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1 Abstract

Autosomal recessive osteopetrosis (ARO) is a rare genetic bone disorder characterised
by an increase in bone mass resulting in symptoms such as anaemia, recurrent infections,
growth retardation and variable central nervous system defects. Without a curative
treatment with hematopoietic stem cells, patients die within the first decade of life. ARO
can be caused by mutations in the CLCN7 gene coding for the CI/H* exchanger CIC-7,
which is highly expressed in bone resorbing osteoclasts. Loss of CIC-7 function causes
an impairement of the acidification of the osteoclast’s resorption lacuna, which is essential
for the bone remodelling process. As patient material for diagnostic and research purpose
is scarce, an adequate human disease model is of high importance.

Patient-derived human induced pluripotent stem cells (hiPSCs) have great potential for
modelling diseases as they provide an unlimited source of patient cells, which can be
differentiated into disease-relevant cell types. For modelling ARO, a novel and simplified
osteoclast differentiation technique was developed, and the obtained cells were
characterised at every differentiation step. The differentiation of hiPSCs starts with
embryoid body formation to obtain mesodermal cells and the hematopoietic specification
induces the continuous production of monocyte-like cells for up to nine weeks providing
enough cells for several osteoclast cultures and follow-up investigations. Comparing
primary blood monocytes with hiPSC-derived monocyte-like cells demonstrated a
monocytic gene and surface marker expression in both cell types. Terminally
differentiated osteoclasts showed the characteristic morphology, multinucleation, TRAcP
expression and functionality as they were able to resorb bone and dentine. In comparison
to osteoclasts differentiated from peripheral blood mononuclear cells, hiPSC osteoclasts
were larger in size with a slightly higher number of nuclei and minimal changes in the
resorption pattern were evident.

To demonstrate the ARO disease phenotype in vitro, patient-derived hiPSCs harbouring
compound heterozygous mutations in the CLCN7 gene were differentiated into
osteoclasts, which were enlarged compared to hiPSC osteoclasts from healthy donors
and not able to resorb any bone or dentine. Additional functional analyses of ARO hiPSCs
and the mutated CIC-7 protein revealed an enhanced level of the autophagy marker LC3-
Il in ARO hiPSCs and strongly reduced ion currents in the mutated chloride channel

despite the physiological localisation of mutated CIC-7 in lysosomes. Hence, it is



assumed that patient-specific mutations result in a loss-of-function effect responsible for
the severe phenotype and the death of the patient.

Overall, osteopetrotic hiPSCs and this innovative osteoclast differentiation technique
provide a good disease model system for ARO and could also be utilised to examine
osteoclasts morphology and function in other diseases when applying to a patient-specific
hiPSC line.



2 Zusammenfassung

Autosomal-rezessive  Osteopetrose (ARO) ist eine schwere genetische
Knochenerkrankung, die sich durch eine erhéhte Knochenmasse auszeichnet und zu
Symptomen wie Anamie, wiederkehrenden Infektionen, Wachstumsverzdégerung und
verschiedenen Defekten des zentralen Nervensystems fuhrt. Falls keine kurative
allogene Stammzelltransplantation erfolgt, verlauft die Krankheit innerhalb der ersten
zehn Lebensjahre todlich. ARO kann durch Mutationen im CLCN7-Gen verursacht
werden, das fur den CI/H*-Austauscher CIC-7 codiert. Dieser ist an der
Birstensaummembran von knochenresorbierenden Osteoklastenzellen hoch exprimiert
und Mutationen beeintrachtigen den Anséuerungsprozess der Resorptionslakune,
welcher lebensnotwendig ist fur den kontinuierlichen Knochenumbauprozess. Da
primares Patientenmaterial oft sehr limitiert ist, wird ein geeignetes ARO-

Krankheitsmodell benétigt.

Vom Patienten stammende humane induzierte pluripotente Stammzellen (hiPS) stellen
eine unbegrenzte Quelle von patientenspezifischen Zellen dar und koénnen in
krankheitsrelevante Zelltypen differenziert werden. Es wurde eine neuartige Methode zur
hiPS-Osteoklastendifferenzierung entwickelt und detailiert charakterisiert. Die hiPS-
Differenzierung wird Uber die Bildung von Embryoid Bodies initiert und in die
mesodermale Richtung geleitet, um anschlieend mit Hilfe einer hdmatopoetischen
Spezifizierung die kontinuierliche Freisetzung von monozytendhnlichen Zellen
hervorzurufen. Diese bis zu neun Wochen lange kontinuierliche Zellproduktion ermdglicht
eine Vielzahl von experimentellen Untersuchungen. Die differenzierten hiPS-
Osteoklasten zeigten die zelltypischen Merkmale: a) eine hohe Anzahl an Zellkernen, b)
eine positive TRAcP-Farbung und c) die Resorption von Knochen. In einem detaillierten
Vergleich mit aus zirkulierenden Monozyten differenzierten Osteoklasten waren die hiPS-
Osteoklasten vergrofRert, wiesen eine leicht erhéhte Anzahl von Zellkernen auf und

zeigten ein leicht verandertes Resorptionsmuster.

Um den osteopetrotischen Phanotyp in vitro zu demonstrieren, wurden hiPS eines ARO-
Patienten mit compound heterozygoten Mutationen im CLCN7-Gen zu Osteoklasten
differenziert, die im Vergleich zu hiPS-Osteoklasten gesunder Spender vergrof3ert waren

und kein Knochen resorbieren konnten. Funktionale Analysen der ARO hiPS und dem



mutierten CIC-7-Protein ergaben eine erhdhte Konzentration des Autophagiemarkers
LC3-1l sowie stark reduzierte lonenstrome im mutierten Chloridkanal obwohl eine
physiologische Lokalisierung des mutierten CIC-7 in Lysosomen detektiert wurde. Es wird
daher angenommen, dass die patientenspezifischen Mutationen im CLCN7-Gen zu
einem Loss-of-Function-Effekt fuhrten, der fir den schweren Phanotypen und den Tod
des  Patienten  verantwortlich  war. Insgesamt  ist diese  innovative
Osteoklastendifferenzierungstechnik in Verbindung mit einer Patienten-hiPS Linie ein
gutes in vitro Krankheitsmodell fir die ARO und konnte auch bei weiteren

osteoklastenbasierten Krankheiten Verwendung finden.



3 Introduction and current state of research

The bone is a rigid and yet dynamic tissue and comes in a variety of shapes and sizes
within the body of vertebrate animals. It supports the body, protects organs, and enables
movement. Furthermore, the bone plays a crucial role in hematopoiesis and provides the
bone marrow “niche” for hematopoietic stem cell maintenance. The bone itself consists
of a flexible organic bone matrix mainly composed of collagen fibres and a mineral called
calcium hydroxyapatite. The three main bone cells responsible for bone growth, bone
remodelling and fracture healing are osteocytes, osteoblasts, and osteoclasts. The
osteoblast is responsible for bone matrix formation and mineralisation, whereas the
osteoclast resorbs old or damaged bone. The osteocyte receives as well as transduces
mechanical stimuli and regulates the differentiation and function of osteoblasts and

osteoclasts (Freemont, 1993; Seeman and Delmas, 2006).

3.1 The bone remodelling process and osteoclast biology

Bone undergoes a lifelong remodelling process to maintain its strength and mineral
homeostasis. An initiating remodelling signal is sensed by osteocytes and causes the
recruitment of osteoclast precursor cells from the circulation (Bonewald, 2007), which
start to differentiate into large multinucleated cells and get activated. They migrate and
attach to the bone surface after removal of the bone lining cells, which are quiescent
osteoblasts. By secreting hydrogen ions and enzymes such as matrix metalloproteinases
and cathepsin K, the organic bone matrix is digested, and the bone mineral is dissolved
(see figure 1). After bone resorption, monocytes, osteocytes and pre-osteoblasts are
recruited for bone formation (Katsimbri, 2017). Differentiated osteoblasts start to
synthesise new matrix mostly consisting of type I collagen, which fills up the cavity. During
bone mineralisation, osteoblasts become quiescent bone lining cells covering the newly
made bone surface. Buried osteoblast cells terminally differentiate into osteocytes.
Engulfed in the bone matrix, osteocytes change shape into dendritic-like cells, which build
up a canalicular network for interacting with other osteocytes and bone lining cells on the
surface (Katsimbri, 2017).



The bone-resorbing osteoclast was identified as being of hematopoietic origin (Walker,
1975). After differentiating from the monocyte-macrophage lineage, mononuclear
osteoclast precursor cells fuse into large multinucleated cells. This process is based on
the signalling through c-fms, which binds M-CSF (macrophage colony stimulating factor)
secreted by osteoblasts. The presence of M-CSF triggers the expression of the receptor
RANK (receptor activator of nuclear factor-«B) on the osteoclast precursor cell surface
(Arai et al., 1999). When RANKL (RANK ligand) binds to its receptor, the maturation and
fusion of osteoclast precursors into multinucleated osteoclasts is induced. The two
cytokines M-CSF and RANKL are crucial for osteoclast survival, differentiation and
expansion (Boyle et al., 2003; Mellis et al., 2011). A mature osteoclast needs to fulfill
specific properties to be defined as such: multinucleation, the expression of tartrate-
resistant acid phosphatase (TRACcP), the formation of an actin ring and the ability to resorb
bone and mineralised matrix, which is unique, as osteoclasts are the only bone-resorbing
cells in the body (Cappariello et al., 2014; Katsimbri, 2017).

For osteoclast-mediated bone resorption, the osteoclast needs to become polarised by
binding to the bone matrix. Podosomes, consisting of an actin core surrounded by
integrins and cytoskeletal proteins (see figure 1), are formed, first as single foot-like
stuctures and later as a podosome belt sealing the osteoclast to the bone surface (sealing
zone) (Cappariello et al., 2014; Katsimbri, 2017; Saltel et al., 2008). The cell membrane
facing the bone surface is called a ruffled border, which possesses an outer “fusion zone”
and the inner “uptake zone” (see figure 1) (Mulari et al., 2003). The resorption mechanism
takes place extracellularly through the secretion of acids and enzymes into the resorption
lacuna, which is tightly sealed by the sealing membrane (Cappariello et al., 2014). The
ruffled border is densely packed with membrane proteins such as v-type H*-ATPase
(vacuolar-type adenosine triphosphate driven proton pump), which releases protons into
the resorption lacuna (Chatterjee et al., 1992; Forgac, 1999; Frattini et al., 2000), and the
chloride channel 7 (CIC-7) together with its B-subunit OSTM1 (osteopetrosis-related
transmembrane protein 1) which exchange chloride ions with protons (Graves et al.,
2008; Kornak et al., 2001; Lange et al., 2006) (see figure 1). This acidification of the
resorption lacuna demineralises the bone matrix and exposes the organic components
like collagen type I. In order to degrade the organic bone components, lysosomes fuse
with the cell membrane in the fusion zone of the ruffled border and release lysosomal

enzymes mainly composed of cathepsin K, TRAcCP and matrix metalloproteinases into



the resorption lacuna (Baron et al.,, 1988; Cappariello et al., 2014) (see figure 1).
Decomposed collagen fragments as well as calcium and phosphate are endocytosed via
the “uptake zone” (Mulari et al., 2003), transported through the osteoclast by transcytosis
and released again through the “functional secretory domain” into the extracellular space
(Cappariello et al., 2014; Katsimbri, 2017; Stenbeck and Horton, 2004) (see figure 1).
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Figure 1: Schematic illustration of bone resorption by an osteoclast.

The osteoclast is attached to the bone via a podosomal belt forming the sealing zone. Acidification
of the bone takes place within the resorption lacuna. In the fusion zone lysosomal enzymes are
released and protons and chloride ions are transported by v-type H*-ATPase and the CIC-
7/0STM1 complex. Degradation products of the inorganic and organic bone matrix are shuttled
through the osteoclast (uptake zone) and released at the functional secretory domain. (in
accordance to Cappariello et al., 2014; Coudert et al., 2015)

Two main bone resorption patterns of osteoclasts exist. Round excavations are called

pits and can occur either as single pit or as a cluster of several pits adjacent to each other.



Osteoclasts in “pit mode” build up a sealing zone surrounding the ruffled border, secrete
resorption factors and take up resorption products before they rearrange their
cytoskeleton and migrate to the next resorption side, leaving behind a pit in the bone
surface (Georgess et al., 2014; Lakkakorpi and Vaananen, 1991; Sge and Delaissé,
2017). However, osteoclasts also form elongated continuous resorption cavities referred
to as trenches. The osteoclast in “trench mode” moves over the bone surface during its
resorption activity. Despite the movement, the sealing zone is continuously displaced but
not disrupted or rebuilt at any time. For lateral resorption, the ruffled border is orientated
to the front wall of the cavity, where resorption and uptake takes place (Sge and Delaissé,
2017). The “trench mode” is the more aggressive way of resorption, as it is faster,
trenches are deeper and the expression of cathepsin K is higher (Merrild et al., 2015; Sge
et al., 2013; Sge and Delaissé, 2017). Whether or not osteoclasts use pit formation or
trench formation as the preferred resorption mode depends on several factors, including
the presence of other cells in the osteoclast microenvironment, the cathepsin K
expression, collagenolytic activity, the skeletal site, as well as age and gender of the
individual (Merrild et al., 2015; Sge et al., 2013). In functionally impaired osteoclasts, a
third type of resorption can be observed, which is only superficial, shows no defined

edges and is called pseudoresorption (Howaldt et al., 2020).

3.2 Autosomal recessive osteopetrosis

Osteopetrosis is a group of rare genetic skeletal diseases characterised by impaired bone
resorption. Depending on the disease-causing mutation, the mode of inheritance, the
severity, and the age of onset, different forms of osteopetrosis are distinguished. The
most frequent autosomal dominant type (also called Albers-Schénberg disease) usually
displays a skeletal sclerosis, a modelling defect, an onset in childhood, and complications
arise in only a subset of affected individuals (Bénichou et al., 2000; Albers-Schénberg,
1904). The more severe form is autosomal recessive osteopetrosis (ARO), which is
typically diagnosed within the first months of life and is lethal when left untreated. Patients
suffer from a variety of complications. Due to bone resorption failure, bones show an
increase in mass and at the same time extreme brittleness. Growth retardation, recurrent
infections and anaemia are characteristic symptoms, however these common symptoms

are coupled with neurological defects caused by cranial nerve compression, leading to



deafness and progressive loss of vision. The bone marrow failure results from the
reduction of the bone marrow space in the long bones of the patients (Coudert et al.,
2015; Sobacchi et al., 2013). So far, a hematopoietic stem cell (HSC) transplantation is
the only curative treatment option, as defective osteoclasts differentiate from the
hematopoietic lineage (Walker, 1975). Donor cells can repopulate the bone marrow and
thereby rescue the disease phenotype, if performed early in life. For this, it is necessary
to identify the disease-causing mutation and the associated pathomechanism, as
mutations affecting the osteoclast differentiation process indirectly, for example all
RANKL-related types of ARO, cannot be overcome by a transplantation of HSCs (Penna
et al., 2019; Sobacchi et al., 2013).

At least seven different genes are known to cause autosomal recessive osteopetrosis
when mutated (Coudert et al., 2015; Sobacchi et al., 2013). The most prevalent mutated
geneis called TCIRGL1 (T cell immune regulator gene 1) coding for a subunit of the v-type
H*-ATPase, which is highly expressed at the ruffled border of osteoclasts and transports
protons into the resorption lacuna. This loss-of-function mutation hampers the
acidification process and thus disrupts the balance of the bone remodelling cycle (Frattini
et al., 2000). About 10% to 15% of all ARO cases are caused by a mutation in the CLCN7
gene and 2% to 5% are associated with mutations in the OSTM1 gene. OSTM1 is a -
subunit for CIC-7 and due to its highly glycosylated N-terminus it is protected from
degradation by lysosomes (Lange et al., 2006). Both proteins together form a 2CIl-/H*
antiporter (Graves et al., 2008), which is highly expressed in lysosomes and late
endosomes, as well as in the acid-secreting ruffled border of osteoclasts due to the
exocytic insertion of lysosomal membranes (Kornak et al., 2001). Mutations in each
protein result in osteopetrosis as the absence of chloride ions in the resorption lacuna
impairs the acidification of bone matrix. Furthermore, studies in mice showed that the
osteoclasts’ ruffled border of Clcn7-knockout mice is underdeveloped (Kornak et al.,
2001), suggesting that defective lysosomal trafficking and fusion contribute to the
osteopetrotic phenotype (Jentsch and Pusch, 2018).

In some patients, mutations in CLCN7 and OSTM1 are additionally associated with
neuronopathic symptoms such as seizures, developmental delay, hypotonia and primary
retinal atrophy as sequelae of primary neurodegeneration (Sobacchi et al., 2013).
Different Clcn7-knockout mouse models show an osteopetrotic phenotype together with

a progressive neurodegeneration in the brain and retina (Kornak et al., 2001; Lange et
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al., 2006). Further studies revealed a lysosomal storage disease characterised by storage
material and accumulations of mitochondrial ATP synthase in lysosomes, as well as
neuronal cell loss in various brain regions accompanied by inflammatory responses in the
brain (Kasper et al., 2005). Even though CIC-7/OSTM1 are involved in maintaining the
acidic pH in lysosomes, Clcn7-knockout mouse cells display no changes in lysosomal pH
(Kasper et al., 2005; Steinberg et al., 2010). However, lysosomal protein degradation is
impaired, and it is assumed that not just the pH, but that the chloride itself has an impact
on lysosomal enzyme activity. Furthermore, a trafficking problem between endosomal
and lysosomal compartments is suspected (Wartosch and Stauber, 2010). Overall, these
studies in mice lead to the assumption that the resulting severe neurological problems
can shorten life expectancy not only of the knockout mice but also of ARO patients
harbouring mutations in the CLCN7 or OSTM1 gene. A hematopoietic stem cell
transplantation can save the patient’s life, but in this specific subtype of osteopetrosis,

may not prevent blindness and neurodegeneration (Kasper et al., 2005).

3.3 Human induced pluripotent stem cells and their differentiation into

osteoclasts

The detection of the Yamanaka factors revolutionised the world of medical research. In
the year 2006, Shin'ya Yamanaka discovered that with the transient expression of the
four transcription factors c-Myc (myelocytomatosis oncogene), Klf4 (Krippel-like factor
4), Oct4 (octamer-binding transcription factor 4) and Sox2 (sex determining region Y-box
2) a non-pluripotent somatic cell could be converted into a pluripotent stem cell, which is
called an induced pluripotent stem cell (iPSC) (Takahashi and Yamanaka, 2006). The
process is called reprogramming and today, the most common technique uses a Sendai
virus for transducing the cells with the Yamanaka factors. iPSCs have many valuable
features in common with embryonic stem cells, such as the potential for infinite cell
division and the differentiation into a large number of cell types. Hence, iPSCs are a
source of cells that can be used not only to study the mechanism of disease, but also to
test therapeutic approaches, to repair damaged tissue or even to replace whole organs

in the far future.

Human induced pluripotent stem cells (hiPSCs) can be generated from many primary

cells. Most commonly used are leukocytes, skin fibroblasts, and urine sediment cells.
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Patient-specific hiPSCs can be used for studying disease mechanisms and developing
therapy strategies if it is possible to differentiate hiPSCs into disease-relevant cell types.
As autosomal recessive osteopetrosis is caused by dysfunctional osteoclasts, the use of
patient-derived hiPSC depends on methods for their differentiation into osteoclasts
allowing for studies of their resorption behavior and the ARO pathomechanism in vitro.
Differentiation techniques for generating osteoclasts from blood-derived monocytes are
well established. However, only a few protocols for differentiating osteoclast from hiPSCs
have been published and some of the procedures are very complex with up to seven
steps including a number of time-consuming selection processes. The described
protocols utilise multiple expensive differentiation media, cytokines and small molecules
(Chenetal., 2017; Choi et al., 2009; Cui et al., 2019; Grigoriadis et al., 2010). Additionally,
the efficiencies of the differentiation procedures were either not specified at all or were
rather low. For example, Cui et al. (2019) presented a very low osteoclast differentiation

efficiency of 1.5%.

3.4 Aim of this PhD project

As autosomal recessive osteopetrosis is usually diagnosed within the first year of life,
primary patient material is often scarce. Also, primary monocytes cannot be propagated
in vitro and transport of blood samples over long distances affects the viability and
differentiation potential of the cells. Due to these limitations, only a limited number of
experiments are possible, being mostly performed for diagnostic purposes. Furthermore,
the use of animal models is limited due to ethical reasons and species differences. The
aim of this study was to develop a disease model system for autosomal recessive
osteopetrosis using hiPSCs to overcome these limitations and gain more insights into the

pathomechanism of CLCN7-related osteopetrosis.

To create a disease model for osteopetrosis, an hiPSC-based osteoclast differentiation
protocol needed to be established first. Already published osteoclast differentiation
protocols were time-consuming, labour intensive, expensive, and inefficient in terms of
osteoclast yield. Lachmann et al. published a macrophage differentiation protocol which
included a large-scale monocyte-like cell production step (Lachmann et al., 2015) and a
similar procedure starting with a feeder-free hiPSC culture was shown by Buchrieser et

al. (Buchrieser et al., 2017). Based on these two publications, a new hiPSC-derived
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osteoclast differentiation technique was to be developed aiming for a high differentiation
efficiency, a feasible procedure, and the least possible use of expensive components.
The differentiated cells were to be characterised with regard to their differentiation status
at different stages of development and the resulting hiPSC osteoclasts were to be

compared to primary monocyte-derived osteoclasts.

| contributed to the generation of an ARO hiPSC line from patient-derived blood cells
habouring mutations in the CLCN7 gene in cooperation with the BIH iPS Core Facility
(Hennig et al., 2019). As this osteopetrosis patient showed a particular severe course of
the disease, functional investigations of the ARO hiPSCs were performed to get insights
into the cellular dysfunctions caused by the patient-specific mutations. The most striking
defect in osteopetrosis is the inability of osteoclasts to resorb the bone matrix. Hence,
ARO hiPSCs were differentiated into hiPSC-derived osteoclasts and characterised in

comparison to hiPSC osteoclasts from healthy individuals.
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4 Methodology

In the following, an overview is given about the principles of the methods and protocols
used in my PhD project. For a detailed description and listing of materials see the
publication “Efficient generation of osteoclasts from human induced pluripotent stem cells
and functional investigations of lethal CLCN7-related osteopetrosis” itself and

supplementary information provided by the Journal of Bone and Mineral Research.

4.1 Maintenance and osteoclast differentiation of hiPSCs

For osteoclast differentiation experiments and characterisation a total of eight different
hiPSC lines were used. BIHI001-A, BIHiI004-A, 10211.EURCC, isWT1.14 and isWT7.21
were generated from healthy control donors, whereas BIHi002-A, BIHiI002-B and
BIHiI002-C originated from an osteopetrosis patient harbouring compound heterozygous
mutations in the CLCN7 gene (Hennig et al., 2019). These hiPSC lines belong either to
the BIH Stem Cell Core Facility (Harald Stachelscheid) in Berlin or the Stem Cell Unit
(Lukas Cyganek) at University Medical Center Gottingen. All hiPSC lines were cultured
in Essential 8 medium in Geltrex-coated dishes in a humified normoxic incubator at 37 °C
and 5% CO2 and passaged in colonies using 0.5 mM EDTA following standard

procedures (for detailed description see Rossler et al., 2021).

At least three days prior to the differentiation, cells were transferred from Essential 8 to
mTeSR™1 medium (Stemcell Technologies). The first step of differentiation, the
formation of embryoid bodies, was induced by harvesting single cells with TrypLE™
Select (Life Technologies) enzyme treatment and seeding 1.25 x 10* cells per 96-well
into an ultra-low-attachment plate. After four days of mesodermal induction using the
cytokines hSCF (human stem cell factor, 20 ng/mL), hBMP4 (human bone morphogenetic
protein 4, 50 ng/mL) and hVEGFies (human vascular endothelial growth factor-165,
50 ng/mL) and 10 uM Rock-inhibitor Y-27632, embryoid bodies were harvested and
seeded into cell culture dishes in X-VIVO 15 medium supplemented with hIL3 (human
interleukine 3, 25 ng/mL), hM-CSF (human macrophage colony stimulating factor,
100 ng/mL) and 55 uM 2-mercaptoethanol. The embryoid bodies transformed into

myeloid cell-forming complexes (MCFCs), which in turn, secreted monocyte-like cells into
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the medium as suspension cells. Monocyte-like cells were harvested weekly and
terminally differentiated into osteoclasts by culturing them in a-MEM (minimum essential
medium) Eagle medium supplemented with 50 ng/mL each of hsRANKL (human soluble
receptor activator of nuclear factor-k B ligand) and hM-CSF (for detailed description see
Rossler et al., 2021).

4.2 Isolation and osteoclast differentiation of primary blood monocytes

For the comparison with hiPSC-derived monocyte-like cells and osteoclasts, primary
monocytes were isolated from human peripheral blood of healthy donors and
differentiated into osteoclasts. For this purpose, blood cells were separated using density
gradient centrifugation. Peripheral blood mononuclear cells were extracted and
monocytic cells were enriched by magnetic cell separation (human Pan Monocyte
Isolation Kit from Miltenyi Biotec). Primary blood monocytes were either further
characterised or terminally differentiated into osteoclasts using hsRANKL and hM-CSF

(50 ng/mL each) in an a-MEM Eagle medium.

4.3 Staining of osteoclasts and resorption assay

Differentiated hiPSC-derived or primary osteoclasts were characterised by a combination
of different stainings. In the final differentiation step, as several macrophages fuse
together to form osteoclasts, a number of three and more nuclei per cell define an
osteoclast. Hence, fixed osteoclasts were stained with DAPI for detection of the number
of cell nuclei. Additionally, the formation of a podosome belt (actin ring) is crucial for
osteoclasts being able to stick to the bone surface and resorb the bone matrix. Therefore,
the actin rings in osteoclasts were stained using fluorescently labelled phalloidin
representing another osteoclast characteristic. The third part of the staining shows the
TRACP activity of osteoclast cells. Naphtol AS-MX phosphate disodium salt and Fast Red
Violet LB salt were used to stain TRAcP-positive osteoclasts.

Osteoclasts are able to resorb bone matrix by acid and enzyme secretion into the
resorption lacunae, which is the ultimate proof of their successfull differentiation. For in
vitro resorption assays, differentiated osteoclasts were detached with 10 minutes

accutase enzyme treatment and reseeded onto either dentine or cortical bovine bone
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slices (boneslices.com). After cultivation for another five days, the dentine and bone slices
were washed with distilled water and stained with black ink or toluidine solution in order
to visualise resorption pits and trenches. To evaluate the resorption behaviour, resorption
cavities were classified according to their shape, the depth of the cavitation and the
presentation of the edges (Merrild et al., 2015). The evaluation of the resorption was

carried out by Kent Sge and his colleagues.

4.4 Flow cytometry analysis of monocytic marker expression

To gain further insights into the nature of the suspension cells released by the myeloid
cell forming complexes, typical monocytic surface markers were labelled via specific
antibodies bound to fluorescent dyes. Via flow cytometry, stained cells were analysed
through a laser beam measuring their physical and chemical properties. The cell
population released during the hiPSC differentiation process was compared to primary
monocytes freshly isolated from peripheral blood of healthy donors (see section 4.2). For
the identification of human monocytes, fluorescently labelled antibodies against CD45,
CD11b, CD14 were used. As negative controls, antibodies against CD34 and CD66b
were chosen, as they are typical markers for hematopoietic stem cells (CD34") and
eosinophiles (CD66b*). All antibodies were combined into one panel together with an Fc
block in order to prevent unspecific binding of the antibodies to the cells. Compensation

was performed to avoid a fluorescence spillover of the multiple fluorochromes.

4.5 Quantitative reverse transcription PCR for determination of the differentiation

status

hiPSCs differentiation from hematopoietic cells to osteoclasts could be subdivided into
four main stages. Each differentiation stage was determined by the relative expression
level of marker genes. For this purpose, ribonucleic acid (RNA) was extracted at defined
points of the differentiation process and reversely transcribed into complementary
deoxyribonucleic acid (cDNA). Using the quantitative polymerase chain reaction (PCR),
the expression levels were determined. SOX2 (sex determining region Y-box 2), NANOG,
and OCT4 (octamer-binding transcription factor 4) were markers for undifferentiated
hiPSCs. CD34, TBXT (T-box transcription factor T), HAND1 (heart and neural crest
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derivatives expressed 1) and CDX2 (caudal-type homeobox 2) expression rises during
the mesodermal priming in embryoid body formation and MAF (macrophage activating
factor) and CSF1R (colony stimulating factor 1 receptor) represent monocytic markers.
Differentiated osteoclasts were characterised by high expression of CTSK (cathepsin K)
and MMP9 (matrix metalloproteinases 9).

Furthermore, the level of CLCN7 and OSTM1 gene expression was determined in
undifferentiated ARO hiPSCs and three control hiPSC lines to compare the RNA levels
to the corresponding protein levels by immunoblot analysis.

4.6 Quantitative analysis of hiPSC-derived osteoclasts

hiPSC-derived osteoclasts were further evaluated regarding their cell size as well as their
nuclei number, in comparison to primary monocyte-derived osteoclasts. Additionally,
ARO osteoclasts were compared to osteoclasts derived from control hiPSC lines. To
determine the differentiation efficiency, the number of hiPSC osteoclasts per mm? and
the area covered by osteoclasts were assessed. This analysis was based on three
independent differentiation experiments and multiple images acquired by the Opera
Phenix high content screener, which were then evaluated by the Cell Profiler image

analysis software, including a manual step for defining osteoclast borders.

4.7 Lysosomal pH measurement of ARO hiPSCs

CIC-7 is ubiquitously expressed in most cell types and resides intracellularly in the
membrane of lysosomes (Brandt and Jentsch, 1995). The acidic luminal pH of lysosomes
depends on the functioning of ion channels and proton pumps. Defects in these proteins
have numerous adverse effects on lysosomal degradation of cellular materials. Hence,
undifferentiated ARO and control hiPSCs were analysed to determine the pH in
lysosomes using the dual-excitation ratio fluorescence imaging. After targeting lysosomes
using dextran conjugated to a fluorophore, which is sensitive to pH variation, the
excitation was measured at 440 nm and 480 nm and emission at 516 to 556 nm. After
background subtraction, the mean intensity ratio of 480 and 440 nm was calculated
(Weinert et al., 2010). As the fluorochrome is much less pH-sensitive at 440 nm than at

480 nm, the calculation of the ratio automatically corrects variations in the experimental
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procedure. For each experiment, an in situ pH calibration curve was generated in order
to convert measured fluorescence ratios into absolute pH values (Canton and Grinstein,
2015). The lysosomal pH measurement and its analysis was conducted by our

collaboration partners Tobias Stauber and Shroddha Bose.

4.8 Immunostaining for localization of mutated CIC-7

To investigate the localisation of mutated CIC-7, HelLa cells were transfected with
plasmids coding for fluorescently labelled OSTM1 and either wildtype (WT) CIC-7 or
mutated CIC-7 harbouring one of the osteopetrotic mutations (p.(G292E) or p.(R403Q)).
Immunostaining was performed using antibodies specific for the target protein and a
second fluorescently labelled antibody to detect mutated or WT CIC-7 in combination with
LAMP-1 (lysosomal-associated membrane protein 1) in late endosomes and lysosomes
by fluorescence microscopy. A second immunostaining was conducted to check for the
co-localisation of both, wildtype and mutated CIC-7 with OSTM1. The described

immunostainings were performed by Tobias Stauber and Shroddha Bose.

4.9 Electrophysiology analysis of mutated CIC-7

HEK-293 cells were transfected with plasmids coding for wildtype or mutated CIC-7
(Leisle et al., 2011) and OSTM1. Additional mutations were introduced to delete the
lysosomal targeting motif and redirect both proteins to the cell membrane (Stauber and
Jentsch, 2010). Whole-cell patch-clamp recordings of transfected cells were used to
investigate the ion current through the 2CI/H* antiporter (CIC-7 and OSTM1) and the
influence of osteopetrotic mutations (p.(G292E) or p.(R403Q)) on its functionality. To this
end, transfected cells were brought into close contact with a micropipette touching the
cell membrane. This micropipette contained an electrolyte solution and together with a
second electrode only touching the surrounding solution, an electrical circuit was induced.
Differences in the current traces could be attributed back to the alteration of mutated ion
channels expressed in these cells. All electrophysiologic experiments were performed by

our collaboration partners Giovanni Zifarelli, Michael Pusch and their colleagues.
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4.10 Western blot analysis of LC3 and CIC-7 expression

As the lysosomal localisation of CIC-7 might affect the process of autophagy, autophagy
markers and the autophagic flux in ARO hiPSCs were analysed and compared to control
hiPSCs. In western blot analysis, proteins of cell lysates were separated according to
their size and visualised by specific antibodies and fluorescently labelled secondary
antibodies. LC3-1 and LC3-Il were investigated in undifferentiated hiPSCs in a normal
growth medium or in a Krebs-Ringer solution, the latter inducing autophagy in the cells
due to a starvation effect. In addition, treatment with the autophagy inhibitor chloroquine
blocked the conversion of LC3-1into LC3-II. To calculate the autophagic flux representing
the dynamic process of autophagy, densitometrically quantified relative LC3-Il levels
obtained without chloroquine were subtracted from LC3-Il levels acquired with

chloroquine (Klionsky et al., 2016).

Western blot analysis was also applied to test the protein expression of CIC-7 in ARO
hiPSCs and two additional control hiPSC lines.
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5 Essential results

In this PhD project a simple, robust, and efficient differentiation protocol was developed
to transform hiPSCs into osteoclasts. Each differentiation step was intensively studied to
identify the differentiation status of the cells. Differentiated osteoclasts were characterised
in detail using multiple techniques and experiments. Furthermore, patient-derived ARO
hiPSCs were used to investigate disease-causing mutations and their consequences in
depth. Finally, ARO hiPSCs were differentiated into osteoclasts and examined,
demonstrating that this novel differentiation procedure is a valuable disease model to

further study the pathology and therapy of osteopetrosis.

5.1 Osteoclast differentiation of hiPSCs and the detailed characterisation of the

differentiation procedure

In the first part of my PhD project, | developed a novel osteoclast differentiation protocol
for hiPSCs and this formed the basis of all follow-up experiments and the publication
presented here (see chapter 11). Osteoclast differentiation protocols that had been
published before were either complicated and time consuming or involved expensive
amounts of media and cytokines (Chen et al., 2017; Choi et al., 2009; Grigoriadis et al.,
2010). Moreover, the efficiency of published osteoclast differentiation procedures was
rarely evaluated in detail, but appeared rather low (Jeon et al., 2016). The osteoclast
differentiation technique introduced here consisted of only three steps and started from a
feeder-free hiPSC culture growing in colonies. In the first step, embryoid bodies were
generated by transferring hiPSCs as single cells into ultra-low attachment cell culture
plates (see figure 2). The differentiation of the embryoid bodies into a mesodermal
direction was induced using the cytokines hSCF, hVEGF and hBMP4. Quantitative
reverse transcription PCR (RT-PCR) of specific marker genes was applied to evaluate
the differentiation status of the cells. This analysis not only proved the pluripotent state of
undifferentiated hiPSCs by the high expression of SOX2 and OCT4, but also the
mesodermal induction in embryoid bodies by the rising expression of CD34 and HAND1
as well as the decreased expression of the pluripotency marker. In the second step,
attached embryoid bodies were transformed into myeloid cell-forming complexes

(MCFCs) by plating them onto gelantine-coated cell culture plates and exposing them to
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a cell culture medium containing a cytokine cocktail of hiL-3 and hM-CSF (see figure 2).
After a few days MCFCs started a continuous production of monocyte-like cells for up to
9 weeks. The monocytic character of the suspension cells was shown by the detection of
typical surface marker expression (CD45, CD14 and CD11b) in flow cytometry
experiments, in comparison to primary monocytes freshly isolated from blood of healthy
donors. Additionally, the gene expression of monocytic markers like CSF1R and MAF
was demonstrated in quantitative RT-PCR. Overall, there were no significant differences
detected between the released suspension cells and primary monocytes. The hiPSC-
derived monocyte-like cells were harvested from MCFCs and further differentiated into
macrophages by treating them with hM-CSF and finally into osteoclasts by adding
hsRANKL (see figure 2). Again, marker expression of osteoclasts like CTSK and MMP9
were demonstrated via quantitative RT-PCR.

Single cell split EB transfer Suspension cell transfer

Step 1: 4 days Step 2: 1-9 weeks Step 3: 6-10 days

hiPS cell culture
Essential 8, mTeSR1

Embryoid body formation
mTeSR1
hBMP4, hVEGF, hSCF

Hematopoietic specification
X-vivo 15
hiL-3, h(M-CSF

Osteoclast differentiation
Alpha-MEM
hM-CSF, hRANKL

Figure 2: Scheme and workflow of the hiPSC osteoclast differentiation procedure.

Step 1: Embryoid body (EB) formation. Step 2: Transformation of EBs into myeloid cell forming
complexes (MCFC) and monocyte-like cell production. Step 3: Osteoclast differentiation. Phase
contrast images of hiPSC colonies (a), an embryoid body (b), MCFC (c) and osteoclasts (d). (in
accordance to Figure 1, Réssler et al., 2021)

The continuous release of monocytic suspension cells over up to 9 weeks, enabled the
differentiation of more than 4,000 osteoclasts (nine nuclei on average) from a single
hiPSC within 3 months, demonstrating the high efficiency of our protocol. The resulting
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average osteoclast density of 41% in the cell culture dish was very high and, in some

experiments, reached even maximal levels of 73%.

Differentiated osteoclasts were further characterised, showing giant cells with several
hundred micrometers in diameter in phase contrast images, and fluorescence staining
revealed actin ring formation as well as multinucleated TRAcP-positive cells (see
figure 3). The high gene expression of CTSK and MMP9 proved the successful
differentiation of hiPSCs into osteoclasts. This was shown not only by quantitative RT-
PCR, but also by transcriptome analysis via RNA sequencing. The comparison of global
expression signatures unveiled high similarities between PBMC-derived osteoclasts and
hiPSC osteoclasts and a clear distinction from monocytes. Besides, hiPSC osteoclasts
not only showed the morphological characteristics like primary osteoclasts and typical
gene expression, but also resorption activity. They were able to produce both types of
resorption, pits and trenches, on bovine cortical bone as well as on dentine chips (see
figure 3). When looking at the osteoclast size and number of nuclei in hiPSC-derived
osteoclasts in more detail, it was observed that osteoclasts grew slightly bigger and
harboured a higher number of nuclei compared to osteoclasts differentiated from primary
blood monocytes. The analysis of the resorption pattern showed little differences in
comparison with primary osteoclasts. hiPSC-derived osteoclasts had the tendency to
form a higher proportion of trenches and more pseudoresorption, but the total amount of

eroded bone surface was not significantly different.

Overall, we showed that hiPSC-derived osteoclasts displayed a characteristic
morphology and gene expression as seen in primary osteoclasts and were able to

perform bone resorption in vitro.

5.2 Investigation of ARO hiPSCs and differentiated osteoclasts

In the second part of my PhD project, the newly established osteoclast differentiation
procedure described above was applied to patient-derived hiPSCs for disease modelling
and development of novel therapeutic approaches. In 2019, an osteopetrotic hiPSC line
(BIHiIO02-A or ARO hiPSCs) and its detailed characterisation was published by my
colleagues and me (Hennig et al., 2019). These hiPSCs were generated from blood cells
obtained from a male infant, who was diagnosed with autosomal recessive osteopetrosis

(ARO). Neurological symptoms were unusually severe and brain imaging revealed
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impaired cortical development and a neuronal migration defect. First symptoms were
detected at the age of 8 to 10 weeks and resulted in a progressive developmental delay.
A chest x-ray showed generalised bone sclerosis and together with the diagnosed
progressive brain atrophy, hydrocephalus and mild anaemia, a neuronopathic form of
osteopetrosis was assumed. Sanger sequencing revealed compound heterozygous
mutations ¢.875G>A, p.(G292E) and ¢.1208G>A, p.(R403Q) in the CLCN7 gene. The
second mutation has already been described as disease-causing (Pangrazio et al., 2010).
The novel mutation ¢.875G>A affects an evolutionary conserved glycine residue that is
surrounded by known variants causing autosomal recessive osteopetrosis. Furthermore,
mutations in the CLCN7 gene are often associated with neurodegeneration which was
also observed here. At the age of 14 months, the child deceased and, in order to further
study the exceptionally severe phenotype of this ARO case, hiPSCs were generated for

further functional investigations.

First, the consequences of the identified sequence variants on protein function were
investigated. CIC-7 is primarily localised in lysosomes and forms a stable complex with
OSTM1 (Kornak et al., 2001; Lange et al., 2006). Mutant CLCN7 was overexpressed in
HelLa cells, and the localisation was investigated. Here, physiological localisation in
lysosomes and even co-localisation of mutated CIC-7 proteins with OSTM1 were
visualised in immunostainings. RNA levels of OSTM1 were increased in ARO hiPSCs,
but protein levels were not investigated. Hence, the complex formation between OSTM1
and the mutated CIC-7 was still possible and mutated CIC-7 was able to deliver OSTM1
from the endoplasmatic reticulum to the lysosomes. These findings were important,
because the stability of CIC-7 is dependent on the complex formation with OSTML1 as it
protects CIC-7 from protein degradation in lysosomes (Lange et al., 2006). Both proteins
together form a 2CI/H* antiporter, which is responsible for pH maintenance in lysosomes.
Therefore, the lysosomal pH was determined using dual-excitation ratio fluorescence

imaging and showed to be unchanged in ARO hiPSCs compared to control hiPSCs.

RNA expression levels of mutated CLCN7 in patient hiPSCs were not different from
wildtype CLCN7 in hiPSCs from healthy donors, which was shown in quantitative RT-
PCR. However, western blot analysis revealed a reduction of mutated CIC-7 protein by
70% in ARO hiPSCs compared to control hiPSCs. In addition, the electrophysiological
features of mutant CIC-7 were investigated in patch clamp experiments by

overexpressing mutated CIC-7 with plasma membrane expression in HEK-293 cells. This
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demonstrated a reduced ion current density of 13% in cells expressing the mutated CIC-
7 p.(R409Q), whereas in cells expressing mutated CIC-7 p.(G292E) no ion conductance

was detectable at all.

Further western blot analysis of proteins representative for the autophagic flux
demonstrated that LC3-1l levels in ARO hiPSCs were elevated. Under normal culture
conditions, ARO hiPSCs showed an increased autophagic flux. After autophagy induction
by starvation, the level was as high as in control hiPSCs showing that ARO hiPSCs were
already at the limit of their autophagy capacity, even without autophagy induction.
Accumulation of the autophagic protein LC3-1l was already reported for Clcn7-deficient
murine tissues (Wartosch et al., 2009; Weinert et al., 2014) and confirmed here in ARO
hiPSCs.

Phase contrast Osteoclast staining Resorption assay

Monocyte-derived
osteoclasts

Ctrl hiPSC-derived
osteoclasts

ARO hiPSC-derived
osteoclasts

Figure 3: hiPSC-derived osteoclasts in phase contrast and staining images and resorption
on dentine. A comparison of osteoclasts differentiated from primary monocytes, control hiPSCs
and ARO hiPSCs. Representative images of the in vitro culture (phase contrast images, left),
stained osteoclasts (Phalloidin in green, TRACP in red, DAPI in blue, middle) and black stained
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cavities on dentine representing osteoclast-mediated resorption (right). (in accordance to
Figure 3, Rossler et al., 2021)

Finally, ARO hiPSCs were differentiated into osteoclasts and characterised in detail at
each step of the differentiation protocol. Quantitative RT-PCR showed characteristic gene
expression proving the pluripotency of ARO hiPSCs, the successful mesodermal
induction into embryoid bodies, and successful activation of osteoclast marker genes at
the end of differentiation. The surface marker expression of monocyte-like cells was
investigated by flow cytometry showing a CD45*, CD11b* and CD14* cell population as
shown in control hiPSC differentiation. Terminally differentiated osteoclasts appreared as
giant, multinucleated cells able to form a podosome belt and with high TRAcP-activity.
For comparison, patient-derived PBMCs were differentiated into osteoclasts and no
significant differences between primary and hiPSC-derived osteopetrotic osteoclasts
were detected in morphology or staining (see figure 3). Most importantly, neither ARO
hiPSC-derived osteoclasts nor ARO PBMC-derived osteoclasts showed any bone
resorption activity on dentine (see figure 3) or bovine cortical bone slices, which is typical
for osteoclasts harbouring mutations in the CLCN7 gene (Kornak et al., 2001). Our
osteoclast differentiation method had thus proven to be a useful disease model reflecting
the osteopetrotic phenotype in vitro. Quantification analysis identified that ARO
osteoclasts were slightly larger and accordingly revealed a higher number of nuclei, in

direct comparison to osteoclasts differentiated from control hiPSCs.

Overall, only minor differences between primary ARO osteoclasts and hiPSC-derived
ARO osteoclasts were detected and the expected cellular phenotype was reproduced.
Thus, our newly developed osteoclast differentiation protocol represents a very beneficial

in vitro disease model system for this rare bone disorder.
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6 Discussion

An in vitro disease model for autosomal recessive osteopetrosis is needed because the
usage of primary osteoclasts for research on ARO as well as for diagnostic purposes has
multiple limitations. For instance, in most cases fresh blood samples need to be
transported over long distances, patients suffering from ARO are rare and usually very
young, and primary blood cells are unable to proliferate in vitro. Hence, the utilization of
hiPSCs as infinite source of cells was considered the best option and in the first part of
my PhD project, | developed an osteoclast differentiation technique of hiPSCs, which is
characterised by being particularly efficient. The average osteoclast density of 41% was
very high and sometimes reached even maximal levels of 73%. Cui et al. presented a
differentiation efficiency of hiPSC osteoclasts of only 1.5% (Cui et al., 2019) and other
publications did not reveal any information regarding efficiencies. Compared to other
previously published hiPSC osteoclast differentiation protocols (Chen et al., 2017; Choi
etal., 2009; Cui et al., 2019; Grigoriadis et al., 2010; Jeon et al., 2016), the here described
technique is faster, uses less expensive components and, most importantly, it is highly
efficient allowing for multiple experiments and investigations. Due to the step of
continuous production of hiPSC-derived monocytic suspension cells, one single hiPS cell

can generate more than 4,000 osteoclasts (nine nuclei on average).

The followed characterisation of the hiPSC-derived osteoclasts in comparison to primary
osteoclasts demonstrated high similarities. No significant differences were detected in
osteoclast morphology, gene expression, transcriptome analysis and the resorption
activity, except for a slightly higher number of nuclei, the tendency to grow bigger and a
minor variation in the resorption pattern in hiPSC osteoclasts. Our observations led us to
the assumption that a correlation might exist between the slightly enlarged hiPSC-derived
osteoclasts harbouring higher numbers of nuclei and their tendency to form more
trenches in comparison to primary osteoclasts. Further investigations would be needed
to prove this. However, it is known that the expression of specific proteins and the release
of resorption products influences the mode of resorption. For instance, the level of active
cathepsin K switches the resorption mode from pits to trenches (Borggaard et al., 2020).
During osteoclast differentiation, we analysed the RNA level of CTSK in hiPSC
osteoclasts and primary osteoclasts. No significant differences were found, but it would

be of interest to additionally analyse the protein level of cathepsin K, especially during the
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resorption process itself. Furthermore, former studies showed that osteoclast size and
multinucleation is donor-dependent (Mgller et al., 2020). The evaluation and
guantification of hiPSC osteoclasts from several additional hiPSC lines and thus also from
various donors seems necessary to draw further conclusions. In addition, we proposed
that the increased production of pseudoresorption could be a secondary effect due to
enlarged hiPSC osteoclasts, which might have problems to polarise and form a proper
sealing zone above a certain size (Howaldt et al., 2020). Hence, there is more superficial
resorption with undefined edges and no deep caviation. Time-lapse recordings of
resorbing osteoclasts (Sge and Delaissé, 2017) and fluorescence stainings of the
podosome belt together with a detailed analysis of the resorption type could provide some

insights into this proposition.

Overall, we showed numerous similarities between osteoclasts differentiated from
primary blood cells and hiPSCs, but it is widely known that cells differentiated from
hiPSCs are less mature than their primary counterpart, e.g. hiPSC-derived
cardiomyocytes (Bellin et al., 2012). Thus, we suggest that the minor differences
detected, could be a variance in the maturation status of hiPSC-derived osteoclasts. This
is also mirrored by the expression of the hematopoietic stem cell marker CD34 at the
beginning of the culture, which later vanished when monocytic markers started to be more
strongly expressed. Furthermore, transcriptome analysis revealed a few genes, which
were only elevated in hiPSC osteoclasts and typical for macrophages (MAF) and early
osteoclast differentiation (FOS and NFATC1). Once again, this underlines the theory of
slightly immature osteoclasts derived from hiPSCs and demonstrates the limit of this
model system. Maturation protocols were developed for hiPSC-derived cardiomyocytes
(Yang et al.,, 2014). Further research regarding the maturation of hiPSC-derived
osteoclasts could give novel insights and improve the similarity to primary osteoclasts.

In the second part of my PhD project, patient-specific ARO hiPSCs and the disease-
causing mutations were examined in more detail, in order to draw conclusions on the
underlying defects and the pathomechanism leading to the patient’s death. Here we found
not only that the mutated CIC-7 proteins was still located in the lysosomes, we also
showed the formation of complexes with OSTM1. Thereby the CIC-7 protein is protected
from protein degradation in lysosomes (Lange et al., 2006). Both proteins form a 2CIl-/H*
antiporter, which is responsible for pH maintenance in lysosomes. We detected that the

lysosomal pH remained unchanged in ARO hiPSCs, which was shown already in murine
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CIC-7-deficient cells (Kasper et al., 2005; Steinberg et al., 2010). The exact mechainsm
is still unclear, but it is assumed that an unknown compensatory effect regulates the
lysosomal pH if CIC-7 is not functional. Further investigations are needed to analyse
which other lysosomal transporters might be involved and how they compensate CIC-7

deficiency.

We further showed that RNA levels of mutated CLCN7 in ARO hiPSCs were identical with
wildtype CLCN?7 in control hiPSCs, but protein levels were reduced although the complex
formation with OSTM1 was still possible and hampered the lysosomal degradation. Patch
clamp experiment demonstrated that the ion conductance was severly decreased or even
undectable. Even though the mutated CIC-7 was still present in lysosomes together with
OSTM1 and the lysosomal pH in ARO hiPSCs was unchanged, the reduced protein levels
and the fact that the mutated ion channels were not able to fulfil their normal function led
to the conclusion that a loss-of-function pathomechanism was disease-causing. Former
transgenic experiments showed that 25 to 30% residual CIC-7 expression is needed to
rescue cellular function and prevent the osteopetrotic phenotype (Supanchart et al.,
2014). Here, it is claimed that the 30% reduced protein level with a reduction of transport
function to 13% (probably less) contributed to the exceptional and severe phenotype of
the described ARO patient and finally led to the death.

When we looked at autophagy in osteopetrotic hiPSCs, we detected an enhanced level
of the autophagy marker LC3-1l in not induced ARO hiPSCs and this resulted in an
increased autophagic flux. It was proposed that the reduced turnover of autophagosomes
and also the slowed protein degradation might be responsible for it. This was shown in
CIC-7 deficient cells before (Wartosch and Stauber, 2010). A dysregulation of autophagy
is reported to provoke several neurodevelopmental disorders (Teinert et al., 2020).
Therefore, accumulation of cell constituents or lack of energy might be responsible for
the severe neurological phenotype of the neuronal involvement in CLCN7-related ARO.
These alternative mechanisms could be investigated in 3D brain models generated from
hiPSCs (Bagley et al., 2017; Lancaster et al., 2013).

In the final part, osteopetrotic hiPSCs were differentiated into osteoclasts and displayed
characteristic morphology as well as typical gene expression. According to the
osteopetrotic cellular phenotype, osteoclasts differentiated from ARO hiPSCs were
unable to resorb bone or dentine. Furthermore, ARO osteoclasts were larger in size and

harbour more nuclei compared to osteoclasts from control hiPSCs. The reasons remain
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unclear, but it has already been published that Clcn7 and Ostml1 deficiency in mice
resulted in enlarged osteoclasts and enhanced multinucleation as a typical sign of
osteopetrosis (Neutzsky-Wulff et al., 2010; Pata and Vacher, 2018). There are two
theories for this phenomenon: firstly, an indirect compensation mechanism becomes
activated due to the lack of resorption (Pata and Vacher, 2018) and secondly, the
absence of apoptotic factors normally released during resorption leads to an increased
preosteoclast fusion and prolonged osteoclast lifespan (Neutzsky-Wulff et al., 2010).
Recently, McDonalds and colleagues proposed that instead of spontaneous apoptosis,
osteoclasts undergo fission events and form osteomorphs before fusing again into
osteoclasts. This osteoclast recycling process is regulated by RANKL signaling
(McDonald et al., 2021). Enlarged ARO hiPSC osteoclasts might lack those fission events
and might show an increased number of fusion processes. Additional investigations using
our ARO disease model system could shed more light on these findings. For instance,
the investigation of apoptotic or other secreted factors comparing resorbing and non-
resorbing osteoclasts would be interesting. The fusion and fission of ARO osteoclasts
could be examined in life cell imaging experiments and the apoptosis rate of osteoclasts

during resorption could be studied in ARO osteoclasts and healthy control osteoclasts.

Finally, we showed that our newly developed osteoclast differentiation technique provides
a good model system to characterise osteoclasts and their resorption behaviour and to
study the pathomechanism of osteopetrosis. Due to the long-lasting monocyte-like cell
production and the efficient differentiation of osteoclasts, multiple experiments can be
performed from only one differentiation approach. Furthermore, other osteoclast-related
diseases namely osteoporosis, rheumatoid arthritis, or Paget’'s disease, could be
investigated by studying osteoclasts differentiated with this procedure from a particular
patient-derived hiPSC line. Hence, it is a valuable tool for medical research regarding
osteoclast-related diseases and may give inspirations for scientific studies and shed

some more light on the jungle of inextricable interactions.
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7 Further scientific questions and outlook

With the help of ARO hiPSCs and the developed osteoclast differentiation protocol, it was
possible to shed some light on hiPSC-derived osteoclasts and the cellular dysfunctions
resulting from compound heterozygous missense mutations in the CLCN7 gene. On the
other hand, this has led to new scientific questions requiring further experiments and

investigations. Some ideas for future studies are discussed in the following paragraphs.

When comparing the resorption behaviour of primary osteoclasts and hiPSC-derived
osteoclasts, slight differences in the type of resorption and the frequency of
pseudoresorption were detected. Its was shown that not only the levels of active
cathepsin K, but also the release of resorption products influences the resorption mode
(Borggaard et al., 2020). Therefore, a more detailed analysis regarding the released bone
degradation products during bone resorption and cathepsin K levels using western blot
might be worthwhile. As the preferred type of resorption is also donor-dependent (Merrild
et al., 2015), it is recommended to analyse the resorption pattern of osteoclasts

differentiated from several blood donors and additional hiPSC lines.

Osteopetrotic osteoclasts differentiated from ARO hiPSCs were extremely large. One
theory to explain this was the absence of apoptotic factors released during resorption
(Neutzsky-Wulff et al., 2010), which has recently become controversial as McDonalds et
al. (2021) could not detect spontaneous apoptosis of osteoclasts and instead described
an osteoclast recycling process. Hence, another reason for enlarged osteoclasts could
be elevated fusion of monocytic precursors or the lack of osteoclast fission into
osteomorphs (McDonald et al., 2021). We also speculated that enlarged osteoclasts are
unable to build up a proper sealing zone, which might explain the increased
pseudoresorption in hiPSC-derived osteoclasts (Howaldt et al., 2020). All these aspects
might be investigated through time-lapse recordings of resorbing osteoclasts using life-
cell-imaging (Sege and Delaissé, 2017). Additional fluorescent markers could be
engineered into the ARO hiPSCs allowing for the monitoring of nuclei during fusion or

fission events, the formation and duration of a sealing zone, and of apoptosis.

We determined an unchanged lysosomal pH in CLCN7-deficient hiPSCs, which confirms
previous data obtained in mice (Kasper et al., 2005; Steinberg et al., 2010). Possible

explanations for this counter-intuitive finding are: i) the main responsibility of CIC-7 is to
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regulate lysosomal chloride, not pH; ii) other channels of transporters compensate for the
lack of CIC-7. Both hypotheses might be investigated in ARO hiPSCs, for example

through CRISPR- or RNAi-screenings in combination with appropriate readout systems.

Moreover, we detected an enhanced autophagic flux in ARO hiPSCs, but reasons or
consequences were not investigated. Protein degradation kinetics and autophagosome
turnover in ARO hiPSCs and differentiated osteoclasts could be evaluated in future
studies. Altered autophagy is involved in several neurodevelopmental disorders (Teinert
etal., 2020). As CLCN7-related ARO is often associated with neurodegeneration (Kornak
etal., 2001; Lange et al., 2006) and the presented patient showed an exceptional severe
neuronopathic ARO, further investigations about the role of autophagy in osteopetrosis

in particular with regards to the neurodegeneration are recommended.

The brain abnormalities of the presented ARO patient appeared unusually severe and a
malfunction during postnatal brain development was presumed. Mutations in the CLCN7
gene are often associated with lysosomal storage disease, neuronal cell loss and
inflammatory processes in the brain (Kasper et al., 2005). Hence, the ARO hiPSCs could
be additionally investigated during neuronal lineage differentiation. Differentiation
techniques for neurons or other major brain cells from hiPSCs have been already
published (Penney et al., 2020) and are being continuously improved. Even the
generation of 3D cerebral organoids of patient-specific hiPSCs have been developed over
the last years to mimic the neurological development and diseases (Lancaster et al.,
2013). Here, it is possible to study cell organisation and interaction, brain structure and
composition. Time-lapse experiments of human interneuron migration in 3D cerebral
organoids has been shown for modelling complex interactions between different regions

during brain development (Bagley et al., 2017).

The only successful therapy for autosomal recessive osteopetrosis is an allogenic
hematopoietic stem cell transplantation which still habours significant risks (Penna et al.,
2019). Patients need to take life-long medications and the probability of finding a perfectly
matched stem cell donor, in time, is rather low. Novel therapeutic strategies are urgently
needed, and the described ARO disease model provides a good test system for it. As
mutations in osteoclast-related genes are responsible for the resorption defect in
osteopetrosis, it is obvious to develop a gene therapeutic approach. The use of the
CRISPR/Cas9 technology for genome editing is one approach proposed here (Doudna

and Charpentier, 2014; Jinek et al., 2012). Its precise targeting could make it possible to
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directly correct one of or even both of the disease-causing mutations. As a more general
approach, not specific for individual mutations, the CLCN7 cDNA could be integrated
together with a whole expression cassette into a safe habour region in the cell’'s genome
(Papapetrou and Schambach, 2016). Moreover, DNA-transposons could be used to
integrate CLCN7 cDNA and the expression cassette into ARO hiPSCs (Belay et al.,
2011). Transposon-based gene therapy has the advantage of the efficient delivery of
large cargo sizes and high transfection efficiencies (Robbins et al., 2021), but the random
integration profile always raises safety concerns. All the described gene therapy
approaches bear the potential to rescue the disease phenotype which could be evaluated
by the differentiation of genetically modified ARO hiPSCs into osteoclasts and resorption
assays together with other characterisation methods. Off-target effects need to be
predicted and minimised (Doench et al., 2016) in order to ensure safety of the therapeutic
approach. Additional genetic alterations due to the gene therapy could have devastating
effects. Also, the site of integration or genome editing needs to be thoroughly examined
to ensure safety. Different gene therapy techniques using CRISPR/Cas9 in hiPSCs were
already published for other genetic disease such as beta-thalassemia, recessive
dystrophic epidermolysis bullosa or Duchenne muscular dystrophy (De Masi et al., 2020).
Not only gene correction, but also knock-in strategies showed promising results (Banan,
2020; Eyquem et al., 2017) and laid the foundation for innovative autologous stem cell-
based therapies. Besides, transposon-mediated gene therapy proof-of-concept studies
were successfully tested for rare genetic diseases and even a clinical use was shown for

T-cell based immunotherapy (Tipanee et al., 2017).
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were larger and contained a higher number of nuclei. Detailed functional studies on the resorption behavior of hiPSC-osteoclasts indi-
cated a trend towards forming more trenches than pits and an increase in pseudoresorption. We used hiPSCs from an autosomal reces-
sive osteopetrosis (ARO) patient (BIHi002-A, ARO hiPSCs) with compound heterozygous missense mutations p.(G292E) and p.(R403Q) in
CLCN7, coding for the CI~/H"-exchanger CIC-7, for functional investigations. The patient's leading clinical feature was a brain malforma-
tion due to defective neuronal migration. Mutant CIC-7 displayed residual expression and retained lysosomal co-localization with
OSTM1, the gene coding for the osteopetrosis-associated transmembrane protein 1, but only CIC-7 harboring the mutation p.
(R403Q) gave strongly reduced ion currents. An increased autophagic flux in spite of unchanged lysosomal pH was evident in undiffer-
entiated ARO hiPSCs. ARO hiPSC-derived osteoclasts showed an increased size compared to hiPSCs of healthy donors. They were not
able to resorb bone, underlining a loss-of-function effect of the mutations. In summary, we developed a highly reproducible, straight-
forward hiPSC-osteoclast differentiation protocol. We demonstrated that osteoclasts differentiated from ARO hiPSCs can be used as a
disease model for ARO and potentially also other osteoclast-related diseases. © 2021 The Authors. Journal of Bone and Mineral Research
published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).

KEY WORDS: CLCN7; hiPSCs; OSTEOCLASTS; OSTEOPETROSIS

INTRODUCTION

steoclasts (OCs) are giant multinucleated cells formed by

fusion of mononuclear precursors that differentiate from
monocytes.” Although closely related to tissue macrophages,
osteoclasts have a special capacity to resorb mineralized cartilage
and bone, distinguishing them from all other phagocytosing cells.
This resorption process crucially depends on extracellular acidifi-
cation, which is required for dissolving the basic hydroxyapatite
crystals deposited in the mineralized extracellular matrix.?’

Genetic defects resulting in dysfunction of the components of
this acid secretion mechanism partially or entirely block the resorp-
tion capacity, and lead to the accumulation of mineralized cartilage
and bone with multiple consequences: (i) increased fracture rates;
(i) bone marrow insufficiency with anemia and immune deficiency;
(iii) osteomyelitis; and (iv) blindness due to optic nerve damage.”"”
Autosomal recessive osteopetrosis (ARO) is the most dramatic type
of such defects, it is usually lethal during childhood. About 50% of
the ARO cases are due to mutations in the T cell immune regulator
gene 1 (TCIRG1, MIM #604592) encoding a subunit of the vacuolar
proton pump. In 10% to 15% of ARO cases, biallelic mutations in
the chloride channel 7 gene (CLCN7, MIM #602727) are responsible
and in 2% to 5% mutations in the gene coding osteopetrosis-
associated transmembrane protein 1 (OSTM1, MIM #607649). ARO
is a rare disease, the incidence of all forms of ARO together is
around 1:100,000. Mice deficient in Ostm1 or Clcn7 show a neuronal
lysosomal storage disease and a progressive deterioration of neuro-
logical function.®> This is in line with the function of CIC-7 residing
in lysosomes, where it regulates intraluminal ion homeostasis
together with its B-subunit Ostm1.%” A subset of patients with bial-
lelic CLCN7 loss-of-function mutations develops neurodegenera-
tion, the so-called neuronopathic form of ARO. However, patients
with OSTM1-ARO not only show neurodegeneration, but also corti-
cal brain malformations, implying disturbed developmental pro-
cesses.® Interestingly, also activating mutations in CLCN7 can lead
to abnormal brain development, albinism, and lysosomal storage
without any bone phenotype.”’

Human induced pluripotent stem cells (hiPSCs) with their capacity
for unlimited self-renewal and differentiation into almost all cell types
hold great potential for modeling human diseases and developing
novel therapeutic approaches. Several protocols for differentiation
of hiPSCs into macrophages and osteoclasts have been published,
all of which rely on the formation of embryoid bodies for mesoder-
mal specification and the induction of hematopoiesis."®'> However,
the combination of cytokines, their concentrations, and the media

used vary between the existing protocols, which can have a strong
impact on the outcome and costs of the experiments. Furthermore,
the exact yield of hiPSC-osteoclasts and their characteristics have
not been described in detail.

Here we report on a novel, robust osteoclast differentiation proto-
col with optimized media composition resulting in high osteoclast
yield. We demonstrate comparable morphology and function of
hiPSC-derived and primary peripheral blood mononuclear cell
(PBMC)-derived osteoclasts. In addition, we successfully use our pro-
tocol to establish a disease model for ARO, using hiPSCs from a pedi-
atric patient with biallelic CLCN7 mutations and a lethal phenotype.

MATERIALS AND METHODS

Maintenance of hiPSCs

Osteoclast-related experiments were performed using hiPSC lines
BIHi001-A and BIHi004-A (https://hpscreg.eu/cell-line/BIHi001-A,
https://hpscreg.eu/cell-line/BIHi004-A, kindly provided by the BIH
Core Facility Stem Cells), 10211.EURCC, UMGIi014-C clone 14, and
UMGI020-B clone 21 (isWT1.14 and isWT7.21 respectively,
https://hpscreg.eu/cell-line/lUMGI014-C,  https://hpscreg.eu/cell-
line/UMGI020-B, kindly provided by the UMG Stem Cell Unit) from
control donors as well as osteopetrosis patient-derived cell lines
BIHi002-A,"® BIHi002-B, and BIHi002-C. Origins and reprogram-
ming methods of the hiPSC lines are listed in Table S1. Methods
and materials used for hiPSC reprogramming and characterization
are further described in Supplementary Methods and shown in
Table S11, Table S12 and Table S13. The hiPSCs were maintained
in Essential 8 medium (Life Technologies, Bleiswijk, Netherlands)
in Geltrex-coated (Life Technologies, Bleiswijk, Netherlands) 6-well
dishes in a humidified normoxic incubator (37°C, 5% CO,) and
routinely passaged in colonies at a ratio of ~1:20 every 4 to 5 days
by using 0.5mM ethylenediamine tetraacetic acid (EDTA) (Life
Technologies, Bleiswijk, Netherlands).

Osteoclast differentiation of hiPSCs

At least 3 days before starting the differentiation, hiPSCs cul-
tured in Essential 8 medium were adapted to mTeSR™1
(Stemcell Technologies, Vancouver, Canada) medium. For
embryoid body (EB) formation and mesodermal induction, single
cells were harvested by TrypLE Select Enzyme (Life Technologies,
Bleiswijk, Netherlands) treatment. Subsequently, 1.25 x 10* cells
were seeded per well in a round bottom ultra-low attachment
96-well plate (Corning, Kennebunk, ME, USA) in 100 pl mTeSR™1
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medium supplemented with 50 ng/ml human bone morphoge-
netic protein 4 (hBMP4), 50 ng/ml human vascular endothelial
growth factor-165 (hVEGF;5), 20 ng/ml human stem cell factor
(hSCF), and 10uM Rock-inhibitor Y-27632 (Wako Chemicals,
Neuss, Germany). The plate was centrifuged for 3 min at 100g.
Half of the medium was changed on day 1 and day 2. Four days
after initiation of EB formation, EBs with a diameter of ~500 pm
were transferred to 6-well culture dishes coated with 0.1% gela-
tin (eight EBs per well) and containing 3 ml/well differentiation
medium (X-VIVO 15 medium [Lonza, Verviers, Belgium], 2mM
Ultraglutamine, 55uM 2-mercaptoethanol, 1% Penicillin/Strepto-
mycin [Pen/Strep], 25 ng/ml human interleukin 3 [hIL-3],
100 ng/ml human macrophage colony-stimulating factor [hM-
CSF] [R&D Systems, Minneapolis, MN, USA]). Once per week,
produced monocyte-like suspension cells were harvested and
myeloid-cell-forming complexes (MCFCs) were supplied with
2 ml/well fresh medium. For terminal osteoclast differentiation,
harvested monocyte-like cells were seeded at a density of
1 x 10° cells/cm? in cell culture vessels supplied with o mini-
mum essential medium (a-MEM) Eagle medium (Lonza, Verviers,
Belgium) containing 10% fetal bovine serum (FBS) Superior
(Sigma-Aldrich, St. Louis, MO, USA), 1% Pen/Strep, and 50 ng/ml
hM-CSF. Three days after seeding, half of the culture medium
was replaced with fresh osteoclast medium (a-MEM Eagle, 10%
FBS Superior, 1% Pen/Strep, 100 ng/ml hM-CSF, 100 ng/ml
human soluble receptor activator of nuclear factor-k B ligand
[hsRANKL]). Due to one half remaining old culture medium, the
final cytokine concentration of freshly added hM-CSF and
hsRANKL in the culture was 50 ng/ml. The cells were cultured
for additional 3 to 7 days. Every 2 to 3 days, half of the medium
was replaced with fresh osteoclast medium. All cytokines were
purchased from Peprotech (Rocky Hill, NJ, USA) if not indicated
differently. The procedure was adapted from a hiPSC-based mac-
rophage differentiation protocol."”

Isolation and differentiation of primary blood monocytes

PBMCs were isolated from whole blood of two healthy donors
(female donor P1 and male donor P2) by density centrifugation
(Biocoll, 1.077 g/ml; Merck Millipore, Molsheim, France), followed
by MACS cell separation for monocyte enrichment (Monocyte
Isolation Kit Il; Miltenyi Biotec, Bergisch Gladbach, Germany).
Freshly isolated primary monocytes underwent terminal osteo-
clast differentiation as described for hiPSCs in the previous
paragraph.

Flow cytometry

Surface marker staining of 5 x 10° freshly isolated monocytes or
harvested hiPSC-derived monocyte-like cells was performed in
50 pl staining solution for 10 min at 4°C. The staining solution
contained Miltenyi Biotec (Bergisch Gladbach, Germany) anti-
bodies and reagents diluted as indicated in fluorescence-
activated cell sorting (FACS) buffer 2mM EDTA and 0.5% bovine
serum albumin [BSA] in Dulbecco’s phosphate-buffered saline
[DPBS]): human Tandem Signal Enhancer 1:17, human Fc recep-
tor [FcR]-Blocking Reagent 1:5, and Isotype controls 1:10 or
human surface marker antibodies (CD34-fluorescein isothiocya-
nate [FITC] 1:10, CD45-VioBlue 1:20, CD66b-phycoerythrin [PE]-
Vio770 1:20, CD11b-PE 1:50, CD14-allophycocyanin [APC] 1:50).
Cells were washed with FACS buffer once before and three times
after staining. Directly before sample acquisition by
MACSQuant® VYB Analyzer (Miltenyi Biotec), cells were stained

with propidium iodide (1 pg/ml, Molecular Probes, Eugene, OR,
USA) in 200 pl sample volume. Acquired data were analyzed with
FlowJo 10.5.3 (FlowJo, LLC, Ashland, OR, USA). Debris, dead cells
and cell doublets were excluded from the analysis as shown in
the representative gating strategy in Figure S1.

Osteoclast staining

Osteoclasts were fixed with 4% paraformaldehyde (PFA) 4 days
after detection of the first osteoclasts in the culture. Staining of
tartrate resistant acid phosphatase (TRAcP) activity was per-
formed using Naphthol AS-MX phosphate disodium salt
(Sigma-Aldrich, Taufkirchen, Germany) and Fast Red Violet LB
Salt (Sigma-Aldrich, Taufkirchen, Germany). Actin was stained
with fluorescently labeled phalloidin (Alexa Fluor™ 488; Molecu-
lar Probes, Eugene, OR, USA) and 4',6-diamidino-2-phenylindole
(DAPI; Life Technologies, Bleiswijk, Netherlands) detected the
cell nuclei. Staining was performed as described .'®

Resorption assay

Two days after the first osteoclasts were detected in the culture,
small mature osteoclasts were detached by Accutase treatment
(Sigma-Aldrich, Taufkirchen, Germany) for 10 to 15 min at 37°C
and seeded at a density of 6.6 x 10* osteoclasts per 96-well
either on dentine slices or cortical bovine bone slices
(BoneSlices.com, Jelling, Denmark) in «-MEM Eagle medium con-
taining 10% FBS Superior, 1% Pen/Strep, and 50 ng/ml hM-CSF
and hsRANKL. Osteoclast cultures were maintained for 5 days.
After 2 days, half of the medium was replaced with fresh one.
At culture termination, bone slices were washed in purified water
and cells were removed with a paper towel. Resorption pits were
stained with either 0.25% toluidine solution (Sigma-Aldrich, Tauf-
kirchen, Germany) or black ink (Pelikan, Feusisberg, Switzerland)
for 15 s. The identification of pits, trenches, pseudoresorption,
and the quantification was done as shown in Figure S2 and as
described."® All quantification experiments were performed
blinded.

Quantitative reverse transcription polymerase chain
reaction

RNA was extracted from the cells and purified by using the
Direct-zol™ RNA MiniPrep Kit (Zymo Research, Freiburg, Ger-
many). Total complementary DNA (cDNA) was transcribed by
RevertAid™ H Minus First Strand cDNA Synthesis Kit (Life Tech-
nologies, Bleiswijk, Netherlands) using random hexamer primers.
Quantitative polymerase chain reaction (QPCR) was performed
with 5x HOT FIREPol® EvaGreen® qPCR Mix Plus (Solis BioDyne,
Tartu, Estonia) on Quant Studio 3 Real-Time PCR System
(Life Technologies, Singapore). Data were analyzed according
to the delta-delta threshold cycle (AACt) method, whereby
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels
served as internal controls. Primer sequences are listed in
Table S2.

Quantitative analysis of osteoclasts

Images of stained osteoclasts of three independent differentia-
tion experiments of each cell line were taken using the Opera
Phenix high content screener (Perkin Elmer, Waltham, MA,
USA) and quantified. Three technical replicates of each differen-
tiation and two pictures (one with high and one with low osteo-
clast density, each covering 6.5 mm?) of each replicate were
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analyzed. By using image analysis software (CellProfiler; https://
cellprofiler.org/) nuclei were identified, osteoclast cells were
selected manually, and osteoclast number and size were quanti-
fied. On average, 812 osteoclasts per cell line and experiment
were analyzed. All quantification experiments were performed
blinded.

Lysosomal pH measurement

Lysosomal pH was measured essentially as described.”” Human
iPSCs were dissociated to single cells using TrypLE Select Enzyme
and seeded onto glass-bottom live-cell dishes (MatTek, Ashland,
MA, USA) in Essential 8 medium supplemented with 10pM Rock-
inhibitor Y-27632. Twenty-four hours (24 h) after plating, lyso-
somes were loaded with 0.5 mg/ml Oregon Green 488-dextran
(Life Technologies, Bleiswijk, Netherlands) in growth medium
overnight, followed by a 2 h chase. For imaging, the medium
was changed to imaging buffer containing 135mM NaCl, 5mM
KCl, TmM MgCl,, TmM CaCl,, and 10mM glucose, 10mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid  (HEPES),
pH 7.4. Images were acquired using a Leica DMi8 microscope
(Leica Microsystems, Wetzlar, Germany) equipped with a
63 x 1.40 numerical aperture (NA) oil-immersion lens and an
Oregon Green filter cube (AHF analysentechnik AG, Tubingen-
Pfrondorf, Germany) with excitation at 440 or 480 nm, respec-
tively, delivered by an OptoScan monochromator (Cairn
Research, Faversham, UK) controlled by the microscopy software
WinFluor (John Dempster, University of Strathclyde, Glasgow,
Scotland), and emission at 516 to 556 nm. At the end of each
experiment, in situ pH calibration curves were obtained in iso-
tonic K-based solutions (5mM NaCl, 115mM KCl, 1.2mM MgSO,,
10mM glucose, 25mM of either HEPES, 2-(N-morpholino)ethane-
sulfonic acid [MES], or acetate, ranging in pH from 3.9 through
6.5) supplemented with 10uM of both nigericin and monensin
after equilibration for at least 2 min for each pH. Images were
analyzed using Image) software (NIH, Bethesda, MD, USA;
https://imagej.nih.gov/ij/), where regions of interest (ROIs) were
defined as areas above a defined fluorescence threshold in the
acquired images at 440 nm excitation (pH-insensitive). The mean
intensity ratio between 480 and 440 nm excitation was calcu-
lated after background subtraction for each ROI. The fluores-
cence intensity ratios (488/440) as a function of pH was fit to a
sigmoid and used to interpolate the pH values from the cells
prior to the calibration.

Immunostaining

Plasmid DNA encoding the respective constructs (hCIC-7 wild-
type [WT] or mutant, and human OSTM1 (hOSTM1)-monomeric
red fluorescent protein (mRFP) was transfected into HeLa cells at
40% confluency, using Fugene 6 reagent (Promega, Madison, WI,
USA), 48 h before fixation with 4% PFA in PBS for 15 min. For
immunolabeling, cells were incubated with 30mM glycine in
PBS for 5 min, permeabilized with antibody buffer (0.05%
saponin and 3% BSA in PBS) for 15 min and then subsequently
incubated with primary and AlexaFluor-coupled secondary anti-
bodies diluted in antibody buffer for 90 and 60 min, respectively,
with washing steps in antibody buffer. Primary antibodies were
rabbit anti-CIC-7 (7N4B; kind gift from Thomas Jentsch®) and
mouse anti-lysosomal-associated membrane protein 1 (anti-
LAMP-1) (H4A3 was deposited to the DSHB by August, J.T. / Hil-
dreth, JEK. [DSHB Hybridoma Product H4A3]). Images were
acquired with a Leica DMi8 light microscope (Leica

Microsystems, Wetzlar, Germany) equipped with a 63x 1.40 NA
oil-immersion lens and respective filter cubes (FITC for Alexa488;
tetramethylrhodamine isothiocyanate [TRITC] for mRFP; and Y5.5
[filter cube] for Alexa633).

Electrophysiology

hCIC-7 and h-OSTM1-mRFP expressing plasmids were co-
transfected in HEK-293 cells by using Effectene Transfection
Reagent (Qiagen, Hilden, Germany). Patch-clamp experiments
were performed in whole-cell configuration 24 to 72 h posttrans-
fection. Pipettes were pulled from borosilicate capillaries
(Hilgenberg, Malsfeld, Germany) and had a resistance of 1.5 to
2.5 MOhm in measuring solutions. The standard intracellular
(pipette) solution contained (in mM) 130 NaCl, 10 HEPES,
2 MgS0O,, and 2 EGTA (pH 7.3). The extracellular (bath) solution
contained (in mM) 147 NaCl, 10 HEPES, and 4 MgSO, (pH 7.3).
Voltage steps of 1 s duration from 120 to 60 mV in decrements
of 20 mV with 1 s interval between pulses were conducted, hold-
ing potential was 0 mV. Data were acquired at 20 to 50 kHz after
filtering at 10 kHz with an eight-pole Bessel filter using an Axo-
patch 200 amplifier (Molecular Devices, San Jose, CA, USA) with
GePulse software. Data analysis was performed with Ana soft-
ware (GePulse and Ana available at: http://users.ge.ibf.cnr.it/
pusch/).

Plasmids

The expression plasmid for hCIC-7 was described.?® The muta-
tions p.(G292E) and p.(R403Q) were introduced by recombinant
PCR. For patch-clamp experiments, four additional mutations
deleting lysosomal targeting di-leucine motifs (leucine 23, 24,
68, and 69 changed to alanines) were introduced into CLCN7.%"
For expression of hOSTM1-mRFP, the open reading frame (ORF)
was cloned into pmRFP-N1. The complete ORFs were confirmed
by Sanger sequencing.

LC3 and CIC-7 Western blot

For the analysis of the autophagic markers like microtubule-asso-
ciated protein light chain 3 (LC3)-l and Il and the determination
of the autophagic flux, hiPSCs were seeded at about 70% con-
fluency. The next day, cells were starved for 2 h in Krebs-Ringer
solution (Alfa Aesar; Thermo Fisher, Kandel, Germany) and incu-
bated with or without 50uM chloroquine (autophagy inhibitor).
Cells were lysed with radioimmunoprecipitation assay (RIPA)
buffer containing cOmplete™ protease inhibitors (Roche, Mann-
heim, Germany) and the proteins LC3 (Cell Signaling Technology,
Beverly, MA, USA; #4108, 1:1000) and GAPDH (Thermo Fisher Sci-
entific; #AM4300, 1:20,000) were analyzed by immunoblotting
after 12% sodium dodecy! sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride
(PVDF) membrane. GAPDH and LC3-Il levels were determined by
densitometric quantification and LC3-ll was normalized to
GAPDH. For each culture condition (standard and starvation),
the autophagic flux was calculated by subtracting densitometri-
cally quantified relative LC3-Il levels obtained without chloro-
quine treatment from LC3-Il levels acquired with
chloroquine.®? For CIC-7 immunoblotting hiPSCs were lysed,
separated, blotted, and quantified as described earlier in this par-
agraph for LC3 Western blot analysis. A total of 20 pg of protein
per lane was separated by 10% SDS-PAGE and blotted proteins
were probed with following antibodies: guinea-pig anti CIC-7
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(7N4B®); gift from Thomas Jentsch) and rabbit anti GAPDH
(14C10; Cell Signaling Technology; #2118, 1:1,000).

Statistical analysis
Data were plotted and statistically evaluated using GraphPad

Prism Version 8 (GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS

Efficient generation of monocyte-like cells from hiPSC-
derived myeloid-cell-forming complexes

To establish an efficient osteoclast differentiation protocol, we
used two hiPSC lines (BIHi001-A and BIHi004-A), derived from
skin fibroblasts of healthy control individuals. The first differenti-
ation step was induced via the formation of embryoid bodies
(EBs) in ultra-low attachment plates (Figure 1A). Next, a

combination of hBMP4, hVEGF, and hSCF initiated mesodermal
priming of EBs. In order to monitor the differentiation process,
we analyzed marker gene expression by quantitative reverse
transcription polymerase chain reaction (qRT-PCR). Comparing
undifferentiated hiPSCs and EBs, we observed successful meso-
dermal induction by decreased expression of pluripotency
markers OCT4, SOX2, and NANOG, and increased expression of
mesodermal markers CD34, HAND1, TBXT, and CDX2 (Figure 1B,
Figure S3).

As a second step, EBs were differentiated into myeloid-cell-
forming complexes (MCFCs). Depending on the hiPSC line, over
a time period of 9 to 13 weeks, MCFCs were exposed to hiL-3
and hM-CSF, which triggered the release of suspension cells into
the medium (Figure 1A). Between weeks 2 and 3, our tested
hiPSC lines showed the highest suspension cell release (up to
7.5 x 10° cells per well containing eight MCFCs). After this pro-
duction peak, the number of suspension cells slowly decreased
(Figure 2A). On average, every MCFC released 3.2 x 10°
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FIGURE 1. Differentiation of hiPSCs into osteoclasts. (A) Schematic illustration of the osteoclast differentiation procedure. Step 1: EB formation. Step 2:
Differentiation of EBs into MCFCs, which produce monocyte-like suspension cells. Step 3: Final osteoclast differentiation of monocyte-like cells. Phase con-
trast images of hiPSC colonies (a), a single EB (b), MCFCs (c), and osteoclasts (d). (B) Expression of pluripotency markers OCT4 and SOX2 and mesodermal
marker CD34 determined by qRT-PCR analysis in BIHi004-A hiPSC-derived cells in undifferentiated hiPSCs, 4-day-old EBs, MONs, MACs, and OCs. Expres-
sion is normalized to hiPSCs, GAPDH expression was used as housekeeping control. Data show box-plots with median, interquartile range, maximum, and
minimum values, and all data points of three independent experiments. For statistical analysis, Kruskal-Wallis test and Dunn’s multiple comparisons were
used (Table S3). Abbreviations: EB, embryoid body; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hiPSC, human induced pluripotent stem cell;
MAC, macrophage, MCFC, myeloid-cell-forming complex; MON, monocyte-like cell; OC, osteoclast; qRT-PCR, quantitative reverse transcription polymerase

chain reaction.
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FIGURE 2. Characterization of hiPSC-derived monocyte-like cells. (A) Kinetics of monocyte-like cell production in BIHi004-A hiPSCs. Data are absolute
numbers of harvested suspension cells per 6-well containing eight MCFCs (means and SD of three independent experiments, each with twelve 6-wells.
(B) Frequency of surface marker-expressing monocyte-like cells determined by flow cytometry, harvested at different time points. (C) Expression of mono-
cytic markers CSF1R and MAF determined by qRT-PCR analysis in BIHi004-A hiPSC-derived cells in undifferentiated hiPSCs, 4-day-old EBs, MONs, MACs, and
OCs. Expression is normalized to hiPSCs, GAPDH expression was used as housekeeping control. Data show box-plots with median, interquartile range,
maximum, and minimum values and all data points of three independent experiments. For statistical analysis, Kruskal-Wallis test and Dunn’s multiple
comparisons were used (Table S3). (D) Representative flow cytometry analysis of human primary monocytes (donor P2) and hiPSC-derived monocyte-like
cells (BIHi004-A, harvested in week 5 after EB transfer). Histograms show unstained cells (gray-filled), cells stained with isotype controls (red), and cells
stained with the respective surface markers (blue). Abbreviations: EB, embryoid body; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hiPSC,
human induced pluripotent stem cell; MAC, macrophage, MCFC, myeloid-cell-forming complex; MON, monocyte-like cell; OC, osteoclast; qRT-PCR, quan-
titative reverse transcription polymerase chain reaction; SD, standard deviation.
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suspension cells within 9 weeks. During the first days of produc-
tion, flow cytometry showed a considerable fraction of CD34*
cells, indicating an immature phenotype (Figure 2B, Figure S4).
We also detected many dead cells during this early phase of
the differentiation protocol (Table S4). The released cells gradu-
ally matured over the next 2 weeks. Around the time of maxi-
mal production, the suspension cells were positive for
monocyte markers like CD11b, CD14, CD45, but negative for
CD34 (marker for hematopoietic stem cells [HSCs]) and
CD66b (marker for eosinophils and neutrophils). gRT-PCR also
revealed an increased expression of the hM-CSF receptor
CSFI1R and MAF (involved in macrophage proliferation) when
compared to undifferentiated hiPSCs and EBs (Figure 2C).
Hence, the released cells closely resembled monocyte-like
cells. Indeed, primary monocytes freshly isolated from periph-
eral blood displayed the same surface marker profile as hiPSC-
derived monocyte-like cells (Figure 2D). In the final step of the
protocol, the harvested monocyte-like cells were differenti-
ated into osteoclasts by exposing them to hM-CSF and
hsRANKL (Figure 1A).

Physiological gene expression and an increased size of
hiPSC-derived osteoclasts

Next, we analyzed the hiPSC-derived osteoclasts for typical
osteoclast features and functionality and compared them to
osteoclasts differentiated from monocytes from PBMCs of
healthy donors. First, TRAcP-Phalloidin-DAPI staining of PBMC-
derived and hiPSC-derived osteoclasts differentiated by our
protocol, revealed multinucleated TRAcP-positive cells and
the formation of a podosome belt (Figure 3A, middle). Further-
more, both osteoclast types were able to form resorption pits
and trenches on dentine (Figure 3A, right). Finally, osteoclast
markers like cathepsin K (CTSK) and matrix metalloproteinase
9 (MMP9) were similarly upregulated in primary and hiPSC-oste-
oclasts, as demonstrated by transcriptome and gqRT-PCR analy-
sis (Figure S6, Figure 3B, Figure S5, Table S3, Table S5). A
comparison of global expression signatures revealed close similar-
ity between PBMC-derived and hiPSC-derived osteoclasts in com-
parison to monocytes (Figure S6). Among the genes with elevated
expression in hiPSC-derived osteoclasts were FOS, MAF, and
NFATCI1. MAF is a macrophage marker gene and FOS is important
for early differentiation of macrophages and osteoclasts.?® We
thus conclude that our differentiation protocol generated slightly
immature osteoclasts that are fully functional.

To evaluate the efficiency of our osteoclast differentiation pro-
tocol and to investigate osteoclast morphology, we quantified
the osteoclast yield in more detail. Interestingly, the time
between seeding of monocytes and the formation of the first vis-
ible osteoclasts was highly dependent on the donor, but not on
the origin (primary or hiPSC) of the cells (Figure S7, Table S7).
Thus, in order to compare osteoclast differentiation and mor-
phology between different donors, cells for quantitative analysis
from all donors were fixed 4 days after the appearance of the first
osteoclasts. Osteoclasts differentiated from hiPSCs covered a
larger area of the culture dish surface than PBMC-derived osteo-
clasts (Figure 3C). In contrast, we determined that numbers of
hiPSC-derived osteoclasts per area were lower compared to
PBMC-derived osteoclasts (Figure 3D, right). The slightly bigger
area covered by hiPSC-derived osteoclasts and the reduced
number of osteoclasts/mm?” was in line with an increased size
of the osteoclasts and higher number of nuclei per osteoclast,
when compared to PBMC-derived osteoclasts (Figure 3D,

Figure S8). Hence, hiPSC-derived osteoclasts seem to grow big-
ger in a shorter time period. Nevertheless, we observed no major
difference in cell morphology between hiPSC-derived osteo-
clasts and osteoclasts differentiated from PBMCs. We estimate
that, using our differentiation protocol, we are able to generate
4640 osteoclasts (nine nuclei on average) out of one hiPSC within
3 months.

Subtle differences in resorption behavior of hiPSC-derived
osteoclasts

For further characterization of the resorption ability of hiPSC-
derived osteoclasts, we cultured osteoclasts this time on cortical
bone slices instead of dentine, because bovine bone is a more
physiological substrate. We showed that there are no significant
differences in the total amount of eroded bone surface (Figure 3£
left, Table S8). However, there was an insignificant trend toward
more bone resorption made by hiPSC-derived osteoclasts
(around 5% of the bone surface) compared to PBMC-derived
osteoclasts (around 3% of the bone surface). Interestingly, we
detected that hiPSC-osteoclasts only superficially eroded 2% of
the bone surface (pseudoresorption; Figure S2), whereas for pri-
mary osteoclasts this was at a comparable level around 1%
(Figure 3E, right). Furthermore, we found that the morphology
of the resorption cavities formed by hiPSC-osteoclasts from dif-
ferent healthy donors were variable: although BIHi004-A formed
around 60% trenches and 40% pits, BIHiO01-A only generated
20% trenches and 80% pits (Figure 3E, middle). The resorption
pattern of primary osteoclasts showed an even lower proportion
of trenches (10%) and up to 90% pits.

To test our established protocol with additional hiPSC lines,
we generated the hiPSC lines isWT1 and isWT7 from dermal
fibroblasts of healthy donors. The detailed characterization
of the isWT1 and isWT7 hiPSCs proved their pluripotency
(Figure S9), differentiation potential (Figure $10), and chromo-
somal stability (Figure S11 and S12). Applying our differentia-
tion protocol to isWT1 and isWT7 cells and one additional
hiPSC line led to terminally differentiated and bone-resorbing
osteoclasts (Figure S13), demonstrating the robustness of our
method.

A case of lethal neuronopathic ARO with brain
malformation due to compound heterozygous missense
mutations in the CLCN7 gene

The male infant was the second child of healthy nonconsangui-
neous white parents. Beyond the neonatal period from the age
of 8 to 10 weeks he exhibited failure to thrive, reduced weight
gain, muscular hypotonia, and nystagmus. At the age of 4
months, he developed refractory infantile spasms and progres-
sive developmental delay. Electroencephalogram (EEG) revealed
hypsarrhythmia and amplitude depression. The cranial magnetic
resonance imaging (MRI) showed a mild reduction of brain vol-
ume and subependymal heterotopic bands indicating a neuro-
nal migration disorder (Figure 4A,B). At the age of 7 months,
the cerebral ultrasound revealed progressive brain atrophy and
a hydrocephalus ex vacuo. Retinal pigmentary changes were
diagnosed in fundoscopy. A chest x-ray showing generalized
bone sclerosis hinted toward a neuronopathic form of osteope-
trosis (Figure 4C). In the further course of the disease, the infant
developed a spastic tetraparesis, dysphagia, and chronic respira-
tory failure. From the age of 8 months, he had a mild hypochro-
mic anemia. Candidate gene analysis by Sanger sequencing
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detected the mutations c.875G>A, p.(G292E) and ¢.1208G>A, p.
(R403Q) in the CLCN7 gene in a compound heterozygous state
(Figure 4D). Although the latter mutation has already been
described in an ARO patient,*¥ the c.875G>A mutation was
novel. The affected glycine residue is evolutionarily conserved

and flanking missense mutations have been previously identi-
fied in ARO patients.?® The child deceased at the age of
14 months as a consequence of progressive respiratory failure.
Given the exceptional phenotype of ARO, with predominant
neurological symptoms and impaired cortical development, we
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FIGURE 4. Radiologic images of an ARO patient with compound heterozygous mutations in the CLCN7 gene. (A) T2W sagittal MRI and (B) axial MRI of the
head of 4-month-old patient with reduced brain volume and periventricular laminar subependymal heterotopias (red arrows). (C) Chest x-ray of 7-month-
old patient showing sclerosis and plump configuration of the ribs. (D) Pedigree of the affected family carrying the heterozygous missense mutations
¢.875G>A p.(G292E) and ¢.1208G>A p.(R403Q) in conserved regions of the CLCN7 gene. Abbreviations: ARO, autosomal recessive osteopetrosis; MRI, mag-
netic resonance imaging; T2W, T2-weighted.

decided to generate ARO hiPSCs from blood cells for follow-up
investigations (cell line BIHi002-A"®).

hiPSCs. We could not detect any differences in CLCN7 expres-
sion at the RNA level (Figure S15, Table S9), whereas immuno-
blot analysis showed a reduction of CIC-7 protein levels by
70% in ARO hiPSCs (Figure 5B, Figure S16). However, because
residual expression and physiological localization of the CIC-7
protein were still detectable, we wondered about the electro-
physiological features of the mutated Cl~/H"-exchanger. In

Reduced stability and residual lysosomal localization of
the mutated CIC-7 protein showing reduced ion currents

The pronounced neurological phenotype was reminiscent of

patients with an activating CIC-7 mutation, impairing lysosomal
function and reportedly enhancing lysosomal acidification.”’ To
decipher the functional consequences of the identified muta-
tions, we first overexpressed both p.(G292E) and p.(R403Q)

comparison to WT CIC-7 protein, overexpression of the mutants
in HEK-293 cells revealed an ion current density reduced to 13%
in cells expressing the CIC-7 p.(R403Q) protein, whereas ion
conductance was completely abolished in CIC-7 p.(G292E)-

expressing cells (Figure 5C, Figure S17). In aggregation, the
mutations lead to lower CIC-7 protein levels and strongly
reduced ion currents hinting primarily at a loss-of-function
pathomechanism.

CIC-7 in Hela cells. This approach revealed normal lysosomal
localization and co-localization with OSTM1 of the mutated pro-
teins (Figure 5A, Figure S14). We next analyzed CLCN7 expression
levels in undifferentiated ARO hiPSCs in comparison to control

FIGURE 3. Characterization of differentiated hiPSC-derived osteoclasts. Osteoclasts were differentiated from PBMCs (donors P1 and P2) and the two
hiPSC lines BIHi001-A (1-A) and BIHi004-A (4-A). (A) Representative images of osteoclasts in culture (phase contrast), stained osteoclasts (Phalloidin in
green, TRAcP in red, DAPI in blue) and osteoclast-mediated resorption shown as black-stained cavities on dentine. (B) Expression of osteoclast markers
CTSK and MMP9 determined by qRT-PCR analysis in BIHi004-A hiPSC-derived cells in undifferentiated hiPSCs, 4-day-old EBs, MONs, MACs, and OCs. Expres-
sion is normalized to hiPSCs, GAPDH expression was used as housekeeping control. Shown are data of three independent experiments. For statistical anal-
ysis, Kruskal-Wallis test and Dunn’s multiple comparisons were used (Table S3). (C,D) Quantitative analysis of osteoclast morphology parameters. Shown
are pooled data from three independent experiments. For statistical analysis, Kruskal-Wallis test and Dunn’s multiple comparisons were used (Table S6). (C)
Percentage of area covered by osteoclasts of total well area. (D) Osteoclast size in um? (left), number of nuclei per osteoclast (middle) and osteoclast den-
sity (right). (E) Analysis of the resorption pattern on cortical bone slices. Percentage of the ES to the BS (left), percentage of the trench surface to the total
eroded surface (middle), and percentage of the pseudo-eroded surface to the total bone surface (right). Shown are pooled data of individual bone slices
used in three independent differentiation experiments of each cell line (donor P1 and 1-A n = 23, donor P2 n = 25, 4-A n = 17). Significance was calculated
using Kruskal-Wallis and Dunn’s multiple comparisons test (Table S8). Box-plots shown in B-E are plotted with median, interquartile range, maximum, and
minimum values and all data points. Abbreviations: BS, total bone surface; DAPI, 4',6-diamidino-2-phenylindole; EB, embryoid body; ES, eroded bone sur-
face; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hiPSC, human induced pluripotent stem cell; MAC, macrophage, MCFC, myeloid-cell-forming
complex; MON, monocyte-like cell; OC, osteoclast; PBMC, peripheral blood mononuclear cell; qRT-PCR, quantitative reverse transcription polymerase
chain reaction; TRACP, tartrate resistant acid phosphatase.

Journal of Bone and Mineral Research HIPSC-DERIVED OSTEOCLASTS IN CLCN7-RELATED OSTEOPETROSIS 9 Ml



64

A CIC-7 LAMP-1 CIC-7 LAMP-1DAPI B g 2.5 Mann-Whitney: p=0.0238
320
= g 15
8 £
05 _:I_L_
Q
0.0 T T
w8 1-A&4-A ARO
B hiPSCs hiPSCs
(L)
'3‘- 5.40— Kruskal-Wallis: p<0.0001
S < 30
o 2> 204
5 a 12‘-- & 0.1335
D -
[32] o
S = 2 <0.0001 0.0001
= £
~ o 0 T T
2 WT G292E R403Q NC
O 1-A&4-AhiPSCs
D 4-A ARO 157 :
hiPSCs hiPSCs % | CJARONPSCs .844
T L 1 -~ —
2 101
18 kDa L LC3-l >
16 kDa SR LC3-lI < ] 0031
35 KDa [ e ———— - )] /P DH g 5 —
Starv. - - + + - - + + S = é
CO =~ @ = wp = o= g 0

Cor;trol Starv'ation

FIGURE 5. Characterization of the degradative pathway in CLCN7 mutant cells. (A) Subcellular localization of CIC-7 in HeLa cells transfected with WT or
mutated hCIC-7 shown by immunostaining: Anti-CIC-7 (green), late endosomal/lysosomal marker anti-LAMP-1 (red), DAPI (blue). Scale bar = 25 pm. (B)
Densitometric quantification of relative CIC-7 protein levels in undifferentiated control hiPSCs BIHi001-A (1-A) and BIHi004-A (4-A) and ARO (representa-
tive immunoblot shown in Figure $16). Shown are data of three independent experiments (pooled data points of control hiPSCs). CIC-7 levels were quan-
tified against the loading control GAPDH. Significance was calculated by Mann-Whitney test (control hiPSCs 1-A and 4-A n = 6, ARO hiPSCs n = 3). (O)
Electrophysiological analysis in HEK-293 cells co-transfected with OSTM1 and either WT or mutated (G292E or R403Q) hCIC-7. Untransfected cells served
as NC. Values of p shown were calculated with Dunn’s multiple comparisons (compared to WT). (D) Representative LC3 immunoblot of BIHi004-A and ARO
hiPSCs under control culture conditions or starvation with or without autophagy inhibitor CQ. () Autophagic flux in BIHi001-A, BIHi004-A, and ARO hiPSCs
under normal culture conditions and starvation determined by relative LC3-Il protein levels. Shown are pooled data of three independent experiments
(n = 6), which were normalized to BIHi001-A and BIHi004-A in control culture conditions. Significance was calculated by Wilcoxon matched-pairs signed
rank test. Box-plots shown in B, C, and E are plotted with median, interquartile range, maximum, and minimum values and all data points. Abbreviations:
ARO, autosomal recessive osteopetrosis; CQ, chloroquine; DAPI, 4',6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
hiPSC, human induced pluripotent stem cell; LAMP-1, lysosomal-associated membrane protein 1; LC3, microtubule-associated protein light chain 3;
NC, negative control; OSTM1, osteopetrosis-associated transmembrane protein 1; WT, wild-type.

Lysosomes play a fundamental role in autophagy by fusing
with autophagosomes to form autolysosomes. Our analysis of
the lysosomal pH in ARO hiPSCs revealed no significant differ-
ences compared to control hiPSCs (Figure S18). Nevertheless,
we detected an increased level of the autophagy marker LC3-Il
in undifferentiated ARO hiPSCs under standard culture condi-
tions (Figure 5D, Figure S18, Figure $S19). To determine the autop-
hagic flux, we both induced autophagy by starvation and
inhibited the further processing of LC3-Il by chloroquine treat-
ment.?? Although ARO hiPSCs displayed a higher autophagic
flux at control conditions, there was no difference to control

hiPSCs under starvation (Figure 5E). Because elevated LC3-lI
levels have been described also for murine Clcn7-deficient
tissues,® this further corroborates a loss-of-function effect.

ARO hiPSCs form enlarged osteoclasts with normal marker
gene expression, but without resorptive activity

As a test case for our in vitro model system, we applied the estab-
lished osteoclast differentiation protocol to the patient-derived
ARO hiPSCs. During all steps of differentiation ARO hiPSCs
showed expression of the typical markers like hiPSCs of healthy

Bl 10 ROSSLERETAL.

Journal of Bone and Mineral Research



65

A Sox2 CSF1R CTSK
1024 Kruskal-Wallis: p=0.0008 1055 Kruskal-Wallis: p=0.0038 1055 Kruskal-Wallis: p<0.0001
1074 104 oo ot 104

T - P = s -4

1“10-11 © ©

5 102 = 5 102 S 102

] 3 T 401 B 401

5104 5 10 s 10

“-10_41 'L Jg T Y 400 ..9.'1' ........................... Y 400 p'&ﬁ? ...........
1051— T T T T 1011— T T T T 10— T T T T

hiPSC EB MON MAC OC hiPSC EB MON MAC OC hiPSC EB MON MAC OC

Osteoclast staining Resorption assay

PBMC-derived
osteoclasts

hiPSC-derived
osteoclasts

300 pm
C Nuclei per osteoclast Osteoclast density
108 & 103y Mann-Whitney: p<0.0001 “g 507 Mann-Whitney: p<0.0001
o~ = £
[ Aja K - 40 —r
= =] »n ofe
st % % 210 Sa| of:
@ Lo —
104 2 101 =20 EL?
810 € E
L= {Mann-Whitney: p<0.0001 E E10 2 %
100 - - =100 - - =0 r -
1-A& 4-A ARO 1-A&4-A ARO 1-A&4-A ARO
hiPSCs hiPSCs hiPSCs hiPSCs hiPSCs hiPSCs

FIGURE 6. Characterization of osteoclasts differentiated from ARO hiPSCs. (A) Expression of pluripotency marker SOX2, monocytic marker CSF1R and oste-
oclast marker CTSK determined by qRT-PCR analysis in ARO hiPSC-derived cells in undifferentiated hiPSCs, 4-day-old EBs, MONs, MACs, and OCs. Expres-
sion is normalized to hiPSCs, GAPDH expression was used as housekeeping control. Shown are data of three independent experiments. For statistical
analysis, Kruskal-Wallis test and Dunn’s multiple comparisons were used (Table S10). (B) Representative images showing osteoclasts in culture (phase con-
trast), stained osteoclasts (Phalloidin in green, TRACP in red, DAPI in blue) and lack of osteoclast-mediated resorption (resorption assay shows no black
stained resorption cavities on dentine, see Figure 3A for comparison). Osteoclasts were differentiated from ARO patient-derived PBMCs and BIHi002-A
ARO hiPSCs. (C) Osteoclasts differentiated from BIHi001-A (1-A), BIHi004-A (4-A), and ARO hiPSCs quantified according to their size in pm2 (left), the num-
ber of nuclei per osteoclast (middle), and the osteoclast density (right). Shown are pooled data of three independent differentiation experiments of each
cell line (control hiPSCs 1-A and 4-A n = 36, ARO hiPSCs n = 18). Significance was calculated using Mann-Whitney test. Box-plots shown in A and C are
plotted with median, interquartile range, maximum, and minimum values and all data points. Abbreviations: ARO, autosomal recessive osteopetrosis;
DAP|, 4’ 6-diamidino-2-phenylindole; EB, embryoid body; hiPSC, human induced pluripotent stem cell; MAC, macrophage; MON, monocyte-like cell; PBMC,
peripheral blood mononuclear cell; OC, osteoclast; gRT-PCR, quantitative reverse transcription polymerase chain reaction; TRACP, tartrate resistant acid
phosphatase.

controls (Figure 6A, Figure S20A). The production of CD45", (Figure 2A, Figure S20B,C). ARO osteoclasts were large, multinu-
CD11b", CD14" monocyte-like cells was even better than in cleated TRAcP-positive cells forming a podosome belt and exhib-
BIHi004-A hiPSCs and peaked at 1 x 10° cells/well in week three ited high expression of CTSK and MMP9 (Figure 6AB,
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Figures S20A and S21). In addition, we also differentiated osteo-
clasts from PBMCs derived from the same patient. No significant
differences in morphology or characteristics in the TRAcP-Phal-
loidin-DAPI staining were detectable between both osteoclasts
(Figure 6B). Our quantification analysis revealed that osteoclasts
differentiated from ARO hiPSCs had a larger diameter and dis-
played higher numbers of nuclei compared to hiPSC-osteoclasts
from healthy controls (BIHi001-A and BIHi004-A), resulting in a
lower number of osteoclasts per surface unit (Figure 6C). Nota-
bly, compared to the healthy control (Figure 3A), neither
PBMC-derived nor hiPSC-derived ARO osteoclasts showed
any sign of bone resorption activity (Figure 6B), suggesting
that ARO hiPSC-derived osteoclasts reproduced the expected
cellular phenotype.

DISCUSSION

CLCN7-related ARO is a rare genetic bone disorder due to defects
in bone resorption by osteoclasts. Investigations of the pathome-
chanisms of ARO are important for determining the molecular
effects of individual mutations as well as for providing guidance
for therapeutic strategies. Although these experiments are
mostly performed in mouse models, the results from these ani-
mal model experiments can often not be extrapolated to
humans. Besides, the use of animal models is increasingly criti-
cized for ethical reasons. As an alternative approach, primary
patient-derived cells can be used; however, the access to biopsy
material is usually limited. For osteopetrosis, PBMC-derived oste-
oclasts provide a good model, but the quality of blood samples is
often compromised due to prolonged transport and storage. In
addition, only a limited number of experiments can be per-
formed as in vitro expansion of these primary cells is not feasible.

Several osteoclast differentiation protocols from hiPSCs have
been published. In 2009, Choi et al.?*® differentiated human ESCs
and iPSCs using time-consuming techniques as Percoll gradient
centrifugation and cell selection by surface marker expression
for progenitor enrichment. Grigoriadis et al."> described a pro-
tocol utilizing five different differentiation media including up
to seven cytokines and supplements. More recently, Jeon
et al."® developed a more simplified osteoclast differentiation
method based on only three media and in total three different
cytokines. However, the efficiency of the osteoclast differentia-
tion or the number of produced monocytes were not specified,
but appeared rather low. In 2017, Chen et al."? presented their
osteoclast differentiation protocol, which includes only one sin-
gle monocyte harvesting step and required up to six cytokines
and supplement additives in four differentiation media. Finally,
Cui et al."" published a differentiation approach in 2019 using
three different differentiation media based on expensive STEM-
diff APEL 2 medium supplemented with up to eight cytokines
and small molecules. Furthermore, the protocol does not include
a monocyte production step, lasts up to 5 weeks, and the differ-
entiation efficiency of 1.5% is low. By contrast, the osteoclast dif-
ferentiation technique described here allows the continuous
harvesting of monocyte-like cells over at least 9 weeks. We only
use three differentiation media supplemented with only three or
two cytokines and first osteoclasts emerged already after
4 weeks. The resulting osteoclast density of 41% on average
and up to 73% in some experiments is very high.

Our in-depth characterization by flow cytometry, qRT-PCR,
and expression profiling showed mesodermal induction in the
first step, monocyte-like cell production in the second step,

and the generation of macrophages and osteoclasts in the final,
third differentiation step. Terminally differentiated osteoclasts
obtained by this procedure were multinucleated and displayed
the characteristic podosome belt necessary for the sealing zone
formation and thus the resorption process.?”

The crucial criterion for successful osteoclast formation is
bone resorption activity. Both, pits and trenches were generated
by hiPSC-derived osteoclasts on dentine as well as on bovine cor-
tical bone. Osteoclasts from BIHi004-A hiPSCs showed signifi-
cantly more trenches than those from BIHi001-A and PBMCs;
however, a large variability between different iPSC lines and their
capacity to differentiate into specific cell types has been
reported.?® It has been demonstrated that osteoclasts making
trenches reflect a more effective way of bone resorption.!'92%
Because we find that the proportion of trenches made by
hiPSC-derived osteoclasts is equal or higher than for PBMCs-
derived osteoclasts this highlights that iPSC-derived osteoclasts
are effective at performing bone resorption. It has been shown
that 67% of the variation in trenches between different osteo-
clast donors can be explained by the protein levels of activated
cathepsin K29 Although we did not observe large differences
in CTSK expression at messenger RNA (mRNA) level between
PBMC-derived and hiPSC-derived osteoclasts, higher protein
levels of activated cathepsin K in the latter could be a possible
explanation. Moreover, it was clearly demonstrated that the level
of multinucleation strongly facilitates trench-making osteoclasts,
but not those that make pits. This is in line with our observation,
because the increased fusion of hiPSC-derived osteoclasts corre-
lated with a higher proportion of trenches. Recent studies sug-
gest this might be linked to the expression of Dendritic cell-
specific transmembrane protein (DC-STAMP).2" However, the
only gene known to be involved in osteoclast fusion more highly
expressed in hiPSC-derived osteoclasts is CCL2. Again, this does
not exclude differences in protein levels not correlating with
mMRNA levels.

To a large extent, osteoclasts derived from hiPSC lines tended
to generate more “pseudoresorption”, reflecting a superficial
staining of the bone surface without cavitation. Thus, only mild
demineralization has been switched on, but collagenolysis
apparently has not. We recently described a similar behavior of
LRRK1-deficient osteoclasts.'® Since we observed that iPSC-
derived osteoclasts often become larger than PBMC-derived
osteoclasts, it is conceivable that the increased level of pseudor-
esorption of hiPSC-osteoclasts could be a secondary effect of
very large osteoclasts having problems to polarize properly
and/or to form a proper sealing zone. Interestingly, we observed
that large osteoclasts generated from human HSCs showed both
an enhanced resorptive activity, but also increased levels of
pseudoresorption (Hennig, unpublished observations). Because
hiPSC-derived osteoclasts share these characteristics with osteo-
clasts differentiated from HSCs, but not with PBMC-derived oste-
oclasts, this hints at a difference in the maturation of these cells.
This phenomenon is mirrored by the production of CD34" HSC-
like cells during the first days of monocyte production. In addi-
tion, although typical osteoclast marker genes such as CTSK were
expressed at equal levels in hiPSC-osteoclasts and PBMC-osteo-
clasts, hiPSC-osteoclasts showed higher levels of macrophage
marker genes such as MAF and CSF1R, which can be interpreted
as a sign of lower maturation of these cells. It is not unusual that
hiPSC-derived cells are less mature than their primary counter-
parts. For example, cardiomyocytes derived from hiPSCs first
show characteristics typical for fetal cardiomyocytes, although
the hiPSCs were generated from adult cells.®?
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To demonstrate the usability of our osteoclast differentiation
protocol for functional investigations, we applied it to the
patient-derived osteopetrotic hiPSC line BIHi002-A."® The donor
was diagnosed with ARO by a chest x-ray at the age of 7 months.
Before this, the failure to thrive and neurological symptoms
beginning at 4 months of age were interpreted as signs of a
mitochondriopathy or a lysosomal storage disease. The MRI
images of the central nervous system are highly reminiscent of
a case with OSTM1 mutations described by Maranda et al.®® Also
in this case, heterotopias and global cortical atrophy were
observed. Similar to our case, this patient started to have seizures
at4 months of age and died at 1 year of age. In humans as well as
in mice, (“grey lethal” mutants) OSTM1 deficiency leads to a
more severe brain phenotype than loss of CLCN7. It is currently
unknown whether the OSTM1-ARO developmental brain pheno-
type is solely due to lysosomal dysfunction because a role of this
protein in cytoskeletal organization and Wnt-signaling was also
discussed.®**® The formation of enlarged osteoclasts with
enhanced multinucleation is also a typical feature of osteoclasts
with both CLCN7 and OSTM1 deficiency.®®3”) As a possible expla-
nation, Pata and Vacher®® discussed the dysregulation of the
calcium and NFATc1 pathway and an indirect compensation
mechanism due to the resorption inability in their OstmI-
knockout mouse. Neutzky-Wulff et al.®” proposed that the
absence of apoptotic factors normally released during
the resorption process may expand lifespan and fusion of CIC-7
deficient osteoclasts. In the light of the overlap of the cellular
and clinical phenotype of OSTM1-deficient and CLCN7-deficient
mouse mutants and human patients, we suggest that the main
pathomechanism in both cases is primarily a defective lysosomal
ion homeostasis. Possibly, an early onset of severe lysosomal per-
turbation during postnatal brain maturation might affect neuro-
nal migration leading to the observed heterotopias. OSTM1
needs to bind to CIC-7 to exit the endoplasmic reticulum and
for correct targeting.?'*® Although we found that overex-
pressed CIC-7 harboring the mutations p.(G292E) or p.(R403Q)
delivers OSTM1 to the lysosome, OSTM1 surface expression
was barely detectable upon co-expression with plasma
membrane-localized mutant CIC-7 (data not shown). If OSTM1
would play a role independent of CIC-7, the remaining and cor-
rectly targeted OSTM1 should be sufficient to prevent the phe-
notype, which is not the case.

The brain abnormalities of our patient appeared dispropor-
tionally severe compared to the degree of osteosclerosis and
tardive bone marrow failure. The mutation p.(R403Q) was
described in combination with the mutation p.(G521R) in
another patient with global brain atrophy.?* Because a hetero-
zygous CLCN7 gain-of-function mutation leading to increased
lysosomal acidification and swelling was recently described that
caused an exceptional neurological phenotype without bone
involvement, we tested for the electrophysiological properties
of the mutated CIC-7.° Although the severe amino acid
exchange p.(G292E) completely abolished function, currents eli-
cited by p.(R403Q) were changed in quantity (13% of WT levels),
but not in quality. Because we previously found in transgenic
experiments that 25% to 30% residual CIC-7 expression is
needed for full cellular functionality, we assume that the overall
reduced CIC-7 protein levels and the reduced currents for p.
(R403Q) are far below this threshold.®?

To address the possible role of abnormal lysosome functional-
ity in the observed phenotypes we investigated the lysosomal
pH. Lysosomal pH remained unchanged in osteopetrotic hiPSCs,
and these findings correlate with previous investigations in

mouse fibroblasts, neurons, and macrophages from Clcn7-
knockout mice.“*® The reason for the unchanged lysosomal
pH is still unclear and controversially discussed. It has been
shown that other cation channels support lysosomal acidifica-
tion and CIC-7 is not essential.”® However, CIC-7 probably reg-
ulates lysosomal function through intraluminal chloride
concentrations and impacts lysosomal ion homeostasis in gen-
eral.#"*3) However, we further investigated autophagy in ARO
hiPSCs, because Wartosch et al.*) and Weinert et al.“* reported
accumulation of the autophagy marker LC3-Il in Clecn7-deficient
murine tissues. Under normal culture conditions we observed
similarly elevated levels of the autophagy marker LC3-Il and an
increase in the autophagic flux. Under starvation, however,
this difference vanished, implying similar autophagy levels
at maximum stimulation. Enhanced LC3-ll levels might be
due to a reduced turnover of autophagosomes, as the intra-
autophagosomal LC3-Il is only degraded by lysosomal proteases
after fusion of the autophagosome with the lysosome and it was
proposed that proteins are degraded with slower kinetics in
CIC-7 knockout cells.“”) Interestingly, perturbed autophagy is
the basis for several neurodevelopmental disorders.

In future studies, poorly understood aspects of the osteope-
trotic phenotype like the enlarged osteoclasts, the unchanged
lysosomal pH or the defective autophagic flux could be molecu-
larly dissected using engineered hiPSCs. Moreover, therapeutic
approaches, including the research for novel targeted therapies,
could be pursued in osteopetrotic hiPSC lines like the one pre-
sented here. Our novel differentiation protocol also might prove
valuable for in vitro disease modeling of other osteoclast-related
pathologies.
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