstract: 248

Word count text: 3344

*Corresponding author: nicole.endlich@uni-greifswald.de

Orcid-ID: 0000-0001-6817-4099

Keywords: podocyte, FSGS, proteinuria, drug screening, FDA-approved, zebrafish

1

Journal of the American Society of Nephrology

a7



Publications

ONOULLDA WN =

Significance statement

This work presents a novel in vivo high-content assay for the screening of protective,
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has a short road to a clinical translation.
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Abstract

Background: Focal and segmental glomerulosclerosis (FSGS) often leads to end-stage
kidney disease. Herein, the complex 3D morphology of podocytes is affected resulting
in loss of the size selectivity of the filtration barrier and development of irreversible
sclerotic lesions. Until today, therapeutic options are limited and podocyte-specific drugs
are missing. Therefore, identification of compounds and drugs, especially FDA-
approved ones that can delay or stop the progression of FSGS is of great importance.
To achieve this, we established a high-content screening assay by using a FSGS-like

zebrafish model.

Methods: In order to combine a high-throughput with an in vivo model, a specific
zebrafish screening strain (“ScreefFi”) was used in this study. The ScreeFi strain
expresses the nitroreductase and mCherry exclusively in podocytes. Additional
expression of a circulating 78 kDa vitamin-D-binding eGFP fusion protein provides a
readout for proteinuria. Addition of 80 uM metronidazole for 24 hours into the fish water
resulted in FSGS-like lesions. A specific screening microscope was used together with
custom written analysis codes to quantify fluorescence intensities on a large scale. A
138 compound drug library was screened for podocyte-protective effects and

candidates were validated by follow-up experiments (n=280 larvae per hit).

Results: Using this novel in vivo high-content drug screening, we identified 7 hits that
were potentially protective in our FSGS-like model. Validation of these candidates
identified the FDA-approved drug belinostat as a protective drug against podocyte

injury, proteinuria and edema formation.
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Conclusion: Belinostat was identified in this novel high-content screening as a

promising drug for the treatment of FSGS.
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Introduction

In more than 75% of kidney patients, podocytes are damaged and lost.! Podocytes as a
postmitotic cell type, are attached to the outer aspect of the glomerular capillaries with
their interdigitating foot processes. Their complex morphology together with the slit
membrane between these interdigitating foot processes are essential for the size-
selectivity of the glomerular filtration barrier.23 Any changes of the foot process

morphology are directly linked with a change of function.

Focal and segmental glomerulosclerosis (FSGS) is defined by foot process effacement,
a loss of podocytes, a development of sclerotic lesions as well as glomerular matrix
accumulation.*-® Until now, therapeutic options for patients suffering from FSGS are
very limited and often progressive loss of kidney function cannot be prevented.”8 This

lack leads to a high demand for drugs that stop or delay FSGS progression.

A promising approach to identify compounds or drugs that achieve this goal are large
scale drug screenings. Unfortunately, on the one hand, cell culture-based systems
cannot fully provide physiologically relevant conditions such as blood pressure and
cellular crosstalk. On the other hand, reproduction time and ethical concerns of
mammalian models are limiting factors in high-throughput screening. Therefore, we

focused our attention to a simple vertebrate model, the zebrafish larva (Danio rerio).

The zebrafish larva is a widely used vertebrate model to study kidney development,
function and disease.®-'" The remarkable homology of the pronephric glomerulus to

mammalian glomeruli with a fenestrated endothelium, a glomerular basement

5
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membrane and podocytes with interdigitating foot processes makes this model suitable
especially for glomerular research.'>-'> Moreover, optical transparency, a high fecundity
and a rapid ex utero development provide decisive advantages in contrast to
mammalian models in terms of microscopic access and experimental throughput.
Zebrafish larvae represent an elegant bridge between cell culture, C. elegans,

Drosophila melanogaster and mammals.16-19

Drug screening that target a specific cell type or aim to prevent a certain disease are
heavily dependent on a reliable injury or disease model. Induction of FSGS-like lesions
in mammals can be carried out by several approaches which mostly include injection
e.g. puromycin aminonucleoside (PAN).20.2' However, injection-based approaches are
not suitable for high-content screening. To overcome this, we have focused on the cell
specific ablation using the nitroreductase/metronidazole (NTR/MTZ) system which is an
elegant way to avoid side effects.?223 QOur group recently established a protocol to
induce FSGS-like lesions in zebrafish larvae using this method.?* Moreover,
crossbreeding of the podocyte-specific MTZ-sensitive zebrafish strain with a strain that
expresses a circulating vitamin-D-binding eGFP fusion protein (VDP-eGFP, 78 kDa)
generates a “screening fish” (ScreeFi) that is perfectly equipped for an imaging-based,
high-throughput drug screening on a reliable FSGS model.2> Podocyte specific injury in
this ScreeFi induces podocyte depletion and results in a loss of glomerular mCherry
fluorescence as well as a subsequent glomerular leakage of VDP-eGFP, causing a

decrease in vascular eGFP fluorescence.24.26

Automated data analysis is crucial for high-content, imaging-based screening. The

assessment of vascular eGFP fluorescence requires a reliable, automated

6
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segmentation of blood vessels in order to measure the fluorescence exclusively in the
vasculature. The same is true for an automated measurement of the mCherry
fluorescence exclusively in podocytes. The open source image processing software FIJI
provides outstanding possibilities for such a task.2’” Since stable and vibration-free
imaging is an essential prerequisite for exact fluorescence intensity measurements, we
used a specific imaging machine (IM) which was developed for in vivo screening in the

multiwell format equipped with a static microscopic stage and moving objectives.28.29

In the past, epigenetic changes have been shown to play an important role in kidney cell
biology and disease.3%3" It is notable that histone deacetylases (HDACs) seem to play a
pivotal role in kidney injury and are an interesting pharmacological target in
podocytes.3233 Although HDACs regulate inflammatory processes and autophagy in
podocytes,3 little is known about the effects of epigenetic drugs in FSGS. Therefore, we
used a drug/compound library including epigenetic drugs/compounds in this screening
exercise. To accelerate the translation of an identified drug into the clinic and treatment

of patients, our library included FDA-approved drugs.

To summarize, our group developed a rapid and semi-automated in vivo high-content
drug screening assay that quantifies podocyte fluorescence and integrity of the
glomerular filtration barrier in a FSGS-like zebrafish model. Using a 138 drug/
compound library and a subsequent validation of candidates, the FDA-approved drug
belinostat was identified as a potential drug for the treatment of FSGS. Belinostat is
already used for treatment of patients with T-cell lymphoma and therefore a translation

of belinostat into renal therapy could be substantially accelerated.
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Methods

Zebrafish strains and husbandry

Zebrafish stocks were maintained as previously described.!” Several groups of two
males and two females were permanently put together as mating pairs for the screening
experiments. These groups were always composed of two individuals of the following
zebrafish strains: Tg(-3.5fabp10a:gc-eGFP); mitfa-; mpv17=s, Tg(-3.5fabp10a:gc-
eGFP);Tg(nphs2:GAL4-VP16); Tg(UAS:Eco.nfsB-mCherry); mitfawz; mpv17s= further
termed ScreeFi.?22526 | arvae from these groups were raised under standard conditions
until 4 days post fertilization (dpf) and transgene expression was checked with a
fluorescence stereomicroscope (SMZ 18 Nikon, Dusseldorf, Germany) exposed to
0.1 mg/ml tricaine anesthesia (MS-222, #E10521, Merck, Darmstadt, Germany). All
experiments are according to the German animal protection law and were overseen and
approved (file #7221.3-1-06/21) by the “Landesamt fiir Landwirtschaft,
Lebensmittelsicherheit und Fischerei, Rostock” (LALLF M-V) of the federal state of

Mecklenburg-Western Pomerania.

Induction of podocyte injury and drug treatment

Groups of 12 larvae from one breeding were distributed into a 24-well plate (#662160
Greiner, Frickenhausen, Germany). For each clutch of eggs, 12 larvae were treated with
0.2% v/v DMSO (Sigma-Aldrich, Taufkirchen, Germany) dissolved in E3 as negative
control and 12 larvae were treated with 80 uM metronidazole (MTZ; Sigma-Aldrich)
dissolved in DMSO as our injury control and reference group. A custom drug library
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including epigenetic and FDA-approved drugs was designed and purchased from Enzo
Life Sciences, Inc. (Lausen, Switzerland) and was used for the screening experiments.
The compounds were structurally diverse and reported to possess epigenetic modifying
properties in biochemical and cell-based assays with the strongest link with HDAC and
Sirtuin enzyme target class. Larvae were co-treated with 80 yM MTZ and 100 uM
compounds each in 0.2% v/v DMSO. The total volume was 400 pl for each well with 12
larvae and the wells were sealed with Adhesive Clear PCR Seal (#600208, Biozym
Scientific, Hessisch-Oldendorf) to prevent evaporation. The plates were incubated at
28.5°C and protected from light. After 24 hours, the compounds were washed three

times with 0.5x E3.

Preparation for imaging

After washout at 5dpf, E3 in the 12-well plate was replaced with E3-containing
0.4 mg/ml tricaine solution. Larvae were individually transferred into the wells of a 96-
well plate (#644101, Greiner) which was prepared with custom agarose molds. For the
molds, 45 ul of 0.7% agarose (Biozym LE agarose) were transferred into each well and
a custom 3D-printed orientation tool was inserted into the agarose.3® Each larva was

transferred into the single wells of the 96-well plate and oriented laterally in the molds.

Image acquisition for the screening was performed with an Acquifer Imaging Machine
(IM; ACQUIFER Imaging, Heidelberg, Germany). This high-content screening device is
equipped with a sCMOS (2048 x 2048 pixels) camera and a temperature-controlled
incubation chamber (set to 28.5 °C). Overview images of each laterally oriented larva
were obtained with a 2x objective. For each larva, a region of interest (ROI) at the tail

region caudal of the cloaca was selected with a 10x objective in order to image the
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blood flow and vasculature. After creating custom modified imaging scripts via FIJI,27 10
consecutive brightfield frames at a framerate of 13 Hz were acquired (10x objective),
followed by one frame at 470 nm. The ROI of each larva was dragged to the glomerular
region and one frame of each glomerulus was acquired at 555 nm using a 10x
objective. The focal plane for both acquisitions was detected with a built-in two-step

software autofocus.

Following image acquisition, tricaine-containing E3 was washed out two times and
replaced by 150 ul E3. The 96-well plate was again sealed and incubated for another
24 hours at 28.5°C. At 6 dpf, larvae were anesthetized with 0.4 mg tricaine, oriented
laterally and imaged in the same way as described before. Two values for the vascular
eGFP fluorescence and two values for the glomerular mCherry fluorescence were taken

for each individual larva.

Data storage and processing

Since acquisition and subsequent automated analysis of >70000 images of zebrafish
larvae requires large storage and random access memory, a HIVE (ACQUIFER
Imaging) was used for storage and processing. Custom written FIJI macros were written
in the 1J1 language and used for image analysis. The macros were written in such a
way that a full folder of raw image data of one 96-well plate could be dragged into and

directly processed by FIJI.

Measurement of the vascular fluorescence, an indicator for proteinuria

Vascular eGFP fluorescence was segmented and measured fully automatic via a

custom FIJI macro, similar to Steenbergen and colleagues.®® For each larva, 10
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brightfield slices and one slice at 470 nm were acquired at the caudal region. The macro
fuses the brightfield slices to a short movie in which the blood flow is clearly observable
due to the movement of erythrocytes. After blurring and background subtraction, the
standard deviation of this movie is created. This standard deviation shows all areas in
which pixel changes occur which are circulating erythrocytes. Subsequent thresholding
and size restriction allow the creation of ROIs which distinctively detect areas of blood
flow. These ROls are then used as segmentation masks for the 470 nm image in which
the mean fluorescence is measured exclusively in the blood vessels due to prior blood

flow detection.

Glomerular fluorescence determines the degree of podocyte depletion

Fluorescence of the nphs2-driven podocyte mCherry was detected and measured fully
automatically via FIJI. For each larva and each image obtained with 555 nm channel,
the center of mass (x and y coordinate of the brightness-weighted average of all pixel) is
determined which is in this case the center of the pronephric glomerulus. A circular
custom ROI is created and gets automatically drawn to the center. The ROI for the
mCherry signal is always of the same size (70688 pixels with 0.65 um/pixel ratio) and
the mean fluorescence intensity in this ROl is measured for each larva and both

timepoints.

Generation of time-lapse movies

For Movie 1 and 2, ScreeFi larvae were treated with either 0.1% DMSO v/v or 80 uM
MTZ for 24 hours from 4 to 5 dpf. After washout, larvae were dorsally oriented and

embedded in 20 pl 0.6% agarose in the mold with E3 medium containing 0.1 mg/ml
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tricaine. After acquisition of overview images in the 555 nm with the 2x objective, ROls
were placed at the glomerular mCherry signal with the 4x objective in the IM. The eGFP
and the mCherry signal were imaged once in an hour from 5 to 6 dpf and the focus
plane detection was determined in the 555 nm channel. Processing of two-channel multi

page TIFs and movie creation was conducted with FIJI.

Data analysis and statistics

Both macros create excel files with all necessary data. The macro for the vascular
fluorescence additionally creates a subfolder with images of the segmentation masks to
check the segmentation process. By a build-in exclusion algorithm, larvae in which no
vascular blood flow is detected, are not analyzed and values of these larvae will not
appear in the excel files but in a text file. Values from these larvae were then also

excluded from the excel files of the glomerular measurement.

For both readouts and each larva, one mean fluorescence value is determined at 5 dpf
after the treatment and at 6 dpf. The ratio of vascular fluorescence to glomerular
fluorescence was calculated for each larva and Gaussian distribution was checked with
a Kolmogorov-Smirnov test for each readout and each plate. Ratios of treatment groups
were subsequently analyzed by either one-way ANOVA followed by a Dunnet’s multiple
comparison test or by a Kruskal-Wallis test followed by Dunn's multiple comparison. The
MTZ group on every plate served as a control group, p < 0.05 was considered as
statistically significant. Data analysis and graphs were created with GraphPad Prism
9.1.2 (GraphPad Software, San Diego, California USA). Volcano plots were created

using VolcaNoseR (DOI: 10.1101/2020.05.07.082263).

12
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Results

Establishment of larval imaging and signal analysis

In order to cover two central aspects for the integrity of the larval glomerular filtration
barrier, we used the Tg(-3.5fabp10a:gc-eGFP);  Tg(nphs2:GAL4-VP16);
Tg(UAS:Eco.nfsB-mCherry); mitfa=; mpv17== — the ScreeFi strain for all screening
experiments. This strain expresses a circulating fusion protein of the vitamin D-binding
protein with eGFP (VDP-eGFP) which has a size of 78 kDa and is unable to pass the
glomerular filtration barrier under healthy conditions. Impairment of the glomerular
filtration barrier directly results in clearance of VDP-eGFP from the vasculature and can
be used as a surrogate parameter for proteinuria. Additionally, podocyte-specific
expression of mCherry and the bacterial NTR allows direct in vivo microscopic

assessment of the presence of healthy or injured podocytes.26

We found that lateral orientation of the larvae provides a suitable field of view for the IM
for both readouts, the vascular eGFP fluorescence as an indicator for proteinuria at the
tail region and the podocyte mCherry signal as an ideal indicator for podocyte depletion.
Custom agarose molds were used for this purpose, allowing rapid lateral orientation of

96 larvae per plate.

To determine the vascular eGFP fluorescence, a ROI for each larva in the 96-well plate
was selected on an overview image (Fig. 1A, B). We were able to reliably and
automatically segment the vasculature in zebrafish larvae via FIJI by using the standard

deviation of the pixel change (highest in vasculature with moving blood cells, Fig. 1C,
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Movie 1). Moreover, the custom written FIJI script also excludes larvae from analysis
which showed no blood flow in the caudal vasculature (Fig. S1). This ensures that only

viable larvae are included in the evaluation.

For automated detection of the mCherry signal in podocytes, a different approach was
developed. Since segmentation in the brightfield channel was not possible due to a lack
of contrast or pixel value change in the target structure, we directly used the mCherry
fluorescence image as detection template. This enables an automatic and reliable
detection of the podocytes and the measurement of the mean fluorescence intensity in

a defined area (Fig. 1D).

Generation of an experimental screening and imaging pipeline

As expression levels of transgenic reporters may vary between clutches of embryos
from different founders, heterogeneity may increase in datasets obtained over several
weeks. To circumvent this, the workflow of this new assay obtains two measurements of
the two readouts for each larva, one at 5 dpf and one at 6 dpf. This generated robust

fluorescence ratios for the degree of proteinuria and podocyte condition (Fig. 2).

Titration of the podocyte specific injury for the screening

After the addition of MTZ to the larval medium, the podocyte-specific NTR converts the
prodrug MTZ into a toxin which exclusively damages podocytes. The degree of injury is
dependent on the concentration and exposure time of MTZ.22 Since our previous work
has shown that a treatment of transgenic larvae at 4 dpf with 80 uM MTZ for 48 hours
resulted in a phenotype that resembles FSGS,2* we had to recalibrate the MTZ
concentration in the ScreeFi to avoid feeding of the larvae in the multiwell plates.

14
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Zebrafish larvae start feeding at 6 dpf®” and our aim was to avoid treatment with MTZ
and compounds in the agarose cavities of the 96-well plates to exclude the influence of
agarose on MTZ and compounds. For his reason, 6 dpf had to be the endpoint and the

time of the second measurement.

Therefore, larvae were treated with different concentrations of MTZ (80 uM, 160 uM and
320 uM) for 24 hours. After washout at 5 dpf, no difference of the mCherry fluorescence
intensity was found between the control (0.1% v/v DMSO) and the 80 puM group in
contrast to the treatment with 160 yM and 320 uM MTZ which resulted in a strong
podocyte depletion (Fig. 3A). Imaging of the same larvae after further 24 hours revealed
a loss of mCherry fluorescence in the 80 uM MTZ group. MTZ-induced glomerular injury
in the 160 yM and 320 puM group lead to a further reduction of mCherry signal

intensities, close to a complete loss of podocytes (Fig. 3A).

Podocyte injury or loss leads to proteinuria, in the case of our ScreeFi to a quantifiable
leakage of the VDP-eGFP. After washout of MTZ at 5 dpf, the eGFP signal was not
reduced in the 80 yM MTZ group. In contrast, a treatment with 160 uM and 320 uM
MTZ for 24 hours caused a reduction of the vascular eGFP signal and a visible uptake
of eGFP in the proximal convoluted tubules indicating a leakage of the filtration barrier

(Fig. 3B).

At 6 dpf, a clear vascular loss and tubular uptake of the VDP-eGFP was detected in 80
MM MTZ treated larvae compared to the DMSO control. Glomerular leakage in the 160
MM MTZ and 320 yM MTZ group progressed to a state in which a clear vascular signal

could not be detected anymore (Fig. 3B).
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Edema formation is a hallmark of a disrupted filtration barrier in zebrafish (Huang et al.
2013). Exposure of larvae to 80 yM MTZ for 24 hours from 4-5 dpf induced no edema
formation at 5 dpf, but a slight edema formation at 6 dpf. Slight edema was visible after
treatment with 160 uM at 5 dpf which progressed to severe edema at 6 dpf. Larvae
treated with 320 uM MTZ developed severe edema at 5 dpf which progressed until 6 dpf

(Fig. 3C).

A significant loss of glomerular mCherry and vascular eGFP was detected in all three
MTZ treatment groups by our assay from 5 to 6 dpf. Treatment with 80 yM MTZ for 24
hours resulted in a quantifiable proteinuric phenotype and podocyte depletion in the
time frame of our screening setup and will therefore be used for all further experiments

(Fig. 3D).

Screening of a drug library

After establishing a workflow and degree of injury, a drug library of 138 mainly
epigenetic drugs/compounds was used to identify drugs that potentially impede or
prevent podocyte damage and the resulting proteinuria. Out of 138 compounds, 5
compounds were able to significantly attenuate the loss of vascular eGFP compared to

the corresponding MTZ control (Fig. 4).

Two compounds induced an elevated loss of eGFP together with MTZ in comparison to
MTZ only. A significant reduction of podocyte depletion was observed with 4
compounds. A total of 36 compounds had a lethal effect on zebrafish larvae within the

24 hours treatment (from 4 to 5 dpf; Table 1).
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Follow-up experiments of primary screening hits

The two compounds santacruzamate A and cambinol showed a protective effect in both
readouts, a reduction of proteinuria and a deceleration of podocyte depletion. These
were the most promising candidates for further verification experiments with a higher
larvae count. As a follow-up, three additional 96-well plates were analyzed with each 12
larvae DMSO, 12 larvae compound only, 36 larvae MTZ only and 36 larvae with
compound santacruzamate A or cambinol plus MTZ. These results showed that the
protective effect of santacruzamate A on podocytes could not be confirmed (Fig. 5A, B).
The initial protective effect of cambinol was also excluded in the verification experiments

(Fig. 5C, D).
Follow-up experiments of secondary screening hits

Verification experiments were also performed on compounds that had a protective effect
only in one of the two readouts, meaning either a decrease of proteinuria or a reduction
of podocyte depletion. Of the total 7 substances, belinostat showed a significant
reduction of proteinuria and podocyte depletion in the follow-up experiments (Fig. 6A,
B).

Verification of belinostat as a protective agent

To further confirm these results, a serial dilution of belinostat was started. We observed
that the treatment of larvae for 48 hours with MTZ induced edema formation of four
different severity levels, scaling from type 1 = no edema to type 4 = severe edema

formation (Fig. 6C). We categorized the severity level of the DMSO group, MTZ and

MTZ plus 1 uM, 10 uM or 100 pM belinostat at 6, 7 and 8 dpf. After washout at 6 dpf, all
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three treatment groups with MTZ + belinostat showed a reduced number of larvae with
type 3 and 4 edema in a dose-dependent manner. Co-treatment with MTZ and 100 uM
belinostat induced edema formation in 15% of larvae with 0% type 4 edema in contrast
to 60% edema with 31% type 4 edema in the MTZ group at 6 dpf. At 7 dpf, progression
of edema formation was decelerated in all three groups for all three types of edema that
received belinostat, again in a dose-dependent manner. The delay in edema formation
in the belinostat groups stayed consistent at 8 dpf. 83.6% of larvae treated with MTZ
developed edema with 58.2% showing type 4 edema. Co-treatment of MTZ with 100 uM
belinostat caused edema formation in 64.2% of larvae with 28.3% type 4 edema (Fig.
6D). These results clearly confirmed the protective effect of belinostat in a dose-

dependent manner on larval podocytes in this injury model.
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Discussion

FSGS is a podocyte-related disease characterized by effacement and detachment of
podocytes, activated PECs as well as glomerular matrix accumulation.® Since there are
no curative drugs available until today, it is very important to identify appropriate small
molecules and drugs that have the capacity to inhibit or reverse podocyte injury in

FSGS patients.

For efficient identification of potential drugs, high-content screenings are an important
tool. For this purpose, genetically modified zebrafish larvae are an ideal model to
establish an appropriate screening platform, similar to what has recently been shown for
therapeutics against neurodegenerative disorders such as Parkinson's disease.3® Here,
we present for the first time a high-content screening method using a podocyte-specific
ablation system which was established by our group as a model for FSGS.?* After
implementing automated segmentation and measurement algorithms to quantify
fluorescence in vessels and of podocytes, it was possible to quantify whether podocytes
and the filtration barrier were healthy or affected on a large scale. An important
requirement of an automated zebrafish larvae screening is that the position of the larvae
remains stable during the image acquisition procedure. Otherwise changes of the
fluorescence intensities or segmentation problems could be due to a different position of
the larvae. To avoid this, a specific screening microscope was used with moving optics
in contrast to a mobile stage to ensure that the multiwell plate did not move during
imaging. This was recently demonstrated by Westhoff and colleagues in a

morphometric screen for developmental nephrotoxicity.28
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One important aim of our current work was to shorten the treatment period established
for the FSGS-like zebrafish model in our high-content screening from 48 hours to 24
hours to avoid feeding of hundreds of isolated larvae in 96-well plates beyond 6 dpf.3”
For this reason, we started experiments with different MTZ concentrations for a shorter
duration to find a concentration that induces podocyte depletion and proteinuria. We
found that treatment with 80 uM MTZ for 24 hours successfully depleted podocytes and
significantly reduced vascular and podocyte fluorescence. Doses beyond 80 uM
induced a very strong phenotype within 24 hours including a complete loss of podocytes
which barely resembles mammalian FSGS. For this reason, we used 80 yM MTZ for all

following experiments.

In our experiments, we used a library including epigenetic drugs/compounds for the
screening. There is strong evidence that epigenetic modifications in podocytes might
contribute to injury susceptibility or resilience.*®43 Majumder and colleagues reported
that an elevated level of histone H3 lysine 27 trimethylation protects against glomerular
and specifically podocyte injury.** First results in our screening suggested that
santacruzamate A, a HDAC 2 inhibitor and cambinol, a class lll histone deacetylase
inhibitor, are protective in our FSGS-like zebrafish model. However, the subsequent
validation in following experiments did not confirm the initial results and therefore these

drugs were excluded.

A third candidate which was suggested to be protective for podocytes was the FDA-
approved drug belinostat. Belinostat is described to be a broad-acting histone
deacetylase inhibitor that promotes apoptosis and inhibits proliferation of cancer cells.45-
47 Validation experiments with 280 larvae confirmed the protective effect of belinostat in
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this assay. Moreover, we could show that the effect of belinostat on larval podocytes
that were treated with MTZ over 48 hours instead of 24 hours is protective in a dose-
dependent manner. Interestingly, Belinostat is FDA-approved and is currently used to
treat patients suffering from peripheral T-cell lymphoma. It is reported to promote
differentiation of rhabdomyosarcoma cells which contributes to its tumor suppressive
effect.4¢ However, there is no evidence in the literature indicating a protective effect of

belinostat or its metabolites on podocyte-related diseases or kidney diseases in general.

The next step is to unravel the pathway that could be responsible for the protective
effect of belinostat. Nephroprotective effects of HDAC inhibitiors in general have also
been reported earlier, especially in the case of acute kidney injury. 3233 |t is also
published that the Hippo- and the GSK3 pathways, respectively, are regulated by
belinostat.#%50 Another possibility for the protective effect of belinostat might be that this
pan-HDAC inhibition affects non-histone targets and modifies immune responses.5'52 A
pro-differentiating effect in combination with a modified immune response could explain
the protective effect in this FSGS-like model. Further experiments in the future will

provide more insight into the signaling cascade, specifically in podocytes.

In summary, our group established a novel high-content in vivo drug screening assay in
zebrafish larvae using a reliable podocyte injury model. State-of-the-art screening
microscopy, automated segmentation and measurements allow the assessment of
podocyte injury and proteinuria on a large scale. This work identified a FDA-approved
drug as protective for larval podocytes. These results open up the possibility of

belinostat being a novel therapeutic option for patients suffering from FSGS.
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Tables

Table 1: List of toxic compounds. All compounds in this list had a lethal effect on all

12 larvae in conjunction with 80 yM MTZ.

Toxic compounds

SW-100 3-TYP Remetinostat Scopolin
Tenovin-6 UF010 Ophiopogonin D' Sinapinic acid
Droxinostat HDACS8-IN-1 BRD 4354 Valproic acid (sodium salt)

Trichostatin A Selisistat R-enantiomer SRT2183 Scriptaid
PCI-34051 UBCS039 Quisinostat J22352
Sirtuin modulator 1 BG45 Splitomicin SRT 1720 (Hydrochloride)
Selisistat S-enantiomer AK-1 SR-4370 OPC 95%
TMP195 Sirtinol Fimepinostat Huperzine A
Inauhzin Panobinostat Tenovin-6 (Hydrochloride) R-Alpha lipoic acid
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50 Figure 1: Imaging setup of vascular and glomerular fluorescence with the imaging machine. At
52 first, an overview image of all wells of the 96-well plate is acquired with a 2x objective (A). A region of
54 interest (ROI) at the larval tail is manually selected for the vascular fluorescence (B). At this region, a 10x
56 objective acquires 10 consecutive frames in the brightfield channel and 1 frame at 470 nm (eGFP) of
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each larva. A custom FIJI code automatically segments vessels on the basis of moving erythrocytes and
measures the fluorescence intensity exclusively in the vasculature (C). For podocyte presence, another
ROI at the glomerular region is manually selected (B). For each larva, one frame at 555 nm (mCherry) is
acquired. The FIJI code automatically detects podocytes and creates a defined ROI. Afterwards the

mCherry fluorescence intensity is measured within this ROI (D). Scale bar in (B) 1 mm, in (C) and (D) 250

pm.
4 dpf 5 dpf 6 dpf 6 dpf
Score for transgene Orientation Orientation Automated
expression analysis
1st 2nd
Treatment for 24 h measurement measurement Statistics

Figure 2: Workflow of the high throughput in vivo drug screening assay. Transgene expression of
nphs2:ntr-mCherry in podocytes and the VDP-eGFP in the vasculature is checked with a
stereomicroscope at 4 days post fertilization (dpf). Larvae from one clutch are distributed in groups of
n=12 in 24-well plates for treatments. After 24 hours, all compounds are washed out and the larvae are
placed individually into a 96-well plate. Following lateral orientation, images of vascular and glomerular
fluorescence are acquired at 5 dpf. After another 24 hours, the vascular and glomerular fluorescence is
acquired again of the exact same larvae. The fluorescence ratios of both readouts for each individual

larva serve as input for the statistics.
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53 Figure 3: Different Metronidazole (MTZ) concentrations cause an acute or chronic larval podocyte

55 injury accompanied by proteinuria. After 24 hours treatment, the mCherry signal of the DMSO control
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and the 80 pM MTZ group did not differ at 5 dpf. 160 pM and 320 yM MTZ caused a loss of mCherry
fluorescence and a distribution of the mCherry signal into the proximal convoluted tubules at 5 dpf
(arrows in A). At 6 dpf, the 80 pM MTZ group showed a loss of mCherry fluorescence. The glomerular
injury in the 160 uM and 320 pM group did progress to a state in which podocytes are barely present on
the glomerular tuft (A). 160 uM and 320 uM MTZ caused a strong glomerular leakage and a tubular
reabsorption of the 78 kDa VDP-eGFP at 5 dpf (arrowheads in B). Disruption of the glomerular filtration
barrier was observable in the 80 uM group not at 5, but at 6 dpf (B). Podocyte specific injury and
proteinuria is accompanied by periocular edema formation. After 24 hours treatment with 320 yM MTZ,
larvae developed severe edema at 5 dpf (arrowheads in C). Treatment with 160 uM caused slight edema
formation at 5 dpf and severe edema formation at 6 dpf. 80 uM MTZ caused no visible edema at 5 dpf
and slight edema at 6 dpf. The DMSO control group did not show edema at all (C). All three MTZ groups
developed a statistical significant loss of the podocyte mCherry fluorescence in the screening setup (D).
Accordingly, a significant loss of vascular eGFP (proteinuria) could be detected (DMSO n=21, 80 yM MTZ
n=20, 160 yM MTZ n=22, 320 uyM MTZ n=19). Data distribution was checked via Kolmogorov-Smirnov
test and significance was determined by Kruskal-Wallis test, followed by Dunns’s multiple comparison,
the DMSO group served as control and p<0.05 was considered statistically significant. Scale bar in (C)

represents 250 um.

40

Journal of the American Society of Nephrology

86

Page 42 of 49



Publications

Page 43 of 49

A Vascular fluorescence B Glomerular fluorescence

B ége;y(lhl.n @ — Cambinol | Santacruzamate A—— @
) irnithi
B“|Au1 Santacruzamate A—e Saleriide H HDAC-1IN — @

HBOP

Crotonoside - o .ACY-975 \.
4 o

ONOULTDA WN =

_— Belinostat

{__.._Cambinol — e»:

-~
o

Significance (-Logo)

Significance (~Logso)

1 7 Fold Change (Logz) Fold Change (Log;)

19 Figure 4: Overview of protective and potential harmful effects on larval podocytes. Out of 138
21 compounds of the drug library, 5 caused a significant decrease of proteinuria depicted by a reduced
23 glomerular leakage in comparison to their corresponding MTZ Groups (black dots in A). Two substances
25 induced an elevated loss of vascular fluorescence together with MTZ compared to MTZ only (red dots in
27 A). 4 compounds prevented podocyte injury shown by a significantly reduced loss of glomerular mCherry
29 fluorescence (black dots in B). One compound caused an elevated loss of podocyte mCherry
31 fluorescence in conjunction with MTZ (red dot in B). The y-axis depicts the negative logs, logarithm of

p=0.05 and the cut-off for the fold change on the x-axis is 0.3.
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Figure 5: Follow-up experiments of top 2 candidates. Treatment with santacruzamate A at 10 uM

alone had no deteriorating effect in terms of vascular or glomerular fluorescence depicted by significantly

higher fluorescence ratios compared to MTZ. 80 yM MTZ caused a significant loss of vascular and

glomerular fluorescence. Santacruzamate A was not able to decelerate or prevent MTZ injury in our co-

treatment setup (DMSO n=58, santacruzamate A n=22, MTZ n=75, MTZ+santacruzamate A n=75, A, B).
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Follow-up experiments with cambinol showed similar effects. 10 uM cambinol had no harmful effect on
podocytes or the glomerular filtration barrier by itself. MTZ induced a significant loss of both fluorescences

and cambinol was not able to protect the larval podocytes from MTZ injury (DMSO n=54, cambinol n=43,

ONOULLDA WN =

9 MTZ n=75, MTZ+cambinol n=79, C, D). Data distribution was tested with Kolmogorov-Smirnov test,
1 significance was checked by Kruskal-Wallis test, followed by Dunns’s multiple comparison, the MTZ

13 group served as control, p<0.05 was considered statistically significant.
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Figure 6: Follow-up experiments with belinostat proved a protective effect on larval podocytes.
Treatment with 10 pM belinostat had no harmful effect on the glomerular filtration barrier or podocyte
vitality. The podocyte injury by MTZ caused a significantly higher glomerular leakage of eGFP and a loss
of podocytes. Addition of 10 uM belinostat to the 80 uM MTZ solution could prevent the leakage of the 78
kDa VDP-eGFP. This result was corroborated by a significantly reduced loss of podocyte mCherry
fluorescence in the co-treatment group of belinostat and MTZ in comparison to MTZ (DMSO n=30,
belinostat n=30, MTZ n=89, MTZ+belinostat n=85, A, B). Data distribution was checked via Kolmogorov-
Smirnov test and significance was determined by ordinary one-way ANOVA, followed by Dunnet’s
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multiple comparison test for A and Kruskal-Wallis test, followed by Dunns’s multiple comparison for B.
The MTZ group served as control, p<0.05 was considered statistically significant. Following these results,

nphs2:ntr-mCherry larvae were treated with different concentrations of belinostat in conjunction with MTZ.

ONOULLDA WN =

9 Depending on the progression of podocyte injury, larvae develop different degrees of edema: 1: no
11 edema, 2: slight edema, 3: moderate edema, 4: severe edema. Black arrowheads show periocular and
13 blank arrowheads depict abdominal edema (C). Belinostat had a concentration dependent protective
15 effect on podocytes from MTZ injury until 8 dpf (DMSO n= 52, MTZ n=55, MTZ+1 pM belinostat n=52,
17 MTZ+10 uM belinostat n=55, MTZ+100 puM belinostat n=53, D). These results strongly hint towards a

protective effect of belinostat on podocytes. Scale bar in (C): 500 pm.
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Figure S1: Control of the segmentation process. A successful segmentation automatically detects the
vasculature by moving erythrocytes. All segmented areas fit into a bounding rectangle (red) with a
restricted size on the Y-axis of 900 pixels (585 uM, the size of the agarose cavity, A). In case of no
detected blood flow (no movement) within 10 brightfield frames, the FIJI macro detects the highest pixel
change in the corners and segments the corners due to detector noise. These ROIs combined do not fit

into the 900 pixels rectangle which leads to exclusion of larvae with no peripheral blood flow (B).
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43 Figure S1: Control of the segmentation process. A successful segmentation automatically detects the
45 vasculature by moving erythrocytes. All segmented areas fit into a bounding rectangle (red) with a
47 restricted size on the Y-axis of 900 pixels (585 puM, the size of the agarose cavity, A). In case of no
49 detected blood flow (no movement) within 10 brightfield frames, the FIJI macro detects the highest
51 pixel change in the corners and segments the corners due to detector noise. These ROIs combined do

53 not fit into the 900 pixels rectangle which leads to exclusion of larvae with no peripheral blood flow (B).
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2021,326(7):621. doi: 10.1001/jama.2021.13304 Journal of the American Society of Nephrology
*This checklist has been adapted by the ASN journals for author and editor use. March 2022
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7 Discussion

Podocytes are postmitotic cells with a unique cytoarchitecture that form the final
filtration barrier in the kidney [1]. Any alteration of the complex 3D morphology of the
interdigitating foot processes or the detachment of podocytes directly leads to the
loss of the size-selectivity of the renal filtration barrier [38]. Moreover, podocyte injury
may lead to severe kidney diseases such as FSGS, often resulting in the loss of the
entire organ [39]. Until now, it is still controversial whether podocytes have a relevant
regenerative potential and it is generally accepted that regeneration is only possible
to a very limited extent [40—42]. Unfortunately, to date, there are no curative drugs
available to treat podocytopathies such as FSGS [27] and therefore high-dose
immunosuppressants e.g. glucocorticoids or calcineurin inhibitors have to be used
[43, 44]. These treatments are rather unspecific and especially systemic suppression
of the immune system might cause severe side-effects [45]. Expanding the
knowledge of pathways and substances that might stimulate protection and/or
regeneration of podocytes in vivo is highly relevant. Therefore, the aim of this work
was the establishment of a high-content screening system to identify
podocyte-protective small molecules or compounds. To this end, our group uses
transgenic zebrafish larvae as in vivo model since it offers the possibility to combine
high-throughput with the advantages of an animal model. A high fecundity, optical
transparency, transgenic expression of fluorescent reporters and a high homology of
the glomerular filtration unit are essential benefits of the zebrafish larva as a model
to study podocyte biology in detail and in vivo [10, 15, 46].

In order to generate a robust high-content screening system, this work can be split

into two main parts: i) Establishment of a reliable and rapid podocyte injury model in
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zebrafish larvae that mimics FSGS, and ii) the development of a high-content,
imaging-based in vivo screening pipeline. It has been previously described that
morpholino injections into fertilized zebrafish eggs successfully damage larval
podocytes [16, 20, 47]. However, morpholinos - small oligonucleotides - must be
injected at a very early stage of development, i.e. at the one-cell stage [48, 49].
Since the development of zebrafish embryos is quite rapid, there is only a small
window of opportunity for injections and morpholino induced gene knockdowns
rather mimic developmental defects.Another option was the use of PAN which is
already described to induce a severe podocyte phenotype and an impairment of the
filtration barrier in rodents [50]. Miller-Deile and colleagues claimed that addition of
PAN to the larval medium at 46 hours post fertilization (hpf) causes proteinuria and
foot process effacement in zebrafish larvae [51]. On the one hand, however, PAN is
an expensive molecule and treatment of hundreds of larvae with the suggested
concentrations would break any financial framework. On the other hand, it was not
possible to recapitulate the results of Miller-Deile and colleagues in preliminary
experiments. Furthermore, it has been reported that intravenous injections of PAN
into the cardiac sinus venosus results in glomerular injury in zebrafish larvae [37,
52]. Nevertheless, injection-based approaches are not scalable to a high-content and
we excluded this method for our aims. Another substance that is used to induce
podocyte injury is ADR [53]. ADR, a DNA-intercalating anthracycline, inhibits the
topoisomerase Il activity and is clinically used as a cytostatic drug [54]. ADR is
reported to induce FSGS with varying reliability, depending on species and strain
[34, 55]. For example, ADR has been shown to damage podocytes in many rat
strains, but only in a few mouse strains [56]. Zennaro and colleagues demonstrated

that treatment of zebrafish embryos for 7 hours with ADR starting at 3 hpf causes

96



Discussion

severe developmental defects of podocytes, suggesting a general susceptibility of
larval podocytes to ADR [36]. Since we wanted to avoid unspecific developmental
defects, we administered ADR at a later developmental stage. Addition of three
different concentrations of ADR to the medium at 7 dpf, a state in which larval
podocytes are already highly differentiated, caused no podocyte injury within the
timeframe of 48 hours [57]. Treated larvae did not develop proteinuria, a hallmark for
glomerular injury in zebrafish larvae [16], demonstrated by vascular eGFP
measurement in the cade strain. ADR treated larvae retained the circulating 78 kDa
VDP-eGFP fusion protein in the vasculature, which indicates an intact GFB [57].
Additionally, immunohistological and ultrastructural analysis of ADR-treated larvae
demonstrated healthy podocytes as well as an unscathed GFB [57]. One explanation
for the difference in susceptibility to ADR of rodents and fish could be given by the
report of Zheng and colleagues [58]. Accordingly, ADR susceptibility appears to be
dependent on the expression of protein arginine methyltransferase 7 (Prmt7),
implying that a low expression level increases ADR susceptibility. In this context, it
was already shown that zebrafish embryos express prmt7 even at very early
developmental stages [59]. Furthermore, intraperitoneal injection of ADR in adult
zebrafish resulted in renal tubular but not podocyte injury [60]. This supports our
results that differentiated zebrafish podocytes are not susceptible to ADR injury [57].
An elegant alternative to ADR and PAN treatment is the pharmacogenetic and cell-
specific NTR/MTZ ablation model [61]. After addition of MTZ to the medium, only
NTR-expressing cells convert the prodrug MTZ into a toxin that induces apoptosis. In
the past, Zhou and Hildebrandt have generated a zebrafish strain which expresses
the NTR together with the fluorophore mCherry exclusively in podocytes [62].

Recently, our group has demonstrated that high doses of MTZ (= 1 mM) in the
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medium cause acute podocyte detachment accompanied with proteinuria in the
cherry strain [23, 63]. In order to find a suitable degree of podocyte injury as basis for
a protective screening, the MTZ concentration needed to be reduced to avoid a
complete loss of podocytes and generation of a non-reversible phenotype. To this
end, we treated cherry larvae with 80 uM MTZ for 48 hours from 4 to 6 dpf.
Extensive analysis of edema assessment, histological stainings,
immunofluorescence stainings and transmission electron microscopy revealed that
80 UM MTZ induced a partial podocyte depletion [64]. Furthermore, MTZ induced
podocyte foot process effacement, an activation of parietal epithelial cells (PECs),
parieto-visceral adhesions and an accumulation of extracellular matrix in the GBM
[64]. Smeets and colleagues found that PECs and their activation play a key role in
the formation of sclerotic lesions in FSGS [65]. Moreover, MTZ treatment induced a
morphological change of PECs from a flat to a cuboidal phenotype in cherry larvae
upon podocyte depletion which was already observed in a rodent model of FSGS
[64, 66]. These results strongly suggest that low dose MTZ treatment of cherry
larvae via the medium reliably mimics mammalian FSGS and is therefore a suitable
injury inductor and an excellent basis for a protective screening system [64].

Since transgenic zebrafish larvae are ideally suited for in vivo microscopy, we aimed
to establish an imaging-based, high-throughput screening system on the basis of the
MTZ-sensitive cherry strain. Therefore, we used the screeFi strain which is a cross
of the cherry and the cade strain. In this strain, MTZ induces podocyte depletion,
accompanied by a quantifiable loss of podocyte specific mCherry fluorescence and a
guantifiable loss of intravascular eGFP fluorescence due to a pathological glomerular
excretion of the 78 kDa VDP-eGFP [23, 62]. Hence, the loss of mCherry

fluorescence depicts the degree of podocyte injury and the loss of vascular eGFP
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fluorescence depicts the degree of proteinuria [67]. First, an imaging protocol had to
be established which reliably acquires the vascular eGFP signal and the glomerular
mCherry signal. Hanke and colleagues established a fluorescence measurement of
the retinal plexus to quantify eGFP fluorescence in proteinuric zebrafish larvae [67].
However, the objective and the ocular lens have to align perfectly to obtain images of
high quality. Therefore, we excluded this method and decided to acquire the
peripheral vasculature in the tail region. The larval tail is almost two-dimensional in
contrast to more cranial regions which is advantageous for automatic focus plane
detection. For this reason, our group uses a lateral orientation of larvae which
combines microscopic access to the vasculature in the tail as well as the mCherry in
podocytes [67]. Automated segmentation to accurately detect the region of interest is
crucial to analyze large amounts of imaging data. Here, we developed custom codes
to automatically segment and measure the fluorescence in the vasculature and
podocytes of the screeFi strain [67]. After system calibration, a 138 compounds
epigenetic drug library was screened for protective effects, since recent findings
pointed out that epigenetic changes play an important role in patients with
podocytopathies and diabetic nephropathy [68-70]. 7 compounds had an initial
protective effect in the screening experiments. These candidates were further
validated with a higher larvae count [67]. Out of these candidates, belinostat could
be confirmed as protective for larval podocytes in a dose-dependent manner in this
injury model. Belinostat reliably delayed edema formation, reduced podocyte
depletion and prevented proteinuria [67]. Belinostat is a pan-HDAC (histone
deacetylase) inhibitor that has an FDA-approval for the treatment of peripheral T-cell
lymphoma [71]. Interestingly, nephroprotective effects of HDAC inhibition have

already been reported for acute kidney injury [72, 73]. Additionally, it is known that
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HDACs do not only regulate gene expression but modify immune responses as well
[74]. Furthermore, belinostat has effects on GSK3 signaling and the Hippo-pathway,
which play an important role in podocytes homeostasis [75-77]. In order to exclude
an injury model or species-specific protective effect of belinostat, e.g. direct
interactions with MTZ or the NTR, this drug will be tested in rodent models of
podocyte diseases in the near future. This work lead to a patent filing of belinostat for
kidney diseases by our group (Application number: EP22179045.4)

In summary, we established a high-content, imaging-based in vivo screening pipeline
to identify and to study podocyte-protective small molecules/compounds by using a
well-established zebrafish disease model. To achieve this end, it was necessary i) to
establish an elaborate image acquisition, ii) to generate an automatic target structure
segmentation and iii) to subsequently quantify fluorescence signals by custom code
writing. Direct application of this high-content screening system led to identification of
belinostat as a substance that prevents podocyte injury in a short-term treatment

which suggests the modulation of important podocyte-specific signaling pathways.
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