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precursors by macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor kB ligand
(RANKL). Osteoclasts resorb bone by secreting hydrochloric acid, matrix metalloproteinases (MMPs) and
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The increased bone degradation in rheumatoid arthritis and osteoarthritis has been strongly linked to increased
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type Il collagen, its main component—remains unclear. Therefore, the second aim of this dissertation was to
develop novel models and biomarkers for the investigation of osteoclast-mediated cartilage degradation.
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GPDPLQ1237 is a multi-protease biomarker of osteoclast- and inflammation-mediated cartilage degradation.
However, GPDPLQ1237 could not be detected at sufficient levels in blood or urine from humans or rats to validate
the assay in vivo. These studies highlight the potential contribution of osteoclastic cartilage degradation to
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Popular Scientific Summary

Restoring Osteoclast Functionality with Gene Therapy

Osteoclasts are the only human cells capable of degrading bone. Osteoclasts degrade
the calcium-containing component of bone by secreting hydrochloric acid that
dissolves the mineral. To degrade the protein component of bone, mainly type I
collagen, the osteoclasts secrete enzymes including matrix metalloproteinases
(MMPs) and cathepsin K.

Bone is an important extracellular matrix (ECM) as it, together with cartilage, makes
up the human skeleton that protects our internal organs and provides structural
support. Osteoclasts degrade bone and osteoblasts reform it in a continuous
balancing act that is crucial for healthy skeletal growth and repair. Disturbances of
this balance may result in bone diseases with too little bone, osteoporosis, or too
much bone, osteopetrosis. Both diseases result in bones that are prone to break.
Osteoporosis is quite common, especially amongst the elderly, and can be treated
quite well today. However, osteopetrosis comes with a range of additional
symptoms, is often fatal, and has very limited treatment options.

Osteopetrotic diseases are hereditary, rare, and come in different forms with
different levels of severity. Infantile malignant osteopetrosis (IMO) is the most
severe form. IMO is very debilitating and features a range of symptoms, including
stunted growth, frequent fractures, progressive blindness—caused by the cranium
growing inwards and compressing the nerves to the eyes—and death, often before
the age of 10. 50% of IMO cases are caused by mutations in the TCIRG! gene.
TCIRG1 generates a protein that is a crucial to the osteoclasts’ ability to secrete the
acid needed for degrading bone. IMO patients with TC/RGI mutations usually have
no TCIRGI1 protein in their osteoclasts, and as a result cannot secrete acid and
degrade bone. Since osteoclasts form from blood stem cells, which reside in the
bone marrow, a bone marrow blood stem cell transplant can be used to replace the
defective blood stem cells with healthy ones, and normalize the skeleton over time.

It is critical to perform a transplant early to have the best possible outcome and
reduce permanent damage that cannot be treated, such as blindness. To minimize
the risk of a severe immune response to the new cells, the stem cells should come
from a suitable close relative. However, finding a suitable donor can take time. As
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an alternative, we aimed to develop a gene therapy that holds the potential to treat
the patient’s own stem cells, thus eliminating the need for a stem cell donor. Samples
of the patient’s blood stem cells are collected, treated with a modified virus—called
a vector—that inserts a functional TCIRG1 gene, the cells are transplanted back into
the patient, and they will then form functional osteoclasts in the patient’s body. Pre-
clinical IMO gene therapy experiments in mice and in cell cultures have been
promising. In Papers I-I1I, we present the most recent developments in IMO gene
therapy with regard to efficacy and safety testing, as well as for making the vector
suitable for human use.

In Paper I, we investigated how TCIRGI1 protein generated from the vector is
regulated during osteoclast formation in IMO cell cultures. TCIRG1 protein was
present specifically in the osteoclasts, not the stem cells or other non-osteoclast cells
formed from the stem cells, indicating that the therapy only affects the intended cell
type. Only a very small fraction of treated IMO stem cells (2.5%) mixed with non-
treated IMO cells was required to substantially increase bone degradation in
osteoclasts, and only 30% healthy cells mixed with IMO cells was enough to reach
normal bone degradation levels—indicating that even a low vector efficacy would
still be enough to restore osteoclast function.

For Paper II, we used a new version of the vector, which only contained
components that would be suitable for human use to further reduce the risk of side
effects. We transplanted treated IMO blood stem cells into mice, collected them
from the mice after 2—5 months, and generated osteoclasts in cell cultures. Treated
stem cells from 9/11 mice generated completely or partially functional osteoclasts,
while non-treated stem cells did not. This indicates that the new vector is effective
long-term, but the efficacy could be further improved. We also assessed the vector’s
risk of causing cancer, which has been an issue with gene therapy in the past, but
found no measurable risk.

In Paper III, we attempted to generate human osteoclasts in mice, which would
allow us to test that the treatment is effective after transplanting human cells.
However, this is normally not possible as it requires the human cell signaling protein
macrophage colony-stimulating factor (M-CSF), and mouse M-CSF cannot
stimulate human cells. We used gene therapy to insert the human M-CSF gene into
human blood stem cells. These stem cells formed osteoclasts in cell cultures without
the addition of M-CSF. Transplanted mice had human M-CSF in their blood and we
detected increased numbers of human cell types formed from blood stem cells
stimulated with M-CSF, but we could not detect human osteoclasts.

In summary, these results show that our gene therapy is effective and safe. Further
experiments using gene therapy-treated stem cells from mice with IMO transplanted
into IMO mice are needed before human testing can begin, but Papers I-I11
represent important progress for developing effective and safe IMO gene therapy.
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How Osteoclasts Degrade Cartilage

Cartilage, consisting mainly of type II collagen, is another important ECM of the
human skeletal structure. Cartilage allows the bones in human joints to slide
smoothly against each other without causing damage. Osteoclasts can degrade
cartilage, and this is known to occur when bone replaces cartilage during bone
growth. Cartilage damage, bone damage, and joint pain are key features of
rheumatic diseases, including rheumatoid arthritis and osteoarthritis. Osteoclasts
have been proposed to play a role in this disease-related cartilage degradation, but
how osteoclasts degrade cartilage in these diseases is not known—although MMPs
and cathepsin K are thought to be important. Animal studies have shown that drugs
that inhibit osteoclasts have a beneficial effect on cartilage integrity and pain.
Current treatment options for rheumatic diseases, especially to prevent or delay
cartilage degradation, are limited. Therefore, new cell culture models and improved
tools for clinical characterization of the patients, such as biomarkers, would be
valuable assets for developing and testing new drugs for rheumatic diseases.

In order to explore how osteoclasts degrade cartilage, we developed a cell culture
model where human osteoclasts generated from blood stem cells degrade cartilage
from the knee joints of cows. The osteoclasts were treated with inhibitors of MMPs
or cathepsin K, and we used antibody-based tests to measure biomarkers of cartilage
degradation to test if MMPs or cathepsin K enzymes were important for cartilage
degradation by osteoclasts. In Paper IV, we showed that MMPs contributed
strongly to the release of C2M from cartilage, a biomarker detecting a degradation
fragment of type II collagen, but the contribution of cathepsin K to C2M release was
low. This study clearly showed that osteoclasts can degrade cartilage, and that the
processes involved can be measured in cell cultures using biomarkers.

In Paper V, we developed the biomarker GPDPLQ237 based on CTX-II. Arguably,
CTX-II is currently the best biomarker for detecting cartilage degradation when
measured in human urine or the synovial fluid in joints. GPDPLQ/237 and CTX-II
both use antibody-based tests to detect very similar degradation fragments of type
II collagen, but the antibody in GPDPLQ237 binds to slightly larger fragments than
the antibody in CTX-II. Using the previously developed model of cartilage
degradation by osteoclasts, we demonstrated that both MMPs and cathepsin K
contributed strongly to GPDPLQ1237 release, with increased effect when combining
the inhibitors, while only MMPs contributed to CTX-II release. Despite this, we
were unable to detect GPDPLQ)237 in human blood or urine. A possible explanation
could be that either GPDPLQ237 fragments are not present, or that the biomarker
assay needs to be more sensitive. Taken together, we can now measure how
osteoclasts degrade cartilage using MMPs and cathepsin K with the new cell culture
model and the biomarkers we tested in it. These tools may be useful for testing new
drugs and biomarkers for cartilage degradation.
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Popularvetenskaplig sammanfattning

Aterstillning av osteoklasters funktion med genterapi

Osteoklaster dr de enda ménskliga cellerna som kan bryta ned ben. De bryter ned
den kalciuminnehéllande komponenten av ben genom att utsdndra saltsyra som
16ser upp mineralerna. For att bryta ned proteinkomponenten av ben, som mestadels
bestar av kollagen typ I, utsondrar osteoklasterna enzymer, sdsom katepsin K och
matrixmetalloproteinaser (MMPs).

Ben, tillsammans med brosk, &r ett viktigt extracelluldr matrix (ECM) eftersom det
utgdér det ménskliga skelettet som skyddar véra inre organ och ger kroppen
strukturellt stod. Osteoklaster bryter ned ben och osteoblaster bildar ben pé nytt i en
kontinuerlig balansgang som dr nddvéandig for normal tillvéxt och reparation av
skelettet. Storningar 1 denna balans kan resultera i bensjukdomar med for lite ben,
osteoporos, eller for mycket ben, osteopetros. Bada sjukdomarna resulterar i en 6kad
risk for benbrott. Osteoporos dr ganska vanligt, framforallt bland &ldre, och kan
behandlas relativt vl idag. Osteopetros, & andra sidan, kommer med fler symptom,
ar ofta dodlig, och har vildigt begransade behandlingsmdjligheter.

Osteopetroser ar arftliga, ovanliga, kommer i olika former, och kan variera i
allvarlighetsgrad. Infantil malign osteopetros (IMO) ér den allvarligaste formen.
IMO é&r mycket handikappande och ger upphov till en rad olika symptom, t.ex.
kortvuxenhet, benbrott, tilltagande synnedséttning orsakad av att kraniet véixer inat
och utsdtter nerverna till 6gonen for tryck, och dod ofta fore 10 ars alder. Cirka 50 %
av alla IMO-fall orsakas av mutationer i genen TCIRGI. TCIRG1 generar ett protein
som dr vitalt for osteoklasters forméga att utsondra den syra som behovs for att bryta
ned ben. IMO patienter med mutationer i 7CIRG1 har oftast inget TCIRG1 protein
i sina osteoklaster och de kan darfor inte utsondra syra och bryta ned ben. Eftersom
osteoklaster bildas fran blodstamceller, som finns i benméirgen, kan en
transplantation av blodstamceller fran benmérgen anvindas for att ersitta de defekta
blodstamcellerna med friska stamceller och normalisera skelettet over tid.

For att uppna nésta mojliga resultat och for att minska permanenta skador som inte
kan behandlas, till exempel blindhet, &r det viktigt att en transplantation utfors sa
tidigt som mgjligt. Stamcellerna bor komma frén en ldmplig néra sldkting for att
minska risken for en allvarlig immunreaktion. Att hitta en ldmplig donator kan dock
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ta tid. Vi vill utveckla en genterapi med potential att behandla patientens egna
stamceller for att kringga behovet av donerade stamceller. Prover av patients egna
stamceller samlas in, behandlas med ett modifierat virus kallat en vektor som sétter
in en funktionell kopia av genen TCIRGI, transplanteras tillbaka till patienten och
bildar sedan funktionella osteoklaster i patientens kropp. Prekliniska experiment
med IMO genterapi i moss och i cellodlingar har visat lovande resultat. I Artikel I-
III presenterar vi de senaste utvecklingarna inom IMO genterapi, betrdffande
effektivitet, sikerhet, och att gora vektorn lamplig for ménniskligt bruk.

I Artikel I undersokte vi hur TCIRG1 protein genererat frén vektorn regleras nér
osteoklaster bildas i IMO cellodlingar. TCIRG1 protein var endast nirvarande i
osteoklaster, inte 1 stamceller eller andra icke-osteoklast celler som bildades fran
stamcellerna, vilket indikerar att behandlingen endast paverkar den avsedda
celltypen. Enbart en liten andel behandlade IMO stamceller (2.5 %) blandade med
obehandlade IMO celler krivdes for en betydlig 6kning av nedbrytningsprodukter
av ben. 30 % friska celler blandade med IMO celler var tillrdckligt for att nd normala
nivaer av bennedbrytning, vilket indikerar att dven en lag effektivitet fran vektorn
vore tillracklig for att aterstélla osteoklasternas funktion.

For Artikel II anvinde vi en ny version av vektorn som endast inneholl
komponenter som vore lampliga for méanskligt bruk, for att ytterligare minska risken
for bieffekter. Vi transplanterade behandlade IMO blodstamceller till mdss, samlade
in dem fran mossen 2—5 manader senare, och genererade osteoklaster i cellodlingar.
Behandlade stamceller fran 9/11 moss genererade fullstindigt eller delvis
funktionella osteoklaster. Detta indikerar att vektorn dr langsiktigt effektiv, men
effektiviteten kan fortfarande forbéttras. Vi testade ocksé vektorns risk for att orsaka
cancer, vilket har varit ett problem med genterapi forr, men fann ingen métbar risk.

I Artikel III forsokte vi genera méanskliga osteoklaster i moss. Detta skulle gora det
mojligt att testa behandlingens effektivitet efter transplantation med ménskliga
celler. Detta &dr normalt sett inte mojligt eftersom det kréver
cellsignaleringsproteinet makrofagkolonistimulerande faktor (M-CSF) och M-CSF
frdn moss kan inte stimulera ménskliga celler. Vi satte in den méinskliga genen for
M-CSF i minskliga blodstamceller med genterapi. Stamcellerna bildade da
osteoklaster i cellodlingar utan tillsatt M-CSF. Transplanterade mdss hade
ménskligt M-CSF i blodet och celler som bildas fran blodstamceller som stimulerats
med M-CSF o6kade i antal, men vi kunde inte hitta ndgra méanskliga osteoklaster i
mossen.

Sammanfattningsvis s& visar dessa resultat att var genterapi dr effektiv och siker.
Fortsatta experiment dér stamceller fran mdss med IMO behandlas med genterapi
och transplanteras till IMO mdss behdvs innan manskliga test kan paborjas, men
Artiklarna I-I1I representerar viktiga framsteg for utvecklingen av effektiv och
siaker IMO genterapi.
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Hur osteoklaster bryter ned brosk

Brosk bestar i huvudsak av kollagen typ II och é&r ett annat viktigt ECM i det
ménskliga skelettet. Brosk later benen i leder glida friktionsfritt mot varandra utan
att ta skada. Osteoklaster kan bryta ned brosk och det &r ként att det férekommer nér
brosk ersétts av ben nir ben vixer. Skador pa brosk och/eller ben och ledvirk ar
typiska symptom vid reumatiska sjukdomar, till exempel ledgéngsreumatism och
artros. Det har foreslagits att osteoklaster kan bidra till den sjukdomsrelaterade
nedbrytningen av brosk. Aven om MMPs och katepsin K tros vara av vikt si r det
inte kint hur osteoklaster bryter ned brosk vid de har tillstanden. Djurférsok har
visat att ldkemedel som hdmmar osteoklaster har en vélgorande effekt pd broskets
integritet och pa smérta. Behandlingar for reumatiska sjukdomar, i synnerhet
behandlingar som forhindrar eller minskar nedbrytning av brosket, ér for narvarande
begriansade. Darfor vore nya cellodlingsmetoder samt forbattrade verktyg for klinisk
karakterisering av patienterna, till exempel biomarkorer, en tillgdng for att utveckla
och testa nya likemedel for reumatiska sjukdomar.

For att utforska hur osteoklaster bryter ned brosk sid utvecklade vi en ny
cellodlingsmetod dér ménskliga osteoklaster genererade fran blodstamceller bryter
ned brosk fran knileder frén kor. Osteoklasterna behandlades med MMP- och
katepsin K-inhibitorer och med hjdlpa av antikroppsbaserade tester mdtte vi
biomarkoérer for brosknedbrytning for att testa om MMPs eller katepsin K enzymer
var viktiga for att osteoklaster ska kunna bryta ned brosk. I Artikel IV visade vi att
MMPs bidrog starkt till frisdttning av C2M, en biomarkdr som miéter ett
nedbrytningsfragment av kollagen typ II, men att katepsin K hade ett begrénsat
bidrag. Den hir studien visade tydligt att osteoklaster kan bryta ned brosk och att de
processer som bidrar kan métas i cellodlingar med hjélp av biomarkorer.

I Artikel V utvecklade vi biomarkéren GPDPLQ 237 som &r baserade pd CTX-IL
CTX-II &r troligtvis den for nidrvarande basta biomarkoren for brosknedbrytning nér
den miéts i minsklig urin eller ledvitska. Bade GPDPLQi237 och CTX-II anvénder
antikroppsbaserade tester for att detektera valdigt snarlika nedbrytningsfragment av
kollagen typ II, men antikroppen i GPDPLQi237 binder till lite storre fragment &n
antikroppen 1 CTX-II. Med hjélp av metoden for brosknedbrytning av osteoklaster
som vi redan utvecklat demonstrerade vi att bAde MMPs och katepsin K bidrog
starkt till frisdttning av  GPDPLQi237, med en Okad effekt ndr inhibitorerna
kombinerades, och att endast MMPs bidrog till frisdttning av CTX-II. Trots det
kunde vi inte detektera GPDPLQ1237 1 ménskliga blod- eller urinprov. En mojlig
forklaring kan vara antingen att GPDPLQ)237 fragmenten inte dr ndrvarande eller att
testet for GPDPLQ 237 behdver vara mer kinsligt. Sammanfattningsvis sa kan vi nu
méta hur osteoklaster bryter ned brosk med MMPs och katepsin K med den nya
cellodlingsmetoden samt biomarkérerna vi testade i den. Dessa verktyg kan vara
anvindbara for att testa nya likemedel och biomarkdrer for brosknedbrytning.

19



20



List of Abbreviations

AE2
BEX
Ca*
CAIl
CB
ChimP
CIC-7
CSFI1R
CTX-I
CTX-II
ECM
EFS
EFS-G
EFS-T
EFS-TG
GFP
hM-CSF
HSC
HSCT
HSPC
IMO
IVIM
M-CSF

Anion exchanger 2

Bovine cartilage explant

Calcium ion

Carbonic anhydrase 11

Cord blood

Chimeric myeloid promoter

Chloride voltage-gated channel 7
Colony stimulating factor 1 receptor
C-telopeptide of type I collagen
C-telopeptide of type II collagen
Extracellular matrix

Elongation factor 1a short

EFS-GFP vector

EFS-TCIRGI vector
EFS-TCIRG1/GFP vector

Green fluorescent protein

Human macrophage colony-stimulating factor
Hematopoietic stem cell
Hematopoietic stem cell transplantation
Hematopoietic stem and progenitor cell
Infantile malignant osteopetrosis

In vitro immortalization

Macrophage colony-stimulating factor

21



MSC
MMP
NSG

OA

OSM
OSTM1
PBMC
RA
RANK
RANKL
SFFV
SFFV-G
SFFV-TG
SIN
TCIRG1
TNFa
TRAP
V-ATPase

22

Mesenchymal stem cell

Matrix metalloproteinase

NOD-scid IL2ry™!

Osteoarthritis

Oncostatin M

Osteopetrosis-associated transmembrane protein 1
Peripheral blood mononuclear cell
Rheumatoid arthritis

Receptor activator of nuclear factor kB
Receptor activator of nuclear factor kB ligand
Spleen focus-forming virus

SFFV-GFP vector

SFFV-TCIRG1/GFP vector

Self-inactivating vector

T-cell immune regulator 1

Tumor necrosis factor o

Tartrate-resistant acid phosphatase
Vacuolar-type H'-ATPase



Introduction

The Human Skeleton

The human skeleton is composed of bone and cartilage. The skeleton serves many
functions, both mechanical and metabolic in nature. The mechanical functions
include structural support, attachment points for muscles, tendons and ligaments,
locomotion, and protection of internal organs. Metabolic functions include
homeostasis of calcium ions (Ca*") as well as of other ions!, acid-base balance!,
serving as a growth factor and cytokine depot?, and providing the microenvironment
required for hematopoiesis (blood formation) in the bone marrow?.

Bone

Bone Structure

Bone is the main structural component of the human skeleton. Approximately 80%
of human bone is cortical bone and 20% is trabecular bone, also known as
cancellous bone, albeit with large variations in the ratio of the two bone types
between different skeletal sites*. Cortical bone is dense and solid and surrounds the
marrow space, whereas trabecular bone is composed of a honeycomb-like network
of trabecular plates and rods interspersed in the bone marrow compartment. The
bones of the human skeleton can be divided into four main categories: long bones,
short bones, flat bones, and irregular bones. The long bones are of particular interest
as they contain most of the bone marrow in adult humans. The structure of long
bones is divided into the diaphysis, metaphyses and epiphyses (Figure 1). At the
center of a long bone is the diaphysis, a hollow shaft mainly composed of dense and
solid cortical bone, which houses the bone marrow. At the ends of the diaphysis, the
bone widens out into the cone-shaped metaphyses, followed by the growth plates
and finally the rounded epiphyses above the growth plates. The metaphysis and
epiphysis are mainly composed of trabecular bone, surrounded by a thin layer of
cortical bone. Where long bones meet in joints, the epiphyses are covered by a layer
of articular cartilage.
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Bone Composition

The bone itself consists of an extracellular matrix (ECM) interspersed with
osteocytes, in units called osteons. The bone ECM is composed of a calcified (or
inorganic) bone matrix—approximately 60% of the bone by weight>—consisting of
Caio(PO4)s(OH), calcium hydroxyapatite mineral®, and a non-calcified (or organic)
bone matrix consisting of approximately 90% type I collagen, 5% non-collagenous
proteins, and 2% lipids by weight’. A number of cell types are found in or on the
bone matrix, including osteocytes, osteoblasts, bone-lining cells (BLCs), reversal
cells and osteoclasts, which will be covered in the following sections. Under normal
conditions, osteocytes are the only cells that are permanently present within the bone
matrix. In addition to the bone ECM and its resident cells, bone is vascularized and
innervated which allows for both oxygen and nutrient supply as well as regulation
of bone homeostasis®.

/Articular cartilage

Epiphysis i riass €3 Growth plate
.7‘

Metaphysis

¥ «— Cortical bone

. . Bone marrow cavity
Diaphysis

Figure 1. The Structure of a Long Bone.

The structural organization of the proximal end of a femoral long bone.

lllustration from Asklepios Atlas of the Human Anatomy, image provided by Science Photo Library. Adapted with
permission from Encyclopaedia Britannica: Encyclopaedia Britannica; Britannica ImageQuest; Structure of long bone,
artwork; 31 Aug 2017; https://quest.eb.com/search/132_1486049/1/132_1486049/cite; Accessed 18 Jun 2018.

Bone Formation

Bone is formed by osteoblasts, a type of mononuclear cell derived from pluripotent
mesenchymal stem cells (MSCs) that are found in the bone marrow’. During
development, bone formation takes the form of two different processes:
intramembranous ossification and endochondral ossification. While some bones of
the human skeleton, such as the flat bones of the cranium, are generated through
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intramembranous ossification, endochondral ossification is responsible for most of
the bone formation during both fetal development and postnatal growth. During
intramembranous ossification, osteoblasts are formed from clusters of cells derived
from MSCs and will then directly go on to form bone!®. On the other hand, during
endochondral ossification, the MSC clusters instead generate chondrocytes!®. The
chondrocytes proliferate and go into hypertrophy, after which the hypertrophic
chondrocytes lay down a type II collagen-rich cartilage matrix to serve as a cartilage
skeletal model which later becomes calcified'!. Hypertrophic chondrocytes
eventually die and the cartilage matrix surrounding them is degraded. The cartilage
degradation is mediated by proteases from the hypertrophic chondrocytes—mainly
matrix metalloproteinases (MMP)-9 and MMP-13 as well as, presumably, a
disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-4 and
ADAMTS-5—as well as by osteoclasts'!, which will be covered in greater depth in
later sections. Osteoclasts are probably the main contributor to the degradation of
calcified cartilage during endochondral ossification, as deficiencies in the cysteine
protease cathepsin K, predominantly expressed in osteoclasts'?, is known to result
in severe metabolic bone diseases with inclusions of calcified cartilage in bones'’.
MMP-deficiencies typically only result in minor bone defects'®. The degradation of
the cartilage allows for invasion of blood vessels, osteoclasts, osteoblast precursors
and bone marrow cells, and the differentiating osteoblasts form bone on the
remaining cartilage scaffold".

The bone formation process during endochondral ossification can be divided into
two main steps: synthesis and deposition of osteoid, and mineralization. Newly
formed non-mineralized bone matrix consisting mainly of type I collagen and other
non-collagenous proteins are synthesized and deposited in layers called osteoid,
followed by mineralization of the bone matrix with hydroxyapatite crystals. The
amount of mineralization is crucial for the mechanical properties of bone; human
bone is about 60% mineralized®. Increased bone mineral density (BMD) increases
the stiffness of bones at the expense of flexibility'®, possibly resulting in brittle
bones, while decreased BMD renders the bone too flexible, allowing it to break
during normal loading'®. Once bone formation is completed, osteoblasts either
become embedded in the bone as osteocytes, differentiate into bone lining cells
(BLCs), or undergo apoptosis”!"18,

The osteocyte is the main cell population in bone and is a major orchestrator of
activities within the skeleton; osteocytes both sense and integrate mechanical and
chemical signals from their environment to regulate bone formation and bone
resorption'’. Osteocyte cell bodies reside in small cavities within the bone (lacunae)
and are characterized by dendritic processes of the cell membrane (filopodia) that
extend through channels in the bone (canaliculi) to form networks between
osteocytes, as well as between osteocytes and the bone surface!®. These filopodia
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are not only important mechanosensors® that detect mechanical loading, but they
are also important for osteocyte survival and signaling.

The BLCs cover all bone surfaces that are not being actively remodeled, called
quiescent bone surfaces, and serve as a functional barrier between bone and bone
marrow?!. In addition to their inherent function, they are also a major source of
osteoblasts in adulthood®.

Articular Cartilage

Cartilage Structure

Articular cartilage is a smooth layer of connective tissue that covers the surfaces of
bones where they meet in diarthrodial joints (also known as synovial joints)?. This
type of cartilage serves two major functions in the human skeletal structure: 1)
providing near frictionless motion and 2) counteracting the impact of the
compressive forces experienced across the joint during use?. The superficial zone
of the cartilage is in direct contact with the synovial fluid within the joint capsule
which lubricates the joint, whereas the deep zone transitions into a layer of calcified
cartilage that is attached to the underlying subchondral bone.

Cartilage Composition

The articular cartilage consists of both cells and an ECM. Chondrocytes derived
from MSCs are sparsely distributed throughout cartilage and constitute only 2% of
the total articular cartilage volume?®*, although their distribution varies throughout
the cartilage (Figure 2). The chondrocytes are crucial for maintaining the cartilage
ECM and its lack of vascularization®. Of the cartilage ECM, tissue fluid represents
between 65% and 80% of the total weight of articular cartilage?®. The flow of water
through the cartilage and across the articular surface helps to transport and distribute
nutrients to chondrocytes, in addition to providing joint lubrication?’. Collagens and
proteoglycans account for the majority of the remaining dry weight, but lipids,
phospholipids, non-collagenous proteins, and glycoproteins are also present in
smaller quantities’”. The most abundant structural macromolecule in the joint
cartilage ECM is collagen, approximately 60% of the dry weight, of which type 11
collagen represents 90-95%?27. Minor cartilage collagens, including types I, IV, V,
VI, IX, and XI, help form and stabilize the type II collagen fibril network?’. Type II
collagen is a fibril-forming collagen and is composed of three identical al(Il)
chains®® that form a trimeric collagen triple helix?. In the cartilage, type I collagen
is typically co-assembled with type XI collagen by covalent cross-linkage where it
interacts with small leucine-rich proteoglycans that influence the fibrillar structure
and function®®. The stability and strength of type II collagen provide the cartilage
with structural integrity and resistance to stress>’. Proteoglycans, such as aggrecan,
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constitute 10% to 15% of the wet weight*’. Aggrecan is important for fluid
pressurization of articular cartilage, which helps support the articular cartilage
surface®!2. The ability of cartilage to resist compression is directly associated with
high levels of aggrecan in the cartilage ECM?*. Like all proteoglycans, aggrecan
consists of a core protein with covalently attached sulfated glycosaminoglycans
(GAGs)®. By retaining large amounts of water, primarily due to the negative
charges of the GAGs, the cartilage can resist compressive forces as the aggrecans
repel one another®.
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Figure 2. Schematic Representation of the Bone—Cartilage Interface in a Diarthrodial Joint.

This figure illustrates the principal organization of the bone—cartilage interface in a diarthrodial joint, using the knee
joint as an example. The non-calcified articular cartilage can be divided into three zones, the superficial, the middle
and the deep zone. These zones have some differences in chondrocyte organization and ECM composition. The
tidemark separates the non-calcified cartilage from the calcified cartilage. The calcified cartilage has a composition
that is similar to the non-calcified cartilage, but it is calcified with hydroxyapatite mineral and contains hypertrophic
chondrocytes. Unlike non-calcified cartilage, which is avascular, calcified cartilage is vascularized. The non-calcified
cartilage, calcified cartilage and underlying subchondral bone together form the osteochondral junction, which is
crucial for transforming shear stress into compressive and tensile stress during loading and motion. The subchondral
bone, which is cortical in nature, transitions into trabecular bone which is interspersed with bone marrow. The bone is
inhabited by osteocytes, and osteoclasts degrade the subchondral bone during remodeling.

Bone—Cartilage Interface

Beneath the non-calcified articular cartilage, separated by the tidemark, lies a layer
of calcified cartilage (Figure 2). The calcified cartilage differs from non-calcified
cartilage in several aspects, particularly with regard to its mineralization,
vascularization and innervation, and the hypertrophic state of the chondrocytes®.
Non-calcified cartilage is normally aneural and avascular®®, but calcified cartilage
has a blood supply via vascular channels through the subchondral bone®. The
calcified cartilage anchors the cartilage into the subchondral bone and, together with
the non-calcified cartilage and the subchondral bone, form the osteochondral
junction. The osteochondral junction transforms shear stress from loading and
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motion into compressive and tensile stress via undulations in the ECMs*%¥. In
addition to the osteochondral junction’s role in resisting stress during loading, recent
studies have suggested that there may be direct signaling and transportation of
solutes between subchondral bone and the articular cartilage by diffusion through
pores in their ECMs***. This cross-talk across the bone—cartilage interface is
affected by the thickness and porosity of the subchondral bone as well as cartilage
thickness*, which may be increased in rheumatic disease>%.

Osteoclasts

Osteoclasts are tartrate-resistant acid phosphatase (TRAP)-positive multinucleated
cells that are uniquely capable of resorbing the calcified and non-calcified bone
matrices. Although osteoclasts play a crucial role in healthy skeletal development
and maintenance, they may also contribute to metabolic bone diseases and
rheumatic diseases. As such, osteoclastogenesis, bone resorption and bone
remodeling are normally highly regulated processes.

Osteoclastogenesis

Osteoclasts are derived from hematopoietic stem cells (HSCs) via the monocytic
lineage. HSCs differentiate into CD14" monocytes directed by cytokines and
transcription factors, including PU.14°*2. Further differentiation is extensively
regulated by cytokines, many of which are derived from osteoblast lineage cells.
Osteoblast lineage cells—including osteoblasts and osteocytes—are important
sources of osteoclastogenesis-regulating cytokines*’ (a basic schematic overview
can be found in Figure 3), the most important of which are macrophage colony-
stimulating factor (M-CSF)*, receptor activator of nuclear factor kB (NFkB,
[RANK]) ligand (RANKL)** and osteoprotegerin (OPG)*!. M-CSF primes
early osteoclast precursors by binding to the colony stimulating factor 1 receptor
(CSF1R), which stimulates proliferation?, survival®, and the expression of RANK in
early osteoclast precursors’>33. M-CSF also plays a role in cytoskeleton
rearrangement, together with the integrin avPs, by stimulating a c-Src-initiated
signaling complex®**. The RANK receptor is then stimulated by RANKL4#8—
which can be prevented by the soluble RANKL decoy receptor OPG* or the
membrane-bound leucine-rich repeat-containing G-protein-coupled receptor 4
(LGR4), which binds RANKL and decreases expression and activity of nuclear
factor of activated T-cells, cytoplasmic 1 (NFATc1)"—and results in fusion and
maturation of osteoclast precursors, mediated by a number of crucial pathways
including tumor necrosis factor (TNF) receptor associated factor 6 (TRAF6), NFxB,
NFATcl, c-Fos, c-Src, microphthalmia-associated transcription factor (MITF),
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dendritic cell-specific transmembrane protein (DC-STAMP) and osteoclast-
stimulatory transmembrane protein (OC-STAMP)*-3-64 The committed osteoclasts
attach to the ECM and undergo final changes that will enable them to resorb bone,
including expressing tartrate-resistant acid phosphatase (TRAP)®, cathepsin K%,
MMPs®’, chloride voltage-gated channel 7 (CIC-7)%, osteopetrosis-associated
transmembrane protein 1 (OSTM1)*°, vacuolar-type H*-ATPase (V-ATPase)’’,
V-ATPase a3 subunit (also known as T-cell immune regulator 1 [TCIRG1])">73,
carbonic anhydrase II (CAII)™*", and anion exchanger 2 (AE2)7*—all of which are
important for normal resorption—as well as the calcitonin receptor (CTR), which
the hormone calcitonin interacts with to inhibit bone resorption’
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Figure 3. Schematic Overview of RANKL-Mediated Osteoclastogenesis and Coupling.

Osteoclasts are derived from HSCs that differentiate into osteoclasts via M-CSF and RANKL-mediated
osteoclastogenesis. After lineage commitment of the HSCs and differentiation into monocytes, expressing the M-CSF
receptor CSF1R, M-CSF primes the monocytes into becoming early osteoclast precursors that express RANK. Upon
RANKL stimulation, the precursors become committed, attach to the ECM, and eventually fuse—mediated by DC-
STAMP and OC-STAMP. c-Src and integrin av3s mediate the required cytoskeletal rearrangement, polarization of the
osteoclasts and formation of the sealing zone. The mature resorbing osteoclasts express proteases, proton pumps
and other proteins required for acidification and proteolysis of the bone ECM. Throughout the whole process, M-CSF
and RANKL—chiefly derived from osteoblasts and osteocytes—are required to stimulate proliferation, differentiation,
survival, and resorption, which the RANKL decoy receptor OPG can inhibit. The osteoblasts, osteocytes, osteoclasts
and their respective activities regulate each other throughout the process, in a phenomenon called coupling.
Genes/proteins that are of particular importance have been indicated in the illustration.

The Bone Resorption Process

As the osteoclasts reach the bone surface, they attach to the bone using membrane-
bound integrins. The integrin avfs3, also known as the vitronectin receptor, facilitates
the osteoclast attaching to bone by binding to the RGD (Arg-Gly-Asp) motif in bone
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matrix components, such as the glycoproteins vitronectin or osteopontin that are
abundant in bone”®%°. As the osteoclasts bind to the bone matrix, this activates the
osteoclast’s resorptive behavior and triggers polarization signals®*—mediated by c-
Src, Syk and proline-rich tyrosine kinase 2 polarization®' 3, Secretory lysosomes
associate with microtubules and are trafficked, mediated by TCIRG1% interacting
with Rab7, toward the bone-apposed cell membrane where they fuse with the
membrane through exocytosis and form the ruffled border of the osteoclast®!.
Resorption lacunae (or Howship’s lacunae) are formed as sealed compartments
between the osteoclast and the bone surface that are isolated from the extracellular
milieu by the sealing zone (Figure 4). The sealing zone is formed by a rearrangement
of the cytoskeletal F-actin into actin rings, in response to ovf3 binding to the bone
matrix, that create a tight seal between the attached osteoclast and the bone
surface®’%,
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Figure 4. Schematic Representation of a Bone-Resorbing Osteoclast.

Osteoclasts attach to the bone, mediated by integrin avBs, and form the sealing zone. V-ATPase-containing secretory
lysosomes fuse with the basolateral cell membrane to form the ruffled border. The V-ATPase dephosphorylates ATP
to secrete protons—derived from the conversion of carbon dioxide and water into carbonic acid, that dissociates into
bicarbonate and protons, by CAll—that acidify the resorption lacunae and dissolve the hydroxyapatite. To maintain
electroneutrality, the CIC-7/OSTM1 antiporter secretes chloride ions, derived from the AE2 bicarbonate/chloride
antiporter, and takes up protons. Secretory lysosomes or secretory vesicles fuse with the ruffled border to secrete
TRAP, MMPs, and cathepsin K that hydrolyze the denuded collagen. Collagen and hydroxyapatite degradation
products, like CTX-I, are taken up by the osteoclasts and are secreted from the functional secretory domain, located
at the apical membrane (portrayed here at the lateral membrane), through transcytosis.

The mineralized bone matrix can now be dissolved through the acidification of the
resorption lacunae mediated by the V-ATPase, contained in the membranes of
secretory lysosomes fusing with the cell membrane®®-°! at the ruffled border, as well
as the CIC-7/OSTM1 2CI1/1H" antiporter which maintains electroneutrality across
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the cell membrane®>® (Figure 4). The V-ATPase dephosphorylates adenosine
triphosphate (ATP), converting it into adenosine diphosphate (ADP), to pump
protons into the resorption lacunae. These protons are provided through the
conversion of carbon dioxide and water into carbonic acid, catalyzed by CAII"*7>,
that then dissociates into hydrogen ions and bicarbonate. The remaining bicarbonate
is removed from the osteoclast by the passive chloride-bicarbonate antiporter AE2
in the lateral and apical cell membrane®’, which also provides the chloride ions
needed for electroneutrality during the acidification process. The acidification of the
resorption lacunae and the resulting low pH of approximately 4.5 is sufficient to
dissolve the hydroxyapatite-rich calcified bone matrix®, thereby releasing free Ca*
from the mineral. The increased Ca** levels can be sensed by the osteoclasts and
exposure to high levels of extracellular Ca** levels results in less resorption and
increased osteoclast apoptosis®®.

After dissolution of the inorganic matrix, the organic bone matrix is degraded by
proteases secreted from the osteoclasts in secretory lysosomes or secretory vesicles
(Figure 4). These proteases are mainly cysteine proteases®’—predominantly
cathepsin K®—and the zinc-dependent proteolytic MMPs®’. Cathepsin K is highly
dependent on an acidified resorption lacunae to function®'®, It is produced by
osteoclasts as an inactive zymogen which is activated by low pH'’!, such as that of
lysosomes, endolysosomes and the resorption lacunae. Cathepsin K is highly
important for bone resorption and cathepsin K deficiency is known to result in the
metabolic bone disease pycnodysostosis!?, a rare autosomal recessive skeletal
dysplasia that presents with increased bone density in long bones, short stature, open
fontanels and cranial sutures, fractures, obtuse mandibular angle, and acroosteolysis
of the distal phalanges. While MMPs have been strongly indicated to contribute to
bone resorption, their specific role is less clear'®!1%, MMP deficiencies typically
result in a broad range of symptoms, due to MMPs being more generally expressed
and involved in the remodeling of a large number of different ECMs, depending on
which specific MMP is affected'®!%, Osteoclasts have been shown to express
MMP-9,-12, -13, and -14, but no single MMP has been shown to be critical for bone
resorption'”’. MMP-9,-13 and -14 have all been shown to affect bone metabolism
or bone development in knockout studies in mice!%!%, but these effects do not
necessarily need to be osteoclast-mediated. MMPs also play a vital role during bone
development in endochondral ossification'¥, where chondrocyte-derived MMPs
also contribute to cartilage and type II collagen degradation. Hence, developmental
bone phenotypes due to MMP deficiencies may be chondrocyte- and cartilage-
related, in addition to potential osteoclast-related effects. Osteoclasts also secrete
TRAP, particularly the osteoclast-specific isoform 5b'%, that produces reactive
oxygen species that can degrade collagens®. TRAP is also present in osteoclast
transcytotic vesicles, suggesting that they may also aid in degrading endocytosed
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materials inside the cell. The enzymatic activity of secreted TRAP 5b and TRAP
can be used as an indicator of relative osteoclast numbers!'%%1%,

As cathepsin K and MMPs degrade the type I collagen, the protease-specific
degradation fragment neo-epitope biomarkers C-telopeptide of type I collagen
(CTX-I) and carboxy-terminal telopeptide of type I collagen (ICTP) are
released!%*!%, CTX-I and ICTP are secreted by the osteoclasts into the extracellular
space via transcytosis. Resorption by-products are taken up by the osteoclasts
through endocytosis in transcytotic vesicles, where they may be degraded further,
that migrate via the microtubules to the functional secretory domain (FSD) on the
apical side of the osteoclast at the ECM-opposed membrane, where the contents are
finally released through exocytosis''’. After a number of resorption cycles, the
osteoclasts eventually undergo apoptosis.

Bone Remodeling

Bone is a dynamic material and is constantly undergoing remodeling to maintain its
strength, repair damaged bone and allow for growth of bones. The remodeling
process is a highly coordinated balancing act between bone formation and bone
resorption carried out by the bone remodeling unit (BRU), or basic multicellular
unit (BMU), consisting of osteoclasts, osteoblasts, osteocytes, BLCs and reversal
cells. The following section provides a simplified overview of some of the central
concepts of the bone remodeling cycle, the BRU, and its components.

Bone Resorption Phase

The remodeling process starts with recruitment and differentiation of osteoclast
precursors. Osteoclastogenesis is highly regulated on a systemic level and on a local
level—through coupling between bone cells. On a systemic level, the most
important regulator of osteoclastogenesis is parathyroid hormone (PTH). The
synthesis and secretion of PTH is regulated by the calcium-sensing receptor (CaSR)
in the parathyroid cell membrane; low levels of Ca®" in blood results in low Ca?*
occupancy in CaSR which triggers increased PTH synthesis and secretion!!'!. The
effects of PTH varies and depends on the exposure. For instance, chronically
elevated PTH levels such as in patients with hyperparathyroidism are known to
result in bone loss, whereas intermittent PTH administration stimulates bone
formation'!?. The effects of PTH on osteoclasts are mediated by the PTH receptor
PTHIR, expressed in osteoblasts and osteocytes!'>!'* modulating RANKL and
OPG expression'> 7. PTH also stimulates the expression of monocyte
chemoattractant protein-1 (MCP-1) in osteoblasts, which increases recruitment and
fusion of osteoclast precursors!!'®. Through these mediators, CaSR and PTH are
important regulators of Ca?>" homeostasis.
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Another important systemic regulator of osteoclastogenesis is estrogen; estrogen has
osteoprotective effects by inducing osteoclast apoptosis!!'®!?* or by inhibiting
osteoclastogenesis'?*!?!, through binding to the osteoclastic estrogen receptor
alpha!*»'23, Accordingly, estrogen is an important contributor to osteoporosis in
postmenopausal women. Many other hormones also affect osteoclastogenesis and
bone resorption, but these are outside the scope of this dissertation. Inflammatory
processes may also contribute to osteoclastogenesis in ways that are relevant for this
dissertation, but these will be discussed separately in the ECM Remodeling in
Rheumatic Diseases section.

Although the above mentioned factors contribute to systemic osteoclastogenesis and
osteoclast activity regulation, what exactly causes the recruitment of osteoclast
precursors to a bone remodeling site is not known. However, apoptosis of osteocytes
is thought to cause BLCs to form a bone remodeling compartment and signal to
other osteocytes or osteoblasts to change the expression of pro- and anti-
osteoclastogenic cytokines'?*. As the osteoclasts attach to the bone, the BLCs retract
to give way to the osteoclasts!?. The osteoclasts then resorb bone, as previously
described (Figure 4), releasing bone degradation products and communicating with
adjacent cells, e.g. osteocytes and osteoblasts, that all regulate each other through
coupling (Figure 3). The bone marrow mesenchymal envelope, formed by
mesenchymal cells, forms a canopy over the remodeling site and is an important
source of osteoprogenitors'?®. These mesenchymal cells can differentiate into
mature osteoblasts'?” which may then contribute to bone formation. The canopy also
connects the remodeling sites with bone marrow capillaries'?®, particularly above
osteoclasts'*, which may serve as an access route for additional osteoclast and
osteoblast precursors.

Reversal Phase

The precise mechanism through which the switch from bone resorption to bone
formation is regulated is not known. However, many recent studies indicate that
reversal cells are a crucial link between bone resorption and bone formation. The
reversal cells colonize the reversal surface—the recently eroded bone—
immediately after resorption, prior to osteoblasts, and are osteoblast-lineage cells
that have an important role in rendering the eroded surfaces osteogenic'?’. While
reversal cells tend to be placed temporally between osteoclasts and osteoblasts in
the BRU concept, this is actually a too simplistic view. Reversal and resorption can
in fact be a mixed state where reversal cells and osteoclasts alternate in their activity
on reversal surfaces—although after bone formation has commenced, osteoclasts
are no longer present'°.

The reversal cells immediately adjacent to osteoclasts have direct cell-cell contact
with the osteoclasts and express the osteoblastic marker Runt-related transcription
factor 2 (RUNX2) and have TRAP-positive intracellular vesicles, without
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expressing any TRAP themselves'”, suggesting osteoclast-reversal cell
communication. The bone matrix and the reversal surface is known to contain
osteoclast products, including TRAP'!, which may stimulate osteoblastogenesis'*.
There has even been some evidence that reversal cells may progressively
differentiate into bone-forming osteoblasts'?’. Bone surfaces under reversal cells
have also been shown to contain the type I collagen %-fragment—whereas bone
surfaces under osteoblasts do not—which is taken up by reversal cells; the reversal
cells are MMP-13 positive and express the endocytic collagen receptor Endo180,
indicating that reversal cells might secrete proteases to degrade and endocytose
collagen fragments from eroded bone surfaces prior to bone formation'* to render
the reversal surface osteogenic. Furthermore, the reversal surface has a markedly
increased cell density compared to the BLC density on quiescent bone surfaces, and
bone formation will only be initiated on the reversal surface above a certain
threshold of osteoblasts/osteoprogenitors!?%!3; bone remodeling will fail if this cell

density enrichment is lacking!*.

Assuming that reversal does not fail, the bone formation phase will follow.
Osteoblasts form bone as previously described on the reversal surfaces, after which
the osteoblasts either undergo apoptosis or differentiate into BLCs or osteocytes.

Coupling

Another key mechanism for transitioning between bone resorption and bone
formation, as well as in regulating the homeostasis between the two processes, is
coupling. These coupling factors can be divided into four main categories:
resorption-mediated ECM-derived signals, osteoclast-secreted factors, membrane-
bound osteoclast-derived factors, and topographical changes in the bone surface
mediated by the osteoclasts!**. Additionally, coupling factors are also derived from
osteoblasts and osteocytes. A plethora of coupling factors regulating
osteoclastogenesis, osteoblastogenesis, bone resorption, and bone formation have
been described in the scientific literature in recent years, and have been extensively
reviewed elsewhere?*!35136 A selection of important coupling factors and their
effects are listed in Table 1 and are illustrated in Figure 3, with a particular focus on
paracrine signaling and coupling factors between osteoclasts, osteoblasts, and
osteocytes.

One coupling factor, extracellular Ca>" levels, is of particular importance for this
dissertation. Similarly to their systemic regulatory role, extracellular Ca** levels are
also an important regulator of resorption locally. Elevated extracellular Ca** levels
induce osteoclast apoptosis®®. Hence, osteoclasts actively resorbing the
hydroxyapatite in the calcified bone matrix results in Ca?* release, which in turn
results in a negative feedback loop that reduces both osteoclast numbers and bone
resorption.
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Table 1. Overview of Coupling Factors.

Abbreviations: BMP-6, bone morphogenetic protein 6; CT-1, cardiotrophin-1; CTHRC1, collagen triple helix repeat
containing 1; EFNB2, ephrin B2; EphB4, ephrin type-B receptor 4; IFNB, interferon B; NRP1, neuropilin-1; PDGF-BB,
platelet-derived growth factor BB; Ror2, receptor tyrosine kinase-like orphan receptor 2; S1P, sphingosine-1-phosphate;
SEMAS3A, semaphorin 3A; SEMA4D, semaphorin 4D; SOST, sclerostin.

Coupling factor Source Effects
Extracellular Ca®* Bone resorption Osteoclast apoptosis®®
Decreases osteoblastogenesis*®
Decreases osteoblast activity and bone formation'’
SOST Osteocytes Decreases osteocyte OPG expression'3®
Increases osteocyte RANKL expression'3®
Increases osteoclast CAll, cathepsin K, and TRAP expression'®®

IFNB Osteoclasts Decreases osteoclastogenesis '

Increases bone formation #1142
BMP-6 Osteoclasts Decreases bone resorption4"142

Osteoprogenitor recruitment'42143
CTHRCA1 Osteoclasts Increases osteoblastogenesis'#

Increases osteoblast RANKL expression'#®
Secreted S1P Osteoclasts Increases osteoblast survival®

Increases osteoblast chemotaxis'®
Intracellular S1P Osteoclasts Decreases osteoclastogenesis'®

Increases bone formation'46
SEMA4D Osteoclasts Increases osteoblast mobility'6
CT-1 Osteoclasts Important for bone resorption and bone formation'#’
PDGF-BB Osteoclasts Increases migration and osteogenic differentiation of MSCs'48
EFNB2 Osteoclasts Decreases osteoclastogenesis'®
EphB4 Osteoblasts Increases bone formation'#®
Wnt10B Osteoclasts Increases osteoblastogenesis'>°
Wnt5A Osteoblasts Increases osteoblast RANK expression 51152
Ror2 Osteoclasts

Decreases osteoclastogenesis'®?
Wnt16 Osteoblasts Interfering with RANK signaling'®?

Increases OPG expression in osteoblasts's®
SEMA3A Osteoblasts Decreases RANKL-induced osteoclastogenesis'®*
NRP1 Osteoclasts Increases osteoblastogenesis'>*

Remodeling Failure

When bone remodeling fails, through failed bone resorption, failed bone formation,
failed reversal, and/or uncoupling, this results in metabolic bone diseases. These can
be categorized into two main groups: osteoporosis and osteopetrosis.

Osteoporosis is characterized by the World Health Organization (WHO) as a
“progressive systemic skeletal disease characterized by low bone mass and
microarchitectural deterioration of bone tissue, with a consequent increase in bone
fragility and susceptibility to fracture”'>. Osteoporosis is due to an imbalance
between bone resorption and bone formation, where bone resorption has gained the
upper hand, and is a common condition amongst the elderly. Arrested reversal
surfaces, reversal surfaces where bone formation has failed to occur, has been
observed in postmenopausal osteoporotic women'33. On these surfaces, far away
from ongoing resorption or bone formation, the cell density is lower than that on
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active reversal surfaces and there is deficient canopy coverage!**. Interestingly,
bisphosphonate treatment—which is toxic to osteoclasts—inhibits both bone
resorption as well as bone formation, and has been shown to reduce canopy coverage
above resorbing osteoclasts'*®. In contrast, the antiresorptive odanacatib, a cathepsin
K inhibitor, does not affect bone formation negatively or reduce canopy coverage'.

Osteoporosis can be treated quite effectively with a range of antiresorptives and
bone anabolic agents—including bisphosphonates, hormone replacement therapy
(HRT), estrogen receptor modulators, recombinant PTH, and RANKL-neutralizing
antibodies—but bisphosphonates are typically first line treatments due to their low
cost and broad spectrum of anti-fracture efficacy'”’. Bisphosphonates are a
particularly important class of antiresorptive drugs, based on chemically stable
derivatives of inorganic pyrophosphate (PPi) containing a central non-hydrolyzable
carbon'*®. Both bisphosphonates and PPi have very high affinity for hydroxyapatite
and inhibit further calcification'® as well as the dissolution of hydroxyapatite upon
binding!®’. Due to the similarity of early bisphosphonates and PPi, it has been
speculated that their metabolization into toxic non-hydrolyzable ATP analogs
insides cells'®! may be an additional mode of action. Modern bisphosphonates,
however, are not metabolized into ATP; rather, they contain nitrogen groups that
enhance their potency by inhibiting farnesyl pyrophosphate synthase, inhibiting the
mevalonate pathway, preventing prenylation of guanosine triphosphate (GTP)-
binding proteins—important for cytoskeleton rearrangement, ruffled border
formation, osteoclastogenesis, and survival'®>—and ultimately lead to osteoclast

apoptosis'®.

Using the therapeutic approaches described above, osteoporosis can be managed
relatively well today. However, osteopetrosis is a much more severe disease—albeit
much rarer—with very limited treatment options and limited treatment success.

Osteopetrosis

Osteopetrosis is a heterogeneous group of rare hereditary diseases characterized by
increased bone density. They are typically caused by mutations in genes related to
osteoclastogenesis or osteoclast function and can range in severity from mild to
lethal'®*. There are many genetic bases underlying osteopetrosis, but they can be
categorized into two main groups by their inheritance pattern and severity: infantile
malignant osteopetrosis (IMO)—also known as autosomal recessive osteopetrosis
(ARO)—and autosomal dominant osteopetrosis (ADO), which is typically less
severe. In addition to these two main groups, several syndromic forms of
osteopetrosis have been reported in recent years'®. This dissertation will focus on
the most common forms of human IMO.

36



Infantile Malignant Osteopetrosis

IMO, is a very rare, congenital, hereditary disease, with an average incidence of
around 1:300 000 births'®. IMO can be caused by mutations in several different
genes related to osteoclast function or osteoclastogenesis, as outlined in Table 2, but
mutations in TCIRG1 (51-53%) or CLCN7 (17.5%) are the most common'¢41¢—
CLCN7 mutations are also the most common cause of ADO (80%)'®*. From a
clinical perspective, IMO is characterized by non-functional or absent osteoclasts,
increased bone density and fractures, and typically leads to bone marrow failure,
hepatosplenomegaly and eventually death, unless treated with a HSC transplant
(HSCT)!%7-16__although not all forms are treatable. The increased fracture
frequency is thought in part to be due to increased bone density but also due to an
altered bone quality, such as an increased presence of immature woven bone and a
failure to resorb calcified cartilage and replace it with bone during bone
development!'”’. Other IMO features present at diagnosis can include moderate to
severe vision impairment, macrocephaly, hydrocephalus, fractures, short stature,
need for transfusional support, developmental delay, hypocalcaemia and low serum
immunoglobulin levels, depending on the genes and the mutations involved!'’!. IMO
patients can also suffer from a range of neurological symptoms dependent on the
mutations involved, including motor delays, cognitive delays, language problems,
behavioral disorders, epilepsy, and various forms of encelopathy as observed during
follow-up after treatment'”!, indicating that many of these symptoms are
irreversible.

Table 2. Overview of Genes Involved in Human IMO.
This table is an overview of genes with known IMO-causing mutations arranged in order of frequency, as reviewed by
Sobacchi et al.'® and Palagano et al.'®*

Gene Protein Phenotype Percent of IMO cases

TCIRG1 TCIRG1 (a3) & TIRC7 Osteoclast-rich/non-functional 50.0%

CLCN7 CIC-7 Osteoclast-rich/non-functional 17.5%

OSTM1 OSTM1 Osteoclast-rich/non-functional 5.0%
TNFRSF11A RANK Osteoclast-poor 5.0%

SNX10 SNX10 Osteoclast-rich/non-functional 4.5%
TNFRSF11 RANKL Osteoclast-poor 2.0%

CA2 CAll Osteoclast-rich/non-functional <1:108
PLEKHM1 PLEKHM1 Osteoclast-rich/non-functional 2 patients reported

The loss of function of the genes described above results in IMO through several
different mechanisms, but one key mechanism is the presence of non-functional
osteoclasts, i.e. an osteoclast-rich phenotype, or the absence of osteoclasts, i.e. an
osteoclast-poor phenotype. TCIRGI, CLCN7, OSTMI, SNXI10, CA2, and
PLEKHM]1 all encode proteins involved in the acidification of the resorption
lacunae and/or in vesicular transport!®#!%, Mutations in these genes result in
osteoclast-rich osteopetrosis with present but non-functional osteoclasts, whereas
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TNFRSF11A4 and TNFRSF11 mutations interfere with RANK/RANKL signaling
and result in osteoclast-poor osteopetrosis!®+166,

TCIRGI encodes the TCIRGI protein, also known as the a3 isoform of the V-
ATPase a subunit, as well as the T-cell immune response cDNA 7 (TIRC7) through
alternative splicing!”?. TCIRG1 and TIRC7 have highly similar exon-intron
organization, but have different transcription start sites'”>. TCIRG1 is essential for
both normal function of the osteoclast V-ATPase as well as for secretory lysosome
trafficking to the ruffled border® and ruffled border formation'®*. The a3 subunit of
the V-ATPase is preferentially expressed in osteoclasts!’, although it has also been
found in other tissues®!'7*, and most other V-ATPase complexes utilize other a
subunit isoforms. IMO is recapitulated in the oc/oc mouse strain, a naturally
occurring strain with mutations in fcirg/ resulting in the murine version of IMO!'"
that presents with a highly similar phenotype. Without treatment, TCIRG1-deficient
patients typically die before the age of 10!, often due to bone marrow failure or
infection'’®. However, recently described intronic TCIRGI mutations have been
reported to cause less severe cases of IMO!77!78, TIRC7, the alternative transcript
of TCIRG1, is known to be important for T cell activation and immune response
regulation; allograft rejection and inflammatory or autoimmune diseases have been
shown to be associated with TIRC7 levels or TIRC7 expression'”'%, TCIRGI-
deficient IMO patients may lack TIRC7'®!, but its relevance for IMO remains
unclear.

CLCN?7 encodes the chloride channel CIC-7 which, as previously mentioned, is an
essential part of the CIC-7/OSTMI antiporter that is crucial for maintaining
electroneutrality in osteoclasts during acidification. CIC-7 may also be involved in
lysosomal trafficking'®?, but this requires further investigation. In addition to
causing osteopetrosis®®, CIC-7 deficiency can result in a range of neurological
symptoms, including hydrocephalus, neuronal lysosomal storage diseases,
neurodegeneration, and other neurological symptoms®*!®¢17! Such neurological
symptoms are less common in TCIRG1-deficient IMO'"®*!7! " as several of the
neurological symptoms resulting from CIC-7 deficiency are due to primary effects
in neurons rather than due to the bone phenotype.

Osteopetrosis-associated transmembrane protein 1 (OSTM1) is very important for
resorption, as its highly glycosylated N-terminus stabilizes CIC-7, protects it from
lysosomal degradation, and contributes critically to the 2CI/1H" exchange®°.
Mutations in OSTM1 often result in truncation, and secreted truncated OSTM1 has
been shown to inhibit osteoclastogenesis in vitro, providing an additional potential
pathogenic mechanism'?. OSTM1 binding partners other than CIC-7 have been
identified in the cytosol, suggesting a role for OSTMI in intracellular trafficking
and as an adaptor molecule for cytosolic scaffolding multi-protein complexes'®.
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Patients with OSTM1-deficient IMO suffer from an extremely severe phenotype
with rapidly progressing primary neurodegeneration'8>186,

Mutations in the genes encoding RANK 87188 and RANKL'#1°—tumor necrosis
factor receptor superfamily member 11A (TNFRSF114) and tumor necrosis factor
receptor superfamily member 11 (TNFRSFI1)—both directly interfere with
RANK/RANKL signaling, resulting in an osteoclast-poor osteopetrosis. It is
however worth noting that the RANK-deficient effects on osteoclastogenesis are
mediated by cells of hematopoietic lineages, whereas RANKIL-deficient effects are
mediated by mesenchymal lineages—particularly the osteoblastic lineages.
Although the net effect is the same, in terms of osteoclastogenesis, it makes a
significant difference for therapeutic opportunities for the two genotypes.

Sorting nexin 10 (SNX10) is involved in protein sorting and membrane trafficking,
mediated by protein-protein and protein-lipid interactions, and interacts with the V-
ATPase to regulate its subcellular trafficking!®!. SNX10-deficient IMO results in a
defective ruffled border and inability to resorb!>. Additionally, SNX10 has also
been suggested to play a role for MMP-9 trafficking and secretion'®.

Patients with CAll-deficient IMO present with osteopetrosis, renal tubular acidosis
(RTA) and cerebral calcifications'®* ', CAll-deficient IMO results in an
osteoclast-rich ostepetrosis'®’ with a relatively mild bone phenotype and severity for
being classified as IMO'"*!%5| and hence the RTA and possible neurodegeneration
are of greater concern than the osteopetrotic phenotype in these patients.

Pleckstrin homology domain-containing family M member 1 (PLEKHM]1) is a
cytosolic protein that has been implicated in endosomal trafficking through
interactions with small guanosine triphosphatases (GTPases), including Rab7 and
Arl8181%  PLEKHMI also participates in the fusion of autophagosomes and
lysosomes®, which is of crucial importance for protein aggregate clearance and
bone resorption. PLEKHM 1 mutations may result in impaired lysosomal trafficking
and secretion, ruffled border, acidification, and bone resorption®®!. Osteopetrotic
mutations in PLEKHM1 have only been reported in two patients to date**2%3,

In addition to the direct effects of having non-functional or absent osteoclasts on the
bone phenotype as described above, the osteoclast-rich and osteoclast-poor
phenotypes also impact the bone phenotype differently through coupling
mechanisms. Although resorption levels decrease to similar levels in adult mice
transplanted with HSCs from RANK-deficient mice or oc/oc mice, the resulting
bone formation levels are not equal; adult mice with an osteoclast-rich osteopetrotic
phenotype have increased bone formation parameters, such as mineral apposition
rate (MAR) and bone formation rate per bone surface (BFR/BS), compared to
controls while those with osteoclast-poor osteopetrosis do not?**. This illustrates the
uncoupling phenomenon that occurs when osteoclasts are present but resorption is
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dysfunctional. In an osteoclast-rich osteopetrotic phenotype, osteoclasts can exert a
bone anabolic role that does not occur in osteoclast-poor osteopetrosis. Hence,
aberrant bone mass and bone quality in osteopetrosis is not just a matter of absent
bone resorption—it may also be a result of abnormal bone formation through
uncoupling.

Current Treatment

As previously stated, IMO is the most severe form of osteopetrosis and treatment as
soon as possible after diagnosis is of the essence. The only treatment available today
is an allogeneic HSCT. Optimal engraftment and treatment results of an HSCT are
obtained when using HSCs from a human leukocyte antigen (HLA)-identical
sibling. The overall survival after an HSCT is 60-65%'%02%2% and below 50% for
cases who do not have an HL A-identical sibling donor, which is approximately 70%
of cases?”’. Attempts at bypassing the need for an HLA-identical donor using
unrelated umbilical cord blood have so far been unsuccessful?®®. However, different
strategies for transplanting HLA-haploidentical hematopoietic progenitor cells has
shown some promise??7-20%219,

It should however be noted that an HSCT is not suitable for all IMO patients. For
instance, patients with RANKL mutations will not be cured by an HSCT as the main
sources of RANKL for osteoclastogenesis—osteoblasts and osteocytes—are of
mesenchymal origin, and HSCT has been shown to not be beneficial in RANKL-
deficient IMO'. In contrast, RANK-deficient IMO is curable by HSCT*!''*2,
Furthermore, HSCT cannot prevent or treat the neurodegenerative disease that is
present in a subgroup of IMO patients?"®. Patients with OSTMI mutations, as well
as some with CLCN7 mutations, suffer from severe neurodegenerative disease and
will not survive, regardless of treatment'®*. Currently, there are no approved curative
treatments available for RANKL-deficient or neurodegenerative IMO', although
pharmacological administration of RANKL may hold potential for RANKL-
deficiency®'.

Gene Therapy

Gene therapy is based on the concept of inserting genetic code into a cell with a
genetic defect to restore normal functionality or, in the case of gene editing, to insert,
correct or disrupt a gene. Depending on the disease and the target population of
cells, numerous different approaches can be used. For the purpose of treating
osteopetrosis, HSC-targeted gene therapy is ideal. HSC-targeted gene therapy with
host-integrating transgenes allows for sustained transduction of self-renewing HSCs
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and their daughter cells, and can therefore be used to provide long-term or
permanent rescue of a phenotype derived from genetic defects in HSC-derived
target cells®'>—such as osteoclasts.

Gene Therapy Targeting Hematopoietic Stem Cells

Early clinical trials of HSC-targeting gene therapy focused on the use of
gammaretroviral vectors. These trials had some success in for instance X-linked
severe combined immunodeficiency (X-SCID)*'%?!7, adenosine deaminase severe
combined immunodeficiency (ADA-SCID)*!8, and chronic granulomatous disease
(CGD)*". However, gammaretroviral integration tends to be near transcription start
sites?®, increasing the risk of insertional mutagenesis that may lead to increased
expression of oncogenes or proto-oncogenes. Accordingly, several X-SCID patients
developed leukemia due to insertional mutagenesis®?!??** as a result of their gene
therapy. Lentiviral vectors, retroviral vectors that are typically based on
immunodeficiency viruses, are less likely to cause mutagenesis by insertion in close
proximity to proto-oncogenes, resulting in an improved safety profile??*-%,
Lentiviral vectors based on human immunodeficiency virus (HIV)-1 have been
shown to be able to transduce HSCs in a stable and efficient manner?*>2?’. Due to
the ability of lentiviral vectors to transduce and integrate quiescent HSCs by nuclear
import, unlike gammaretroviral vectors that can only integrate in dividing cells as
they require the breakdown of the nuclear membrane to enter the nucleus, lentiviral
vectors have become the vector system of choice for HSC-targeted gene
215,228

therapy

To make gammaretroviral vectors safer, self-inactivating (SIN) vectors were
developed to abolish the endogenous enhancer and promoter activity of the
vectors??’, allowing for the use of added internal promoters to drive the transgene
expression instead. Subsequent clinical trials of SIN gammaretroviral vectors in X-
SCID patients have maintained the treatment efficacy while having less clustering
of insertion sites in lymphoid proto-oncogenes, although the long-term effects on
leukemogenesis remain unknown?. Lentiviral SIN vectors have been developed by
removing important replication and virulence genes from the viral genome?!-?32,
resulting in the production of replication-incompetent viral particles that are
produced using multiple different plasmids. The use of multiple plasmids reduces
the risk of recombination in the transfected virus production cell line (typically 293T
cells), thereby reducing the risk of generating replication-competent virions**. As
a further safety precaution, the oncogenic potential of retroviral vectors can be
assessed using in vitro immortalization (IVIM) assays. IVIM studies have shown
that SIN lentiviral vectors with physiological promoters, rather than viral promoters,
have a substantially reduced risk of insertional transformation compared to
gammaretroviral vectors or lentiviral vectors without these safety features?**2%,
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Clinical trials of HSC-targeting lentiviral vectors have been ongoing since the mid
2000’s, and a large number of lentiviral gene therapy treatments are currently in
development. Several promising clinical trials of various sizes have been described
in the literature, treating for instance sickle cell disease®®, metachromatic
leukodystrophy?¥’, Wiskott-Aldrich syndrome?*?3°, transfusion-dependent -

thalassemia®?’, and cerebral adrenoleukodystrophy?*!.

IMO Gene Therapy Development

The main advantage of gene therapy for TCIRG1-deficient IMO over allogeneic
HSCT is the possibility of utilizing HSCs obtained from the IMO patients
themselves to expedite treatment. IMO HSCs can potentially be treated ex vivo and
subsequently transplanted back into the patient as an autologous graft (Figure 5),
thereby minimizing any immune response to the graft and in turn circumventing the
need for a suitable donor—potentially allowing for earlier treatment.

Pre-treatment Post-treatment

Blood HSC

(o]

TCIRG1 Osteoclast
vector

|

V-ATPases

N

IMO Normal
TCIRG1 TCIRG1

Figure 5. TCIRG1-Deficient IMO Gene Therapy Concept.

A TCIRG1-deficient IMO patient is unable to acidify resorption lacunae and resorb bone due to defects in the TCIRG1
subunit of the V-ATPase. Blood is obtained, possibly including a stem cell mobilization regimen, and HSCs are
isolated. This procedure can be repeated multiple times to achieve a suitable cell population. Isolated HSCs are then
treated with a TCIRG1-expressing vector ex vivo and the corrected HSCs are transplanted back as an autologous
graft, without the need for immunosuppression due to the autologous and ex vivo nature of the treatment. Functional
osteoclasts, capable of acidification, will then form spontaneously and normalize the bone phenotype over time.

In previous studies, the phenotype of oc/oc mice has been normalized by treating
oc/oc HSCs ex vivo with a gammaretroviral vector expressing murine fcirgl
complementary DNA (¢cDNA), followed by neonatal transplantation®*?. Due to the
relatively high risk of insertional mutagenesis and aberrant gene expression of
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adjacent genes after integration of the transgenes, the gammaretroviral vectors and
the strong constitutively active spleen focus-forming virus (SFFV) promoter used
are not optimal for clinical use. More recent studies have therefore focused on SIN
lentiviral vectors.

Using a proof-of-concept SIN lentiviral vector, containing human TCIRGI cDNA,
the SFFV promoter, and a green fluorescent protein (GFP) transgene marker, in vitro
transduction of human CD34" cells obtained from peripheral blood—corresponding
to hematopoietic stem and progenitor cells (HSPCs)—of IMO patients has been
demonstrated to restore resorptive function in osteoclasts generated from these
HSPCs?®. However, as this vector system contained both the SFFV promoter and
GFP, it remained unsuitable for clinical application. Interestingly, this study also
observed that TCIRG1 protein was only present in mature IMO osteoclasts and not
in HSPCs, despite the presence of TCIRG1 mRNA at all times®*. This indicates
that vector-derived TCIRG1 may be subjected to some form of inherent regulation
within osteoclasts and osteoclast precursors, but these preliminary observations
require further investigation.

These early proof-of-concept studies have assessed the potential for IMO gene
therapy in vivo by treating oc/oc HSCs with gene therapy and transplanting them
into oc/oc mice to assess phenotype rescue in mice, and in vitro by treating human
HSCs and assess the efficacy in osteoclast cell cultures. The ideal in vivo model for
IMO gene therapy development would be one that allowed for ex vivo correction of
human HSCs followed by transplantation into oc/oc mice to assess phenotype
rescue. However, human osteoclasts do not form in mice. HSC differentiation,
expansion and maintenance are highly regulated by transcription factors and
cytokines. In most cases, human and murine cytokine structure and function are
conserved, but there are exceptions. Murine M-CSF is unable to activate human
CSF1R?*, As the M-CSF acting upon osteoclasts and osteoclast precursors is
typically derived from cells of osteoblastic lineage*}, which in turn are derived from
MSCs, humanized mouse models generated by a human HSCT only express murine
M-CSF—thereby preventing human osteoclastogenesis in mice.

Humanized mouse models, usually generated by a human HSCT into
immunodeficient mice—such as NOD-scid IL2ry™! (NSG) mice—that will accept
a xenograft without immune rejection, have been a valuable tool for investigating
human hematopoiesis**’. However, they have been described to only have partially
functional humanized immune systems**®?*’. Previous studies have described
humanized mice with a human M-CSF (hM-CSF) knock-in—that in theory should
be able to support human osteoclastogenesis—resulting in more efficient
differentiation and enhanced frequencies of human monocytes and macrophages in
the bone marrow, spleen, peripheral blood, lungs, liver, and peritoneal cavity?*,

which is highly relevant for potential human osteoclastogenesis in vivo. While these
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findings clearly demonstrate the feasibility of overexpressing hM-CSF in
humanized mice to improve reconstitution of relevant monocytic lineages, this study
did not report any osteoclast-related findings. A lack of suitable mouse models for
generating human osteoclasts in vivo still remains at present.

ECM Remodeling in Rheumatic Diseases

The role of osteoclasts in bone remodeling, in health and disease, is well established.
Although osteoclasts have been strongly implied to have a role in degrading
cartilage, particularly in arthritis, direct osteoclastic cartilage resorption is not
universally accepted. Some researchers attribute cartilage resorption to cells termed
chondroclasts. Osteoclast and chondroclasts are very similar with regard to both the
expression of osteoclast markers as well as their regulation and function, and the
general consensus is that they are one and the same or that chondroclasts are slightly
modified osteoclasts that differ mainly in their location?**%3!. Some however do
consider them different and postulate that they might have different modes of action;
osteoclasts and putative chondroclasts have for instance been shown to have a
difference in extracellular and intracellular distribution of TRAP?2. Nonetheless,
there is no marker to date that is capable of distinguishing between chondroclasts
and osteoclasts®!, and from a practical point of view they are one and the same.
However, the extent of the putative osteoclastic cartilage resorption and the
processes involved are not well understood. This section will provide an overview
of some of the evidence indicating a direct role of osteoclastic resorption in cartilage
remodeling—and bone remodeling—in rheumatic diseases, focused on two forms
of arthritis. Important non-osteoclastic mechanisms of cartilage degradation in
rheumatic diseases will also be covered in this section.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune-mediated chronic joint disease—
associated with infiltration of inflammatory cells, synovial lining hyperplasia and
inflammation, and bone and cartilage destruction—that manifests as pain and loss
of junction function, physical impairment and fatigue?>*. One of the hallmarks of
RA is focal bone loss, and patients with RA have dramatically increased
osteoclastogenesis and osteoclast activity?* that results in bone erosion and an
increased risk of osteoporosis and fractures?>. The contribution of osteoclasts to RA
bone loss is clearly demonstrated by the protective effects of bisphosphonates and
the RANKL-neutralizing antibody denosumab®*®, and by elevated serum
RANKL:OPG ratios correlating with radiological disease progression?’. The role
of osteoclasts in RA bone loss is relatively well understood, and several mechanisms
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involved in the pathological osteoclast activity have been elucidated (Figure 6). A
major driving force behind the increased osteoclastogenesis and osteoclast activity
in RA is inflammation; immune cells, pro-inflammatory cytokines and
autoantibodies drive the inflammation in RA, which in turn drives the increased
osteoclastogenesis and the increased bone erosion.

Healthy RA

Bone marrow Joint capsule

thickening

Osteoclast
Joint
capsule B cells Tim
a
S\
Synovial OPG ‘_ \(
membrane ACPA Th17 cells

RANK IL 17

Subchondral Bone
bone RA

. RANK/TNch
Cartilage IL- 1B/IL 6
| /)k\

TIMP —AMMP

ADAM
Cathepsins

@)

Synovial
inflammation

Focal bone
loss

Figure 6. ECM Remodeling and Cellular Involvement in Rheumatoid Arthritis.
Overview of selected ECM pathological changes, remodeling processes, and cellular contributors to RA pathology.

During synovitis, T cells infiltrate the synovium and secrete RANKL, stimulating
osteoclastogenesis®®, and the Th17 T cell subset both secretes RANKL as well as
induces RANKL expression in fibroblast-like synoviocytes (FLS) via interleukin
(IL)-17%%°. Activated B cells also infiltrate the synovium in RA, where they may be
a source of RANKL?®, Furthermore, activated B cells from RA patients have been
demonstrated to stimulate osteoclastogenesis to a greater degree than those from
healthy donors in vitro®'. However, activated B cells are also a major source of
OPG?*%, hence their contribution to RA osteoclastogenesis is unclear. Macrophages
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and monocytes also infiltrate the synovium and secrete MMPs that may contribute
directly to the ECM degradation®®®, but macrophages are also known to secrete
tissue inhibitors of metalloproteinases (TIMPs)*** that can neutralize the activity of
MMPs. Although both MMPs and TIMPs are upregulated in RA patients, the
MMP:TIMP balance becomes skewed in favor of the MMPs?%, This may in part be
due to many patients developing autoantibodies against TIMPs and thereby
disturbing the MMP:TIMP balance that would normally regulate the activity of
MMPs?%,

The principal function of normal FLS is to secrete synovial fluid and ECM
components®’. However, in RA the FLS transform into a cancer-like state,
proliferate strongly, and escape apoptosis®®’. RA FLS become highly migratory;
they invade and degrade the articular cartilage, mediated by invadosomes with
upregulated matrix adhesion molecules®® and proteases, including MMPs, a
disintegrin and metalloproteinase (ADAM), and cathepsins®®. The FLS also
upregulate toll-like receptors (TLRs), sensitizing them to inflammatory signals and
resulting in the release of pro-inflammatory cytokines like TNFa, IL-1f, and IL-6
upon receptor activation, further stimulating the immune response in the inflamed
synovium®®’. TNFa drives osteoclastogenesis and osteoclast activity through
multiple mechanisms; TNFa enhances activation of NFkB, activator protein (AP)-
1, and NFATc1?”, induces RANKL expression in mesenchymal cells?’!, and
increases the number of circulating osteoclast precursors by upregulating CSF1R?72.
IL-6 stimulates RANKL expression in osteoblasts?’? and is correlated with
radiographic joint destruction in RA?™. IL-1B also stimulates RANKL expression
and ostoeclastogenesis®”. Antagonists against TNFa?”, IL-6°"°, and IL-1B*"7 have
all been effective as disease-modifying antirheumatic drugs (DMARDs),
particularly the TNFa inhibitors, with regard to reducing RA progression and bone
erosion.

The autoantibodies rheumatoid factor (RF) and anti-citrullinated protein antibodies
(ACPAs) are both associated with a more severe RA phenotype?’®?”°, Immune
complexes derived from RF binding the constant region of immunoglobulin G (IgG)
or ACPA binding citrullinated proteins, which are common in RA, can increase
TNFa expression in macrophages?*®?%!. Furthermore, ACPA can bind directly to
citrullinated proteins on osteoclast precursors—osteoclasts even secrete
citrullinating enzymes—resulting in increased osteoclastogenesis and osteoclast
activity®®?. Similarly, the Fc gamma receptor (FcyR) expressed on osteoclasts®®® can
bind IgG-containing immune complexes; FcyRIV is upregulated during osteoclast
maturation in mice and the cross-linking of FcyRIV by autoantibody immune
complexes is critical for osteoclast development and bone erosion in inflamed

joints?®,
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Even if the bone erosions can be well managed by currently available treatments,
RA patients appear to lack sufficient bone formation during the period of effective
treatment; only few patients have bone regeneration during treatment, and typically
those that do are patients that have low disease activity?. This lack of bone
formation may be due to a lack of mature osteoblasts at sites of bone erosion?s¢,
potentially not reaching the critical osteoblast/reversal cell density threshold
required for initiating bone formation'*, This in turn may be a result of the
dysregulated osteoclast activity in RA, mediated by the inflammation and the
invading immune cells, that potentially results in uncoupling of bone resorption and
formation.

Osteoarthritis

Osteoarthritis Pathology

Osteoarthritis (OA) is a degenerative joint disease characterized by joint pain and a
progressive deterioration of joint tissues, including cartilage erosions, alterations to
the synovial tissue, and subchondral bone remodeling®®’—as well as new bone
formation in the form of osteophytes®®®. OA is one of the leading causes of global
disability?® and the most common form of arthritis in adults worldwide to result in
disability®”°. While the etiology of OA is poorly understood, an increased turnover
of joint ECMs—including the subchondral bone and, in particular, the articular
cartilage®'—are central to the disease process. What has become very clear in
recent years, is that there are many different phenotypes of OA and that many factors
in the joint other than the cartilage, including subchondral bone, synovium, and
inflammation, are important for OA development®? (Figure 7). Hence, OA is
unlikely to be treatable with a universal approach or single therapy, and patients are
currently limited to symptomatic treatment. Although several promising drug
candidates are currently in clinical trials, there are no disease-modifying OA drugs
(DMOADs) available to date®?.

Little is known about the initiating events of OA, but mechanical factors**>>,

genetics?®®, epigenetics®’?*® and loss of the normal chondrocyte phenotype®” have
all been implicated. Inflammation also contributes to ECM degradation in OA,
although the relative contribution of inflammation compared to other factors
remains a matter of debate and may differ greatly between patients. Given that many
potential inflammatory mediators in OA are similar to those in RA, with the
exception of autoimmunity, inflammatory mediators will not be covered in this
section.

The chondrocyte is of particular interest due to its ability to maintain the cartilage
structure and composition by acting as a mechanosensor that can respond to
changing ECM conditions to modify both synthesis and degradation of cartilage
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ECM3®. These ECM-chondrocyte interactions are essential for regulating both
embryonic bone formation and bone formation during adult bone remodeling™!.
However, pro-inflammatory cytokines are known to upregulate MMPs, ADAMTS-
4, and ADAMTS-5 in chondrocytes, which leads to increased turnover of aggrecans
and reduces proteoglycan synthesis**. This increased proteolytic activity is a key
component of both OA initiation and perpetuation of cartilage degradation®®.
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Figure 7. ECM Remodeling and Cellular Involvement in Osteoarthritis.
Overview of selected ECM pathological changes, remodeling processes, and cellular contributors to OA pathology.

An altered chondrocyte gene expression profile has also been proposed as a potential
OA-initiating mechanism. For instance, the expression of transcription factor SOX-
9 is high in normal articular cartilage, but is lost in OA cartilage*®. This is
accompanied by decreased aggrecan expression and certain subsets of patients also
have decreased type X collagen expression as well as increased type I collagen, type
IT collagen, and MMP-13 expression***—indicating a state of increased ECM
turnover, attempt at cartilage repair, and potential bone formation. Type X collagen
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expression is often upregulated in OA3%, as it is in hypertrophic chondrocytes prior
to bone formation®”’, but there are temporal and spatial differences in its expression
profile in osteoarthritis®®3%,  Furthermore, SOX-9 normally prevents
osteoblastogenesis of chondrocytes by regulating RUNX23!°, further supporting the
role of a chondrocyte phenotype shift toward bone remodeling rather than cartilage
maintenance in OA.

Osteoclast Involvement in Osteoarthritis

Altered bone remodeling is common in OA, with subchondral bone sclerosis and
changes in subchondral bone metabolism often being amongst the first detectable
OA alterations®!!. Increased osteoclast activity and subchondral bone remodeling
are involved in both OA development and progression®’, but their overall
contributions to disease is unclear. Suppressing bone resorption using osteoclast
inhibitors has resulted in beneficial secondary effects on cartilage health in several
pre-clinical OA studies and increased resorption has resulted in cartilage
deterioration—demonstrating that osteoclasts can contribute at least indirectly to
cartilage health—although the pre-clinical chondroprotective effects of
antiresorptives have been difficult to reproduce in clinical trials, despite reductions
in pain outcomes**3!!312 For instance, the varying efficacy of bisphosphonates in
OA clinical trials could potentially be attributed to different disease-stages of the
patients, different OA phenotypes with different levels of bone involvement, and a
lack of OA progression in control groups®?. If the differences in efficacy are stage-
and phenotype-driven, bisphosphonates therapy may only be suitable for certain
patients®”. Therefore, the use of patient stratification is essential for accurate
treatment and DMOAD development.

OA cartilage degradation has been likened to the cartilage degradation that occurs
as part of endochondral ossification®!?, featuring chondrocyte proliferation and
hypertrophy, vascularization, ECM calcification, and elevated RUNX2
expression—crucial for osteoblast differentiation and bone formation?'*-!4—which
suggests that osteoclasts may also have a more direct role to play. For instance,
blood vessels rarely penetrate the tidemark into non-calcified cartilage in the normal
patella, but this is a more common feature in OA3'®, Osteoclastic turnover of the
subchondral bone and invasion of the calcified and non-calcified cartilage are likely
to contribute to the increased angiogenesis and innervation of cartilage in OA34. The
differentiation, activity and survival of osteoclasts is highly regulated in healthy
individuals, whereas monocytes isolated from patients with OA exhibit increased
osteoclastogenesis, elevated resorption, and reduced osteoclast apoptosis®'®.
Heterozygous OPG knockout mice have been demonstrated to have increased joint
destruction after surgical induction of OA, but this was proposed to be due to
increased chondrocyte apoptosis®!’. Similarly, surgical induction of OA in wild type
mice results in chondrocyte apoptosis and cartilage destruction that can be reduced
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by the administration of exogenous OPG>*!”. This effect may be mediated by TNF-
related apoptosis-inducing ligand (TRAIL)*'®, as OPG can bind TRAIL and inhibit
TRAIL-induced apoptosis®'®. Hence, the role of the RANK/RANKL/OPG axis in
OA cartilage degradation may be related to both chondrocyte health and osteoclast
activity.

In recent years, there is increasing evidence indicating potential direct contribution
of osteoclast activity to cartilage degradation. Resorption pits reaching from
subchondral bone into articular cartilage have been described in OA®*, and GAG
release has been measured from human osteoclasts cultured on cartilage®*—
although GAG release has also been demonstrated from macrophages cultured on
cartilage. Additionally, osteoclasts are recruited to the subchondral bone in
spontaneously occurring equine post-traumatic OA (PTOA). In PTOA, subchondral
bone osteoclast numbers are correlated with articular cartilage RANKL expression
as well as cartilage deterioration, and RANKL expression in calcified cartilage and
subchondral bone is associated with calcified cartilage microcracks®?!. Hence,
osteoclasts recruited to the subchondral bone by RANKL may potentially contribute
to degradation of calcified cartilage non-calcified cartilage. Furthermore, bone
marrow lesions (BMLs) have been shown to be associated with the subchondral
bone areas underlying articular cartilage lesions—featuring increased MMP-13
expression, angiogenesis, cartilage formation, and increased bone turnover,
suggesting an increased osteoclast-associated bone—cartilage crosstalk®?>%23, While
these studies strongly imply the potential contribution of osteoclasts to cartilage
degradation in OA, little is known of their actual contribution in vivo and the
mechanisms through which osteoclasts resorb cartilage. Both MMPs*** and
cathepsin K*?° are thought to degrade cartilage, but in addition to osteoclasts there
are many other potential contributors to MMP326328 and cathepsin K¥2%3% levels in
the OA joint. As such, osteoclastic cartilage resorption processes require further
investigation. A translational approach incorporating tools such as in vitro models
and biomarkers may therefore be valuable to elucidate the mechanisms involved in
osteoclastic cartilage degradation in vivo.

Neo-Epitope Biomarkers

Biomarkers can be defined in many different ways, but biomarkers can generally be
summarized as some form of objective measurement that provide an indication of
the state of different processes in the body. The National Institutes of Health (NIH)
Biomarkers Definitions Working Group defined a biomarker as “a characteristic
that is objectively measured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic responses to a therapeutic
intervention™3°,
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Biomarkers range from very simple to very complex in nature. An example of a
simple biomarker would be to measure blood pressure, pulse, or body mass index
(BMI). In comparison, more complex biomarkers may include measuring the levels
of a specific protein or even just a specific modified version of a protein in blood or
urine through various laboratory procedures, such as the commonly-used enzyme-
linked immunosorbent assays (ELISAs). The proteolytic degradation of proteins or
other post-translational modifications of proteins result in protein fragments which
may expose a novel epitope that is otherwise not exposed or present, termed a neo-
epitope. This dissertation will focus on neo-epitope biomarkers formed through the
proteolytic degradation of ECM proteins, used as indicators of ECM turnover and
as tools for investigating mechanisms involved in ECM turnover.

Cartilage Degradation Biomarkers

Personalized medicine and biomarkers have been proposed as the way forward to
develop more effective and targeted therapies as well as to investigate
pathophysiogical processes in diseases such as OA?**. As previously discussed, a
key feature of rheumatic diseases is the pathological degradation or remodeling of
cartilage. However, the extent of the cartilage degradation and the underlying
mechanisms may differ greatly between diseases, disease stages and patients.
Biomarkers are a very valuable tool both clinically and pre-clinically for
investigating the extent of ongoing cartilage degradation, mechanisms of
degradation, and can be used to assess whether therapies are having beneficial
effects on cartilage degradation. A plethora of biomarkers of cartilage degradation
have been published over the years, including cartilage oligomeric matrix protein
(COMP)*3!, C2M*2, C2K 77333, C1,2C334, C2C**, C2C-HUSA3*®, and the aggrecan
epitopes ARGS*6337 FFGV 6337 and CS846*3. Many of these biomarkers are neo-
epitope biomarkers, and have been shown to have varying relevance for rheumatic
diseases. However, the most relevant cartilage degradation biomarker to date
arguably is the neo-epitope biomarker C-telopeptide of type II collagen (CTX-II).

CTX-II is a biomarker of type II collagen degradation, indicative of cartilage
degradation. Urinary and synovial fluid CTX-II, unlike blood CTX-II, are highly
relevant biomarkers for OA and are the most informative biochemical biomarkers
for prediction of OA to date**°. OA incidence and progression*®3#  severity*# 34,
BMLs*®, osteophytes®®, and pain®**® have been associated with CTX-II, although
pain associations have varied®. CTX-II has also been shown to have some
relevance for RA*!; in RA, CTX-II has been shown to predict disease
progression®*23%° treatment efficacy®>, bone mineral density (BMD) reduction?>
and synovitis®**®. However, blood CTX-II has not been reported to have any clinical
utility to date, although it has been demonstrated to be very useful in animal models
with experimental joint destruction®7¢1,
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The CTX-II assay detects C-telopeptide fragments of type II collagen, the major
ECM component of articular cartilage, with a neo-epitope®®? formed by the
proteolytic cleavage of type II collagen (1230EKGPDP|LQYMR240)*®* during
degradation of cartilage by MMPs*®436¢ that results in the release of the
1230EKGPDP | 1235 neo-epitope. This neo-epitope has been immunolocalized to areas
of cartilage damage, around chondrocytes, areas of vascularization close to the
subchondral bone, and the bone—cartilage interface*®’—suggesting that osteoclasts
may contribute to its generation and/or release. Additional elongated versions—as
well as truncated versions—of the CTX-II neo-epitope (Table 3) that are not
detected by CTX-II assays have previously been described in patent literature*64-366,

Table 3. Presence and Origin of Type Il Collagen C-Telopeptides in Bodily Fluids.
C-telopeptide neo-epitopes of type Il collagen, as described by Eyre3®. Abbreviations: —, absent or present in trace
amounts; CC, derived from calcified cartilage; NC, derived from non-calcified cartilage.

Peptide sequence Synovial fluid Blood Urine Assays
EKGPD — NC NC+CC None
EKGPDP NC NC NC+CC CTX-II
EKGPDPL NC NC NC+CC None
EKGPDPLQ — CcC — GPDPLQ1237
EKGPDPLQYMR NC NC — None

At present, none of the elongated or truncated versions of the CTX-II neo-epitope
have biomarker assays available, with the exception for the novel GPDPLQ237
assay that has been developed as part of Paper V. Furthermore, there have been no
peer-reviewed scientific publications describing the other neo-epitopes. Of these
elongated neo-epitopes, the 1230EKGPDPLQ| 1237 neo-epitope is of particular
interest. The EKGPDPLQ neo-epitope has been suggested to be generated by
cathepsin K cleavage of calcified cartilage and, accordingly, to be osteoclast-
specific*®* 3%, The neo-epitope has also been described as being present only in
blood, and not in synovial fluid or urine***>%, Proteases in the kidneys and/or liver
have been suggested to remove the C-terminal -LQ of the EKGPDPLQ neo-epitope
to generate the urinary forms of the C-telopeptide—EKGPDP or smaller*®*-3%6, This
in turn is indicative that the EKGPDPLQ neo-epitope may be of interest as a
potential blood-precursor to CTX-II. However, the only descriptions of this neo-
epitope to date are from the patent literature***3%. Due to these proposed differences
in the generation and/or processing as well as tissue origin compared to the
EKGPDP neo-epitope, EKGPDPLQ may be a relevant blood biomarker of
degenerative joint diseases. As different osteoclast substrates affect both the ECM
degradation products and have been proposed to alter the osteoclast phenotype’®,
assessing the degradation products of osteoclastic cartilage resorption and the
processes involved in generating these products may further our understanding of
pathological cartilage degradation mechanisms.
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A1ims of the Dissertation

The overall aim of this dissertation was to develop novel therapies, models and
biomarkers for diseases with altered bone and/or cartilage turnover mediated by
osteoclasts. This aim can be further sub-divided into the two following aims:

Developing Clinically Applicable IMO Gene Therapy

To assess the efficacy, level of rescue required, and TCIRG1 protein
regulation after lentiviral-mediated IMO gene therapy in vitro (Paper I).

To develop a clinically applicable IMO gene therapy vector and assess the
long-term efficacy ex vivo after transplantation of treated human IMO
HSPCs into mice (Paper II).

To develop a humanized mouse model overexpressing hM-CSF capable of
sustaining human hematopoiesis and osteoclastogenesis (Paper I1I).

Investigating Osteoclastic Cartilage Resorption

To establish a cell culture model of osteoclastic resorption of non-calcified
and calcified cartilage to assess osteoclastic processes that may contribute
to cartilage degradation (Paper IV).

To develop a novel biomarker assay of osteoclastic cartilage resorption
based on the elongated CTX-II neo-epitope EKGPDPLQ (Paper V).
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Results

Paper I

Regulation and Function of Lentiviral Vector-Derived TCIRG1

In Paper I, we wanted to investigate how vector-derived TCIRG1 protein levels are
regulated during the differentiation of monocytes into osteoclasts. We also
investigated the ratio of healthy or vector-treated IMO stem cells to IMO stem cells
required to restore osteoclast function, to get an indication of the rescue threshold
for treatment of IMO.

Vector Design

The rescue vector (SFFV-TQG) used in this study contains the cDNA of human
TCIRGI in a bicistronic SIN lentiviral vector under the SFFV promoter up-stream
of an internal ribosomal entry site (IRES) followed by the enhanced green
fluorescent protein (GFP) gene. The bicistronic vector design allows for
simultaneous expression of both TCIRG1 and GFP proteins as separate proteins. A
similar vector without the TCIRG1 cDNA (SFFV-G) was used as a control for
protein expression.

Vector-Derived TCIRG1 Levels are Regulated by Osteoclastogenesis

We aimed to investigate how TCIRGI1 protein levels are regulated during
osteoclastogenesis when using a strong constitutively active promoter. We
transduced healthy CD34" cord blood (CB) or IMO HSPCs and stimulated
osteoclastogenesis with M-CSF and RANKL. Our data shows that the transduction
of CB HSPCs with SFFV-TG does not appear to result in ectopic expression of
TCIRGI, and that the TCIRG1 expression in IMO cells transduced with SFFV-TG
exhibited similar kinetics as the endogenous protein. IMO SFFV-TG TCIRGI
expression increased over time and was only present at low levels in IMO SFFV-
TG and CB cells after 5 days of osteoclastogenesis, but increased after 7 and 10
days. However, GFP levels were constant regardless of the vector used, indicating
that the TCIRG1 regulation was not at a transcriptional level. Hence, both
endogenous and vector-derived TCIRGI levels appear to be translationally or post-
translationally regulated.
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In osteoclastogenesis experiments with or without RANKL, IMO HSPCs
transduced with SFFV-TG (Figure 8A) had substantial TCIRG1 expression only
with RANKL stimulation after 9 and 14 days of differentiation despite constant GFP
expression, indicating that even TCIRGI1 derived from a viral vector is strongly
regulated by osteoclastogenesis in vitro. Cells cultured without RANKL failed to
differentiate into osteoclasts but instead differentiated toward a macrophage-like
cell type. These cells only expressed limited amounts of TCIRG1 which were absent
when using the SFFV-G control vector (Figure 8B), indicating that the post-
translational TCIRG1 regulation is dependent on RANKL-mediated
osteoclastogenesis.
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Figure 8. Osteoclastogenesis-Dependent Regulation of Vector-Derived TCIRG1.

IMO HSPCs were transduced with the SFFV-TG (A) or the SFFV-G (B) vector, and differentiated into osteoclasts in
the presence of RANKL (RL +) or macrophages in the absence of RANKL (RL -). The protein expression of TCIRG1,
the V-ATPase subunit d2, the osteoclast marker cathepsin K, and GFP were assessed throughout differentiation by
western blot, and p38 was used as loading control. CTRL cells are positive controls, composed of mature osteoclasts
generated from healthy HSPCs.

Adapted with permission from Springer Nature: Springer; Calcified Tissue International; Regulation and Function of
Lentiviral Vector-Mediated TCIRG1 Expression in Osteoclasts from Patients with Infantile Malignant Osteopetrosis:
Implications for Gene Therapy; Thudium CS, Moscatelli I, Lofvall H, Kertész Z, Montano C, Bjurstrom CF, Karsdal MA,
Schulz A, Richter J, Henriksen K; 2016.

TCIRGI Glycosylation is Dependent on Cell Type

We also investigated how vector-derived TCIRG1 protein may be regulated in a
non-osteoclast cell type of a non-hematopoietic lineage. Cells from the fibrosarcoma
cell line HT1080—of mesenchymal lineage—were transduced with SFFV-TG,
followed by TCIRG1 mRNA and protein analyses. TCIRG1 mRNA and protein was
present already after 3 days in HT1080 cells and the relative distribution between
high-molecular weight and low-molecular weight TCIRG1 was reversed, compared
to TCIRG1 in osteoclast cell lysates where the high-molecular weight form is
predominant (Figure 9). As TCIRGI1 has been reported to have different molecular
weights in its fully glycosylated and its core-glycosylated form*®, we investigated
if the molecular weights we observed were due to the glycosylation status. This was
achieved by deglycosylating osteoclast cell lysates using the endoglycosidases
PNGase F and Endo H. PNGase F is capable of deglycosylating fully glycosylated
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and core-glycosylated TCIRGI1, whereas Endo H can only deglycosylate core-
glycosylated TCIRG1*°. We found that the two different TCIRG1 molecular
weights in both osteoclasts and HT 1080 cells corresponded to the fully glycosylated
and the core-glycosylated TCIRG1 (Figure 9). Hence, the difference in
glycosylation of TCIRG1 between osteoclasts and HT1080 cells indicates that
glycosylation may be relevant to potentially lineage-specific TCIRG1 regulation.
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Figure 9. Differences in TCIRG1 Glycosylation Between Osteoclasts and HT1080 cells.

HT1080 cells were transduced with the SFFV-TG or SFFV-G vector, or left non-transduced, and were cultured for 3
days followed by TCIRG1 expression analysis by western blot. The HT1080 TCIRG1 bands were compared to those
in osteoclast (OC) lysates that had been deglycosylated using PNGase F or Endo H. GFP expression was assessed
to verify transduction, and p38 was used as loading control.

Adapted with permission from Springer Nature: Springer; Calcified Tissue International; Regulation and Function of
Lentiviral Vector-Mediated TCIRG1 Expression in Osteoclasts from Patients with Infantile Malignant Osteopetrosis:
Implications for Gene Therapy; Thudium CS, Moscatelli I, Lofvall H, Kertész Z, Montano C, Bjurstrdom CF, Karsdal MA,
Schulz A, Richter J, Henriksen K; 2016.

Phenotype Restoration Threshold

A crucial issue for gene therapy is the level of correction required to achieve
phenotype restoration. We addressed this by mixing CD34" CB HSPCs or IMO
HSPCs transduced with SFFV-TG with non-transduced IMO HSPCs and
differentiating the mixtures into osteoclasts on bone with M-CSF and RANKL. As
little as 2.5% of CB HSPCs mixed with 97.5% IMO HSPCs was sufficient to
significantly increase the resorption per osteoclast, as measured by CTX-I/TRAP
activity in culture media, and 30% CB HSPCs mixed with 70% IMO HSPCs
resorbed at similar levels as the 100% CB HSPCs (Figure 10A). Similarly, 2.5% of
transduced IMO HSPCs resulted in significantly increased resorption per osteoclast,
and the resorption increased substantially with increasing levels of transduced cells
(Figure 10B). These results indicate that even low levels of transduction and
engraftment are sufficient to rescue the phenotype.

57


https://link.springer.com/journal/223

b

1504 2000+ Kk
] i
U dkk
o - 9 1500
oo oo
< § 1004 g2
E [P
Es E 2 1000-
x & % 3
=@ g =
oo %0 o= .l
— Y
© 5]
® &
0- 0-
O 49 P P P D PP 4 ¢ Q> ¢ Q
SO R I O S q* & & F
& o N N N ‘Lr?\ @ & @ op(\
CB/IMO percentage ratic SFFV-TG IMO/IMO percentage ratio

Figure 10. Correctional Effects of Mixing Normal CB or Treated IMO HSPCs with IMO HSPCs.

CB HSPCs (A) or IMO HSPCs transduced with SFFV-TG (B) were mixed with IMO HSPCs at different ratios followed
by osteoclast differentiation on bone and measurements of CTX-I and TRAP activity to calculate resorption per
osteoclast (CTX-I/TRAP). Data in A are expressed as percent of 100% CB-derived osteoclasts and data in B are
expressed as percent of 100% IMO-derived osteoclasts, error bars represent the standard error of the mean (SEM).
Statistical significance levels relative to 100% IMO are indicated by ***p < 0.001.

Adapted with permission from Springer Nature: Springer; Calcified Tissue International; Regulation and Function of
Lentiviral Vector-Mediated TCIRG1 Expression in Osteoclasts from Patients with Infantile Malignant Osteopetrosis:
Implications for Gene Therapy; Thudium CS, Moscatelli I, Lofvall H, Kertész Z, Montano C, Bjurstrom CF, Karsdal MA,
Schulz A, Richter J, Henriksen K; 2016.
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Paper 11

Gene Therapy Corrects IMO in NSG-Engrafting Human HSPCs

In Paper II, we investigated if human IMO HSPCs treated with a clinically
applicable lentiviral vector and transplanted into immunodeficient mice long-term
would be capable of generating functional osteoclasts ex vivo—as there are no
suitable osteopetrotic models that will engraft human HSPCs.

Vector Design

All vectors used in this study are SIN lentiviral vectors. For comparing the viral
proof-of-concept vector promoter to different mammalian promoters in vitro,
vectors containing the cDNA of human TCIRG1 under the SFFV promoter, the
elongation factor la short (EFS) promoter, or the chimeric myeloid promoter
(ChimP), followed by an IRES and GFP were used—named SFFV-TG, EFS-TG,
and ChimP-TG, respectively. After validating the promoters, a vector expressing
TCIRG1 cDNA alone under the EFS promoter (EFS-T) was used for transplantation
experiments. Control vectors expressed GFP alone under the SFFV or EFS
promoters (SFFV-G, EFS-G).

Mammalian Promoters Maintain the Gene Therapy Efficacy In Vitro

Osteoclasts were generated from CD34" IMO HSPCs with M-CSF and RANKL,
and similar levels of Ca®" and CTX-I release were detected regardless of the vector
used. As EFS-TG appeared to result in increased TCIRG1 and resorption levels
compared to ChimP-TG, EFS was used for developing a clinically applicable vector.
EFS-T transduction of IMO HSPCs followed by in vitro osteoclastogenesis with M-
CSF and RANKL resulted in Ca*" and CTX-I release that was comparable to that of
CB cells transduced with EFS-G or EFS-T. Compared to the EFS-TG, EFS-T
exhibited trends toward increased resorption, increased TCIRGI1 protein levels, and
reduced TRAP activity—indicating increased reversal of the osteopetrotic
phenotype. The mutagenic potential of EFS-T was assessed in IVIM assays that
revealed that the vector had a strongly reduced risk of in vitro immortalization,
compared to gammaretroviral or lentiviral vectors with the SFFV promoter.

EFS-T-HSPCs Maintain Osteoclastogenic Potential Post-Transplant

CD34" IMO HSCPs transduced with EFS-T or EFS-G, or CB HSPCs, were
transplanted into 8—15 weeks old NSG mice. Similar bone marrow engraftment
levels (on average 35%) as well as B cell, T cell and myeloid lineage reconstitution
were observed in all three conditions at 9-19 weeks post-transplantation. Human
CD34" bone marrow cells were isolated and used for ex vivo osteoclastogenesis with
M-CSF and RANKL. On average, the ex vivo osteoclastogenesis resulted in a fully
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normalized Ca®* release in the IMO EFS-T condition (Figure 11A), while the CTX-
I release was increased to 33% of the CTX-I levels obtained from of CB-derived
osteoclasts (Figure 11B). However, the IMO EFS-T condition did not have reduced
TRAP activity compared to the IMO EFS-G condition.
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Figure 11. NSG-Transplanted Vector-Corrected IMO HSPCs Generate Functional Osteoclasts Ex Vivo.

Human CD34* cells were isolated from the NSG mice, expanded for 2 weeks, seeded on bone slices, and
differentiated into osteoclasts. The concentrations of Ca?* (A) and CTX-I (B) were measured in the media. The data
are presented as fractions of the IMO EFS-G control, error bars represent the SEM. Statistical significance levels
relative to the IMO EFS-G are indicated by *p < 0.05, and ****p < 0.0001.

Adapted with permission from Mary Ann Liebert, Inc.: Mary Ann Liebert, Inc.; Human Gene Therapy; Targeting NSG
Mice Engrafting Cells with a Clinically Applicable Lentiviral Vector Corrects Osteoclasts in Infantile Malignant
Osteopetrosis; Moscatelli |, Léfvall H, Thudium CS, Rothe M, Montano C, Kertész Z, Sirin M, Schulz A, Schambach A,
Henriksen K, Richter J; 2018.

On an individual level, the bone-resorbing phenotype was completely restored in
1/11 mice with IMO EFS-T cells, and partially restored in 8/11 mice (Table 4).
Furthermore, TCIRG1 protein was detectable in 4/8 assessed IMO EFS-T osteoclast
cell lysates. The vector copy number (VCN) was in the range of 0.10-0.46 per
human (CD45") cell in IMO EFS-T mice with no or partial rescue, whereas the
individual with complete rescue had a VCN of 1.96 per human cell (Table 4),
indicating that transduction and integration efficacy may be linked to rescue
efficacy.
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Table 4. Ex Vivo Rescue Efficacy in Transplanted NSG Mice.

Rescue efficacy was estimated by comparing the relative increase of Ca?* and CTX-I, as well as decrease of TRAP
activity, to negative (IMO EFS-G) and positive (CB) controls within the same transplantation experiment. Data from
Moscatelli et al.®. Abbreviations: #1—4, transplantation experiment 1—4; n/a, not applicable; n.d., not determined;
VCNcpas, VCN per human CD45* cell.

TCIRG1 [Ca?*] [CTX-] TRAP
Transplantation VCNcpss Band % of % of % of Rescue
intensity IMO EFS-G IMO EFS-G IMO EFS-G
IMO EFS-T n.d. n.d. 638 1619 300 Partial
IMO EFS-T n.d. None 728 1850 162 Partial
#1 IMO EFS-T n.d. Weak 717 2313 89 Partial
IMO EFS-G n.d. n/a 100 100 100 n/a
IMO EFS-G n.d. n/a 100 100 100 n/a
IMO EFS-T 0.33 n.d. 96 106 89 None
IMO EFS-T 0.11 None 88 124 109 None
IMO EFS-T 0.46 Weak 212 1062 66 Partial
#2 IMO EFS-T 0.25 Weak 205 1080 65 Partial
IMO EFS-G 0.85 n/a 100 100 100 n/a
IMO EFS-G 1.09 n/a 100 100 100 n/a
CB 0.04 n/a 328 4922 33 n/a
IMO EFS-T 1.96 Strong 277 2715 33 Complete
IMO EFS-G 39.86 n/a 88 96 124 n/a
#3 IMO EFS-G 3.89 n/a 112 104 76 n/a
CB 0.13 n/a 433 4422 23 n/a
CB 0 n/a 280 2856 35 n/a
IMO EFS-T 0.21 None 328 2210 82 Partial
IMO EFS-T 0.33 None 272 2155 84 Partial
" IMO EFS-T 0.1 n.d. 142 423 78 Partial
IMO EFS-G 2.27 n/a 100 100 100 n/a
CB 0 n/a 359 4526 24 n/a
CB 0 n/a 340 4992 23 n/a
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Paper 111

Monocyte and Osteoclast Formation of HSPCs Expressing hM-CSF

In Paper III, we investigated if a humanized mouse model generated by
transplantation of human HSPCs expressing hM-CSF, by means of a lentiviral hM-
CSF vector, would have improved reconstitution of the human monocyte population
and would be capable of sustaining human osteoclastogenesis both in vivo and in
vitro.

Vector Design

The SIN lentiviral vector used in this study contained the cDNA of hM-CSF under
the SFFV promoter, followed by an IRES and the dTomato transgene marker. A
similar vector, using a non-coding spacer sequence instead of M-CSF cDNA, was
used as a control.

hM-CSF-Expressing HSPCs Generate Cells of Myeloid Lineages In Vitro

Transduction of human CD34" CB HSPCs with the hM-CSF vector resulted in an
hM-CSF secretion of 15902 pg/ml, whereas the control vector only resulted in
98 pg/ml. The transduced HSPCs had increased differentiation into the hCD14*
monocyte population, as well as hCD14"hCD33" and hCD14"hCD11b" populations.
Additionally, the transduced HSPCs also stimulated non-transduced HSPCs in a
paracrine manner, increasing the non-transduced hCD14" population.

hM-CSF Vector Supports Osteoclastogenesis In Vitro

Transduced HSPCs were used for osteoclastogenesis cultures on bone by
stimulating the cells with different combinations of hM-CSF, human RANKL, and
mouse RANKL. The hM-CSF vector was capable of sustaining osteoclastogenesis
with the addition of either human or murine RANKL (Figure 12A) and resulted in
Ca*" release from the bone (Figure 12B). However, the addition of exogenous hM-
CSF did not further increase osteoclastogenesis or resorption. The control vector
could only sustain osteoclastogenesis with addition of exogenous hM-CSF.
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Figure 12. hM-CSF-HSPCs Generate Functional Osteoclasts In Vitro Without Exogenous hM-CSF.

HSPCs transduced with the hM-CSF vector (LV-hM-CSF) were seeded on bone slices and differentiated into
osteoclasts using different combinations of hM-CSF, human RANKL (hRANKL), and mouse RANKL (mMRANKL).
Accumulated TRAP activity over time (A) and Ca?* release (B) after 10 days of osteoclastogenesis were measured in
cell culture supernatants. Statistical significance levels relative to control + hRANKL and control + hM-CSF + hRANKL
are indicated by ***p < 0.001 and t*p < 0.001, respectively. Error bars represent the standard deviation.

Adapted with permission from Johan Wiley and Sons: John Wiley & Sons Ltd; European Journal of Haematology;
Forced Expression of Human Macrophage Colony-Stimulating Factor in CD34* Cells Promotes Monocyte
Differentiation In Vitro and In Vivo but Blunts Osteoclastogenesis In Vitro; Montano Almendras CP, Thudium CS,
Lofvall H, Moscatelli I, Schambach A, Henriksen K, Richter J; 2017.

Transplanting Transduced HSPCs Results in Improved Myeloid Reconstitution

The transduced HSPCs were transplanted into newborn mice of the
immunodeficient NSG strain. The transplantation of transduced HSPCs resulted in
2875 pg/ml serum hM-CSF, whereas mice transplanted with control-HSPCs only
had 82 pg/ml hM-CSF—which is close to the lower detection limit of the hM-CSF
ELISA (78 pg/ml). The engraftment of human (CD45") cells was similar using both
the hM-CSF and control vectors. The human monocyte (hCD14") cell population
was significantly increased 8 weeks post-transplant of transduced HSPCs, compared
to control HSPCs, in both peripheral blood and bone marrow (Figure 13A). The
hCD14"hCD33"hCD45" population was also increased in peripheral blood, but not
in bone marrow (Figure 13B). Overall, these results demonstrate that hM-CSF
expression in human HSPCs increases the reconstitution of myeloid lineages, which
has important implications for potential human osteoclastogenesis in vivo.
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Figure 13. Vector-Derived hM-CSF Increases Monocyte Differentiation of Human HSPCs in NSG mice.
hM-CSF-HSPCs were transplanted into NSG mice and human monocyte populations were analyzed by flow
cytometry after eight weeks: peripheral blood and bone marrow hCD14* (A), and peripheral blood and bone marrow
hCD45"'hCD14*hCD33* (B). Each symbol represents an individual mouse, and the lines represent the mean.
Statistical significance levels relative to control are indicated by *p < 0.05 and ***p < 0.001.

Adapted with permission from Johan Wiley and Sons: John Wiley & Sons Ltd; European Journal of Haematology;
Forced Expression of Human Macrophage Colony-Stimulating Factor in CD34* Cells Promotes Monocyte
Differentiation In Vitro and In Vivo but Blunts Osteoclastogenesis In Vitro; Montano Almendras CP, Thudium CS,
Loéfvall H, Moscatelli |, Schambach A, Henriksen K, Richter J; 2017.

Undetectable Human Osteoclastogenesis

Despite improved human monocyte reconstitution in vivo, we were unable to detect
human osteoclasts in vivo using immunohistochemical approaches—such as
dTomato/TRAP co-localization. Further studies are required to validate human
osteoclastogenesis in this model system.
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Paper IV

Osteoclastic Bone and Cartilage Resorption Processes

In Paper IV, we described a novel cell culture model for investigating the
osteoclastic resorption processes involved in degrading the ECMs that are often
affected in knee OA—non-calcified cartilage, calcified cartilage and subchondral
bone—and characterize the ECM degradation using biomarkers.

Model Design

Human osteoclasts were generated by stimulating CD14" PBMCs with M-CSF and
RANKL for two weeks. The mature osteoclasts were then cultured on bovine knee
joints ECMs: non-calcified cartilage, osteochondral ECM (a mixture of calcified
cartilage and subchondral bone), and cortical bone. The osteoclasts were treated
with different antiresorptive compounds during the ECM resorption cultures: the V-
ATPase inhibitor diphyllin®”!, the cysteine protease inhibitor E-64°"—principally
inhibiting cathepsin K in an osteoclastic resorption setting—or the broad-spectrum
MMP inhibitor GM6001%72. Resorption was assessed by measuring bone (Ca®* and
CTX-I) and cartilage degradation (C2M) biomarkers in the culture media. The
model design and the osteoclastic processes contributing to the release of the ECM
degradation biomarkers are illustrated in Figure 14.
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Figure 14. Overview of Osteoclastic Resorption of Knee Joint ECMs.

Cortical bone, articular cartilage and an osteochondral ECM, consisting of subchondral bone and calcified cartilage,
were isolated from bovine knees, and fixed in ethanol. The articular cartilage and the osteochondral ECM were
metabolically inactivated through immersion in liquid nitrogen. The osteochondral ECM was crushed to generate a
plateable matrix. Human osteoclasts were cultured on the ECMs in the presence of V-ATPase, MMP and cathepsin K
inhibitors, and their impact on ECM degradation was assessed using biomarkers.

Adapted from Léfvall et al.’"®
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Cortical Bone Resorption

Cortical bone resorption was used as a reference to validate functional resorption.
As expected, V-ATPase inhibition had strong effects on Ca*" levels (58%
inhibition), whereas the other inhibitors had negligible, yet statistically significant,
effects (Figure 15A). Inhibition of the V-ATPase (96%), cathepsin K (77%), and
MMPs (34%) all resulted in CTX-I inhibition (Figure 15B), and inhibiting both
cathepsin K and MMPs had an increased effect (91%). TRAP activity in the media
and culture viability was increased by V-ATPase inhibition, as expected®’!,
similarly to an osteoclast-rich osteopetrosis phenotype. All of these results are in
line with the well-established mechanisms involved in bone resorption; acidification
is crucial for hydroxyapatite dissolution and type I collagen degradation is mainly
mediated by cathepsin K.
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Figure 15. Ca?* and CTX-I Release from Osteoclasts Cultured on Cortical Bone.

Osteoclasts were cultured on bovine femoral cortical bone in the presence or absence of resorption inhibitors.
Resorption of calcified ECM and type | collagen were assessed by measuring the Ca?* (A) and CTX-I (B)
concentrations in the medium. Background-subtracted biomarker data are presented as percent of vehicle with error
bars representing the SEM. Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
for comparisons against the vehicle and #p < 0.05, #p < 0.01, ##p < 0.001, #*#p < 0.0001 for comparisons against E-
64/GM6001 (only shown for E-64 and GM6001); the post hoc test used is indicated in the corner of each graph.
Adapted from Léfvall et al.’"®

Articular Cartilage Resorption

Articular cartilage resorption, as measured by the type Il collagen degradation neo-
epitope C2M?>*? (Figure 16), was completely abrogated by MMP inhibition (100%
inhibition). There was a trend toward cathepsin K inhibition reducing C2M release
(69%), but this was not significant and was highly variable. V-ATPase inhibition
had no significant effects on C2M and varied greatly between experiments, ranging
from inhibition to stimulation. These data indicate that C2M release from non-
calcified cartilage resorption is mainly mediated by MMPs, and that acidification is
dispensable.
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Figure 16. C2M Release from Osteoclasts Cultured on Articular Cartilage.

Osteoclasts were cultured on articular cartilage from bovine femoral condyles in the presence or absence of
resorption inhibitors. Resorption of type Il collagen was assessed by measuring C2M concentrations in the medium.
Background-subtracted biomarker data are presented as percent of vehicle with error bars representing the SEM.
Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for comparisons against the
vehicle and #p < 0.05, #p < 0.01, ##p < 0.001, #*p < 0.0001 for comparisons against E-64/GM6001 (only shown for
E-64 and GM6001); the post hoc test used is indicated in the corner of the graph.

Adapted from Léfvall et al.3"3

Overall, TRAP activity and culture viability were not affected by V-ATPase
inhibition, likely a result of this being a non-calcified ECM, but the results varied
substantially between experiments. Some of the variation in biomarker results may
be related to inter-individual differences in osteoclast and ECM quality, as different
donor PBMCs and bovine knees were used for each experiment.

Osteochondral Resorption

The osteochondral ECM composition was validated by safranin O-fast green
staining prior to crushing of the isolated matrix. The staining demonstrated that the
articular cartilage was removed and that only bone interspersed with an aggrecan-
containing matrix remained. This matrix was presumed to be calcified cartilage, but
this could not be verified due to the decalcified nature of the sections used for the
staining. von Kossa staining of non-decalcified matrix showed that the proximal
surface was calcified, although some non-calcified matrix remained at the surface.

Osteochondral resorption resulted in release of both bone and cartilage degradation
biomarkers. Although Ca*" release (Figure 17A) was not reduced by any inhibitor,
suggesting that the ECM was not heavily calcified, CTX-I release (Figure 17B) was
inhibited by V-ATPase (50% inhibition), cathepsin K (81%), and MMP (49%)
inhibitors. Inhibiting both cathepsin K and MMPs resulted in an apparent increase
in CTX-I inhibition (96%). Culture viability was not affected by any antiresorptive,
but V-ATPase inhibition increased TRAP activity—albeit to a lesser extent than on
cortical bone. Taken together, these findings indicate that the subchondral bone
component in the osteochondral ECM may be less calcified than cortical bone.
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Figure 17. Ca?*, CTX-l and C2M Release from Osteoclasts Cultured on Osteochondral ECM.

Osteoclasts were cultured on osteochondral ECM from bovine femoral condyles in the presence or absence of
resorption inhibitors. Resorption of calcified ECM and type | collagen were assessed by measuring the Ca?* (A) and
CTX-I (B) concentrations in the medium. Resorption of type Il collagen was assessed by measuring C2M (C)
concentrations in the medium. Background-subtracted biomarker data are presented as percent of vehicle with error
bars representing the SEM. Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
for comparisons against the vehicle and *p < 0.05, #p < 0.01, ##p < 0.001, #*p < 0.0001 for comparisons against E-

64/GM6001 (only shown for E-64 and GM6001); the post hoc test used is indicated in the corner of each graph.
Adapted from Léfvall et al.®"®

Osteochondral C2M release (Figure 17C) was mainly inhibited by MMP inhibitors
(86%), but cathepsin K inhibition appeared to have a greater effect on osteochondral
C2M release (51%) than it had on non-calcified cartilage, further supported by the
apparent increase in inhibition when MMP and cathepsin K inhibitors were
combined (100%). However, the effects of cathepsin K inhibition alone varied
greatly between experiments. V-ATPase inhibition had negligible effects on
osteochondral C2M release. These findings suggest that C2M release from calcified
cartilage resorption is mainly mediated by MMPs, but cathepsin K may contribute
to some extent, and that acidification is dispensable.
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Paper V

GPDPLQ1237: A Multi-Protease Cartilage Degradation Biomarker

In Paper V, we developed the novel competitive GPDPLQ 237 ELISA measuring
the C-terminal neo-epitope EKGPDPLQ1237| of type II collagen degradation. To
investigate the mechanisms involved in generating the EKGPDPLQ neo-epitope
from cartilage degradation in a biologically relevant setting, we measured
GPDPLQ\237 in models of cartilage degradation in the presence of cathepsin K (E-
64) and MMP (GM6001) inhibitors.

Biomarker Design

The GPDPLQ1237 target has been previously described in patent literature64366,

Sequence analysis showed that the target sequence is unique to the type II collagen
alpha 1 chain, and the target is fully conserved in human, cow, and rat. Antibodies
were generated against the target sequence by immunizing mice with a keyhole
limpet haemocyanin (KLH)-conjugated standard peptide (EKGPDPLQ).
Hybridoma cells were generated through the fusion of isolated splenocytes with
SP2/0 myeloma cells and limited dilution procedures were used to generate
monoclonal cultures. The selectivity of the resulting monoclonal antibodies for the
standard peptide—and lack of reactivity toward the CTX-II target (EKGPDP)—was
verified through screening for reactivity against truncated (EKGPDP, EKGPDPL)
and elongated (EKGPDPLQY, EKGPDPLQYM) standard peptides. The
competitive GPDPLQi23;7 ELISA was generated using the NB427-5G11-4W3
monoclonal antibody. The technical performance of the GPDPLQi237 assay was
validated in a series of technical tests, including tests of lower limit of detection
(LLOD), upper limit of detection (ULOD), linear measurement range, inter- and
intra-assay variation, and freeze/thaw stability of the analyte.

Osteoclast-Mediated GPDPLQ 237 Release from Articular Cartilage

The release of GPDPLQ1237 (Figure 18A) and CTX-II (Figure 18B) was measured
in our osteoclastic non-calcified cartilage resorption model. GPDPLQ 237 release
was found to be mediated by both cathepsin K and MMPs. Inhibitors of cathepsin
K (72.1% inhibition after subtraction of background) and MMPs (75.5%) resulted
in significant inhibition of GPDPLQ237 release, and combination of the two
inhibitors resulted in an apparent increase in GPDPLQ)237 inhibition (91.5%),
although the latter was not statistically significant compared to either inhibitor
alone. CTX-II release was reduced by MMP inhibition (87.0%), but the cathepsin
K inhibitor only had minimal effects (5.5%). Hence, GPDPLQ)2371s a multi-protease
biomarker of osteoclastic cartilage resorption in vitro, whereas CTX-II is only
derived from MMP-mediated resorption.
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Figure 18. Osteoclast-Derived GPDPLQ1237 and CTX-ll Release from Bovine Articular Cartilage.

Osteoclasts were cultured on articular cartilage from bovine femoral condyles in the presence or absence of
resorption inhibitors. Background-subtracted GPDPLQ1237 (A) and CTX-Il (B) levels in response to protease inhibitors
are presented as percent of vehicle with error bars representing the SEM. Statistical significance relative to the
vehicle condition is indicated by *p < 0.05 and **p < 0.01.

Adapted from Paper V.

Inflammation-Mediated GPDPLQ )37 Release from Articular Cartilage

The generation of the GPDPLQ1237 neo-epitope from bovine articular cartilage
biopsies undergoing inflammation-mediated degradation was tested in samples
derived from bovine cartilage explant (BEX) cultures stimulated with oncostatin M
(OSM) and tumor necrosis factor o (TNFa)*”. The neo-epitope was detected in the
stimulated culture media after approximately 10 days of culture (Figure 19A), but
GPDPLQ237 levels remained at unstimulated levels when inhibiting MMPs.
Overall, GPDPLQi237 levels were significantly increased (Figure 19B) by
OSM+TNFa stimulation (129.9 ng/ml) compared to unstimulated controls
(12.0 ng/ml). The GPDPLQ)237 increase was fully reversible by the inhibition of
MMPs (10.6 ng/ml), but not by the inhibition of cysteine proteases (367.2 ng/ml).
Hence, GPDPLQ\237 is released as part of MMP-mediated degradation of inflamed
cartilage in vitro.

GPDPLQ 237 is Present in Rat Tibial Articular Cartilage and Growth Plates

Knees from healthy young adult female rats were used to immunolocalize the origin
of the GPDPLQ237 neo-epitope within knee joints. Immunohistochemical analyses
showed that GPDPLQ237 was localized to both articular cartilage and the growth
plate. The articular cartilage staining was localized mainly to the ECM and
pericellular spaces throughout all cartilage layers, albeit at varying intensity. The
growth plates stained for GPDPLQ1237 mainly between the columns of proliferating
cells and at the proximal bone—cartilage interface. Despite its presence in relevant
rat tissues, GPDPLQ237 was not measurable at sufficient levels in rat blood, human
blood, or human urine to allow for robust technical validation of in vivo samples.

70



>
w

1,000 10,000
- w/o
N 100 = o1 s 1000 .
8 _ - OT + E-64 2 _ M
g% i< g E I
9E G| - OT+oMB001 I E o0 =
é g \:/?—i_./ I\! E g "
[©] 1 T ety Q 10 .é. ,.#_,
0.1 T T T T T T T T T 1 T T T T
3 5 7 10 12 14 17 19 21 ® & S &
Days in culture g\*@ 0,\*«'
x
g

Figure 19. GPDPLQ1237 Release into BEX Supernatants upon Stimulation and Inhibition of MMP Activity.
BEX cultures were untreated (w/0), treated with OSM and TNFa (OT) without protease inhibitors, or OT with the
protease inhibitors GM6001 (OT + GM6001) or E-64 (OT + E-64). Data are presented as the mean GPDPLQ1237
levels per group at each time point throughout the experiment (A) and as the area under the curves (AUCs) of each
individual explant (B). Error bars represent the SEMs. Statistical significance relative to the OT condition in the AUC

data is indicated by *p < 0.05.
Adapted from Paper V.
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Discussion

Toward Clinically Applicable Gene Therapy for IMO

The Regulation of TCIRG1

There is a medical need for new and better treatment options for IMO in addition to
HSCT. In this dissertation, we have described substantial progress in the
development of HSC-targeted gene therapy for TCIRG1-deficient IMO, which may
facilitate and expedite treatment. A crucial issue for gene therapy application is the
level of correction that is required to achieve phenotype restoration. In Paper I, we
assessed this in vitro by mixing IMO HSPCs transduced with our proof-of-concept
vector—using the SFFV promoter, TCIRG1 ¢cDNA and a GFP transgene—or CB
HSPCs with IMO HSPCs. Our results indicate that the level of correction needed,
at least in vitro, is low. Similar findings have been reported in mice in vivo. The
transplantation of lineage-depleted bone marrow cells into oc/oc mice without prior
conditioning is sufficient for long-term survival and reversal of the phenotype, even
though engraftment was only 3-5% as measured in peripheral blood*’>. These
results combined with our new findings are very promising indicators of the
feasibility of IMO gene therapy.

During this study, we also discovered that vector-derived TCIRGI1 expression in
IMO cells closely mimicked that of endogenous TCIRGI in CB cells; without
RANKL-mediated osteoclastogenesis, the TCIRG1 protein was absent. These
findings indicate that the transduction protocol results in the expression of TCIRG1
specifically in osteoclasts, reducing the risk for potential off-target effects, though
these effects have not been tested in other myeloid or immune cell lineages.

Different proportions of high- and low-molecular weight versions of TCIRG1 were
observed between cell types in this study, and our results suggest that these different
molecular weights were due to TCIRGI being differentially glycosylated in
different cell lineages. After transduction, the low-molecular weight TCIRG1 was
predominant in the MSC-derived cell line HT1080, whereas the high-molecular
weight TCIRG1 was predominant in HSC-derived osteoclasts. Given that TCIRG1
has different glycosylated forms and different osteopetrotic mutations can alter the
ability of TCIRGI1 to become glycosylated, resulting in endoplasmic reticulum
retention®®®, we hypothesize that glycosylations may be a contributing factor to
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osteoclastogenesis-related regulation of TCIRG1. Since our study was published,
new studies have shown that mutations at putative TCIRG1 N-glycosylation sites
that prevent glycosylation results in increased TCIRGI turnover by proteasomal
degradation compared to the N-glycosylated forms®’®. Furthermore, non-
glycosylated TCIRGI is retained in the endoplasmic reticulum and cannot associate
with the V-ATPase assembly chaperone, VMA2137°, Hence, glycosylation is crucial
for TCIRGI stability and functional incorporation into V-ATPase complexes®’S.
These findings suggest that differences in glycosylation of TCIRG1 between cell
types may indeed play a role in post-translational regulation of vector-derived
TCIRG1 in osteoclasts, and the absence thereof in non-osteoclast cells. The
increased relative prevalence of core-glycosylated TCIRG1 in HT1080 cells
compared to osteoclasts suggests that HT1080 cells do not regulate TCIRGI
through the same mechanisms as osteoclasts. However, this would need to be further
studied in additional cell types, and preferably in normal rather than cancerous cell
types, to get a greater understanding of whether this phenomenon is specific to
osteoclastic or hematopoietic lineages. It would have been interesting to investigate
this further in the transduced macrophage-like cells from the RANKL-free cultures,
but this would not have been suitable due to the very limited levels of TCIRG1
detected by western blot under those conditions.

Safe and Effective IMO Gene Therapy

In Paper 11, we used NSG mice transplanted with the corrected human IMO HSPCs
to assess the rescue efficacy through ex vivo osteoclastogenesis of human HSPCs
isolated from the mice. We evaluated a clinically relevant vector—using the EFS
promoter and TCIRG1 cDNA, without a transgene marker—and found that it had
maintained rescue efficacy in vitro and was capable of achieving partial or complete
phenotype rescue ex vivo. As indicated by the VCN per human cell (1.96 in the
complete rescue and 0.10-0.46 in the partial or no rescue), improving transduction
and integration efficacy may be an important aspect for further improvement of the
vector—although the VCN per human cell did not correlate with the multiplicity of
infection (MOI) used for transductions. Increasing TCIRG1 expression may also
prove beneficial, as several of the partial rescues had TCIRGI levels that were not
detectable by western blot, but this needs to be delicately balanced with safe levels
of promoter activity. The EFS promoter used to develop the clinical vector in this
paper is an intron-less form of the elongation factor 1 o (EF-1a) promoter. The EF-
la promoter is currently in use in clinical trials for X-SCID, and early data indicates
that HSC-targeted gene therapy using EF-1a is effective and safe’”’. Similarly, in
our experiments we demonstrated that not only was the EFS-T vector relatively
effective, it also had a substantially improved safety profile in IVIM assays. Having
found the clinically applicable gene therapy vector to have good efficacy and safety
profiles, further development will focus on in vivo testing. Given currently available
technology, these studies will focus on testing the rescue efficacy of hTCIRG1-
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transduced oc/oc HSPCs in oc/oc mice, as this is currently the most relevant model
available to test the clinical vector in vivo.

Generating New Models

In Paper III, we aimed to produce a humanized mouse model overexpressing hM-
CSF in the transplanted human HSPCs to assess its potential for generating human
osteoclasts in vitro and in vivo. Using lentiviral vectors to create this mouse model
with HSPCs expressing hM-CSF, we obtained improvements in terms of
hematopoiesis and monocyte and myeloid reconstitution, as has been previously
reported in hM-CSF-expressing humanized mice?*®*"8, Despite our ability to
generate functional human osteoclasts from the HSPCs in vitro without exogenous
M-CSF stimulation, we were unable to detect human osteoclasts with
immunohistochemical analyses of tibial and femoral growth plates using e.g.
reporter transgene and TRAP co-localization techniques. Attempts at identifying
human-derived osteoclasts were further complicated by a lack of available
antibodies that are suitable for the specific detection of human cells or human
osteoclasts in mouse xenograft models. None of the antibodies we tested for these
purposes were successful. However, hM-CSF administration also stimulates murine
osteoclastogenesis in vivo®”, and hence both mouse osteoclasts and possibly mouse-
human hybrid osteoclasts may make detection of human-derived osteoclasts
difficult in our model, if spontaneous reconstitution of murine hematopoietic and
osteoclastic lineages occur.

The verification of human osteoclastogenesis in our hM-CSF humanized mouse
model, or a similar humanized mouse model, would make for an interesting and
highly valuable model for testing whether gene therapy-treated human IMO
osteoclasts differentiated in vivo have increased resorption, by measuring for
instance serum CTX-l—assuming that endogenous osteoclast activity can be
ablated. However, generating human osteoclasts in mice following gene therapy
would require both a TCIRG1 transgene as well as some source of exogenous hM-
CSF, which could potentially be achieved by injection®” to avoid using additional
transgenes. In order to generate a more relevant gene therapy model, oc/oc mice
could be cross-bred with NSG mice to potentially result in immunodeficient
osteopetrotic mice. Such a model could greatly facilitate the pre-clinical
development of IMO gene therapy by allowing for the transplantation of corrected
human HSPCs into mice to investigate if the corrected human cells are sufficient to
achieve functional correction in vivo—but such a model system would still require
exogenous hM-CSF. Given the success of the monocyte reconstitution in the hM-
CSF humanized mouse, IMO HSPCs transduced with a bicistronic vector
expressing both hM-CSF and human TCIRG1 could be considered an option for
testing in NSG or oc/oc-NSG hybrid mice, and the efficacy could be tested by serum
CTX-I. As we have not been able to demonstrate human osteoclasts in NSG-based
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models at present, it is unclear whether such experiments are feasible due to
successful treatment being dependent on generating osteoclasts that incorporate the
TCIRG transgene. To date, attempts at generating oc/oc-NSG hybrid mice have
been unsuccessful, as the off-spring seldom survives (Montano Almendras et al.,
unpublished data). Furthermore, in the event that NSG mice transplanted with
human HSPCs have spontaneous reconstitution of murine hematopoietic and
osteoclastic lineages (a highly plausible event), any effects of the transplantation
may be masked by the endogenous resorption.

Other methods for developing osteopetrotic mouse strains capable of being
transplanted with human HSPCs and potentially supporting human
osteoclastogenesis are currently being explored. However, since these are in the
very early stages, they will not be discussed in this dissertation. Another interesting
possibility would be to use human bone marrow ossicles in mice. Recent studies of
xenograft humanized bone marrow ossicles generated through in situ differentiation
of human bone marrow-derived MSCs in NSG mice have reported an improved
engraftment of xenotransplanted human HSCs in a humanized bone marrow
niche®’. If such a model system would be capable of sustaining a sufficient
population of human osteoblasts secreting hM-CSF, this could potentially allow for
human osteoclastogenesis after HSCT. However, the practical utility of such a
model may be limited, given the localized nature of the model and that the model is
unlikely to be devoid of normally functioning murine cells; the effects of
transplanting human IMO cells with or without treatment into humanized ossicles
would most likely be difficult to detect due to interfering murine cells and the lack
of a systemic osteopetrotic phenotype.

Novel Approaches for IMO Treatment

In addition to the gene therapy described in this dissertation, other interesting
developments that may improve the treatability of IMO have recently been
described. For instance, the generation of transplantable HSCs by direct conversion
of other cell types may be another option to generate a large amount of autologous
HSCs*®!%2 for transplantation. Similarly, oc/oc induced pluripotent stem cells
(iPSCs) have already been developed and have shown promise in in vitro tests of
TCIRG1-targeting gene therapy using bacterial artificial chromosomes (BACs)3*3.
Human SNX10-deficient iPSCs have also been developed, but osteoclastogenesis,
osteopetrotic phenotype, and functional correction have yet to be investigated in
these cells*®*. Due to the rarity of IMO samples, human TCIRG1-deficient IMO
iPSCs would be a valuable asset for the continued development of IMO gene
therapy, and as a potential source of HSCs for gene correction and subsequent
transplantation.
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Remaining Questions

Regardless of the promising progress in IMO gene therapy, additional questions
regarding the risk of off-target effects of IMO gene therapy remain unanswered. As
previously mentioned, the TCIRGI gene also encodes TIRC7 through alternative
splicing!”?, which is a transmembrane receptor expressed on activated T cells®®.
TIRC7 is an inhibitory receptor with important roles in regulating immune
responses>®. Increased intragraft TIRC7 mRNA levels in cardiac transplants has
been associated with acute rejection and TIRC7 mRNA levels are reduced in
PBMCs of transplant recipients with acute cardiac rejection®”-*%, Similarly, TIRC7
plasma and mRNA levels have been observed to be elevated in patients with acute
graft-versus-host disease (aGVHD), where they are associated with aGVHD
severity, and decline in response to treatment*®’. TIRC7 plasma and mRNA levels
have also been found to be elevated in immune thrombocytopenia patients, and to
decline in response to treatment!®’, Hence, TIRC7 appears to have a role in both
graft rejection and autoimmune diseases. The role of TIRC7 in osteopetrosis, if any,
remains unclear, though TCIRGI-deficient IMO patients may lack TIRC7'®!
depending on their TCIRG1 mutations. All TIRC7 exons, except for most of exon
1 which is a major component of its 5’ untranslated region (5’UTR), including the
transcription and translation start sites are included in TCIRG1 ¢cDNA!"2, As such,
following transcription of TCIRG1 cDNA, the resulting mRNA will code for the
full TIRC7 amino acid sequence. Despite this, TIRC7 is unlikely to be normally
expressed from the TCIRG1 cDNA, as the 5’UTR is important for translational
regulation. Any ectopic TIRC7 expression from the vector should be excluded in
vitro prior to clinical trials.

Furthermore, many IMO patients present with neurological symptoms and it is
unlikely that HSC-targeted IMO gene therapy would alleviate most of these
neurological symptoms, since many of these symptoms persist after HSCT'"!. It has
been shown to be possible to achieve CNS-based therapeutic effects based on HSC
gene therapy in e.g. early-onset metachromatic leukodystrophy*’. However, any
such therapeutic benefits in the CNS is likely to be heavily dependent on whether
the HSCs and/or their progeny can enter the CNS and generate the required progeny
to correct the required phenotype. In the case of the primary neurodegeneration and
neuronal lysosomal storage disorders in e.g. OSTM1- and CIC-7 deficient IMO,
HSC-targeted gene therapy is unlikely to be beneficial. As with HSCT for IMO,
gene therapy for IMO is probably best suited for patients that do not exhibit severe
neurodegenerative symptoms, as those with neurodegenerative symptoms are
unlikely to benefit sufficiently enough to merit treatment.

77



Osteoclastic Cartilage Resorption Processes

GPDPLQ 237 is a Multi-Protease Biomarker of Cartilage Resorption

While cartilage resorption has been described previously?®’, the processes

osteoclasts use when degrading cartilage have not been quantified until now; in this
dissertation, we have clearly demonstrated osteoclastic resorption of cartilage and
some of the processes involved in vitro. Using our model of osteoclastic cartilage
resorption, developed in Paper IV, we have been able to explore some of the
osteoclastic resorption processes that contribute to cartilage resorption. In Paper V,
we used the GPDPLQ1237 multi-protease biomarker of type II collagen degradation
to demonstrate that osteoclastic resorption of type II collagen, like resorption of type
I collagen, is mediated by both MMPs and cathepsin K. The weak effects of
cathepsin K inhibition on the C2M and CTX-II neo-epitopes are likely due to these
neo-epitopes being released mainly through MMP-mediated type II collagen
degradation, rather than due to the experimental model—as cathepsin K effects on
GPDPLQ1237 were evident. Our findings clearly demonstrate that osteoclasts can
resorb cartilage using MMPs and cathepsin K independently of acidification, further
supporting the notion that chondroclasts are simply osteoclasts located on cartilage
rather than on bone.

The Role of Acidification in Cartilage Resorption

In our studies, the main difference in resorption mechanisms between the two types
of collagen-containing ECMs appears to lie in the acidification of the ECM rather
than the proteases used; type I collagen in cortical bone cannot be resorbed without
acidification of the resorption lacunae, in comparison to type II collagen in calcified
and non-calcified cartilage which can be resorbed independently of acidification.
These findings appear to be contradicted by the calcified cartilage accumulation in
bones in both human and murine TCIRG1-deficient osteopetrosis***'. However,
this accumulation in osteopetrosis is a result of a developmental phenotype, and the
effects of inhibited acidification in mature osteoclasts cultured on calcified cartilage
or non-calcified cartilage in vitro may be different. The dispensability of
acidification in our studies is likely a result of low calcification of the cartilage
ECMs, at least for the non-calcified cartilage. For the calcified cartilage, it may also
be due to calcified cartilage having a different mineral distribution than e.g.
subchondral bone—despite having a similar mineral content**?>. Our osteochondral
Ca?", cell viability and TRAP activity data indicate that the osteochondral ECM—
including both calcified cartilage and subchondral bone—is less calcified than
cortical bone; osteochondral Ca?* release and cell viability were not affected by any
antiresorptive and TRAP activity was less impacted by the V-ATPase inhibitor
diphyllin than on cortical bone. Similarly, CTX-I release from osteochondral ECM

78



was inhibited less by diphyllin than that from cortical bone. These findings suggest
that acidification was dispensable for osteochondral resorption in our model.

However, the effects of diphyllin on C2M release from both calcified and non-
calcified cartilage were not consistent between experiments, ranging from inhibition
to stimulation. A possible explanation is the differences in matrix content in the
osteochondral ECM between matrix batches, as different batches were used for each
experiment. The matrix isolation procedure may have affected the effects of
diphyllin on osteochondral C2M release by altering the ratio of calcified cartilage,
non-calcified cartilage and subchondral bone in the osteochondral matrix. If the
osteochondral ECM contains a large proportion of non-calcified cartilage, the
detected C2M may be originating from the non-calcified cartilage—which is
unlikely to require acidification to be resorbed. However, the matrix isolation would
not explain the inconsistent effects on C2M release from the non-calcified cartilage
matrix.

Previous studies have demonstrated that osteoclasts from a Dock5 knockout mouse
are unable to form sealing zones due to abnormal podosome arrangement, and as a
result cannot dissolve calcified ECM>%. Despite this, they still secrete normal levels
of active cathepsin K, have unaffected lysosomal acidification and are able to resorb
calcified cartilage’*—possibly due to the differences in mineral distribution of
calcified cartilage and bone*>. However, given that both human and murine
TCIRGI-deficient osteopetrosis results in the accumulation of calcified
cartilage®***!, further investigation into the role of acidification in resorbing the
calcified cartilage is warranted. While the overall lack of effect of diphyllin on C2M
release from either type of cartilage indicates that acidification was not required, the
reason for the large variance in response to diphyllin between experiments,
particularly on the non-calcified cartilage, remains unclear.

In contrast to the effects of diphyllin on C2M release from non-calcified cartilage,
the effects of diphyllin on GPDPLQ,37 release were more consistent between
experiments. Unpublished data (Lofvall et al.) showed that diphyllin resulted in a
reproducible inhibition (50.3%) of GPDPLQ1237 release from resorbed non-calcified
cartilage, whereas CTX-II was not inhibited. Hence, it appears that reduced
acidification may negatively affect the release of type II collagen neo-epitopes that
are mediated by cathepsin K, such as GPDPLQ)237, but not those that are MMP-
mediated. Given that acidification is required for cathepsin K to be activated and to
be functional®®, these results indicate that the effect of V-ATPase inhibition on
GPDPLQ237 is likely due to a suboptimal pH for cathepsin K activation and
function. A previous study has indicated similar effects for type I collagen
resorption from decalcified cortical bone where decalcification greatly reduced the
impact of cathepsin K inhibition on CTX-I release but increased the impact of MMP
inhibition'®. Type I collagen is mainly degraded by cathepsin K!%1% but the
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relative contributions of cathepsin K and MMP are altered under decalcified
conditions'®, possibly due to decreased acidification of the resorption lacunae.
Furthermore, V-ATPase inhibition still reduces CTX-I release from decalcified
bone, potentially through cathepsin K-mediated effects, albeit to a lesser extent than
from calcified bone!'®. Additionally, cathepsin K has recently been shown to be able
to activate MMP-9 in an acidic extracellular milieu®*. However, we did not observe
any effects of acidification inhibition on MMP-mediated biomarkers of cartilage
resorption and this appears contradictory to the increased MMP contribution to
CTX-I release from decalcified bone!®. Given that MMPs are pH-neutral'™, a
decreased acidification of the resorption lacunae might explain their increased
contribution to CTX-I release on decalcified bone.

Mature murine osteoclasts seeded on calcified cartilage do not appear to form a
sealing zone®”, indicating that resorption lacunae would not form and that
extracellular acidification would be greatly impaired when osteoclasts are cultured
on cartilage. Similarly, mature human osteoclasts seeded on decalcified bone do not
form acting rings, but rather have a large number of podosomes'®. Some
osteopetrotic TCIRG1 mutations affect lysosomal acidification—which is essential
for resorption of both the calcified and the non-calcified bone matrices'®>—and
osteoclast-rich osteopetrosis results in an inability of osteoclasts to resorb calcified
cartilage'®®!7%, These studies combined with our findings indicate that acidification
of the resorption lacunae is dispensable for cathepsin K-mediated cartilage
resorption, at least on non-calcified cartilage, and MMP-mediated cartilage
resorption in both murine and human osteoclasts, provided that lysosomal
acidification remains functional. An interesting option to further explore the role of
acidification and cathepsin K in generating cartilage degradation biomarkers would
be to utilize osteoclasts derived from TCIRGI1-deficient IMO patients carrying
different mutations that affect either lysosomal acidification or lysosomal
trafficking, if mutations acting in such specific ways could be found. Osteoclasts
with either defective lysosomal acidification or lysosomal trafficking should both
have a greatly impaired ability to generate GPDPLQi237 through cathepsin K-
mediated proteolysis; acidic lysosomal or endolysosomal pH contributes to
cathepsin K’s activation and stability®®, and defective lysosomal trafficking
prevents the fusion of secretory lysosomes with the ruffled border—and presumably
the corresponding non-ruffled border in osteoclasts on cartilage. The role of
lysosomal acidification in cathepsin K-mediated cartilage degradation could also be
investigated further using lysosomotropic antiresorptives. For such experiments, the
agent used to inhibit lysosomal acidifications should not affect processes that are
crucial to acidifying the resorption lacunae, such as diphyllin which inhibits the V-
ATPase*”!. Compounds such as chloroquine which increase the pH of lysosomes'!
and thereby inhibit bone resorption®*’ could potentially be used to inhibit the pH-
mediated activation of cathepsin K in lysosomes. Chloroquine may also increase the
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pH in resorption lacunae to reduce cathepsin K activity in the lacunae®?, as well as
increase the activity of the pH-neutral MMPs—which can be assessed using e.g.
CTX-II and C2M. However, in the absence of sealing zones and lacunae
acidification—as would be expected when osteoclasts are cultured on cartilage—
the effects of chloroquine on cathepsin K-mediated cartilage degradation
biomarkers should be due to inhibition of lysosomal acidification. However, given
the lack of ruffled borders when osteoclasts are cultured on cartilage, the inhibitory
effect of diphyllin on GPDPLQ 1237 is likely mediated through the same processes as
those of chloroquine.

The Tissue and Protease Origins of the EKGPDPLQ Neo-Epitope

Our findings contradict the previously proposed mechanisms for generating the
GPDPLQ1237 neo-epitope as well as its proposed tissue and cellular origin. We were
able to generate its release from non-calcified cartilage in both the resorption model
and in the OSM+TNFa-stimulated explants, and demonstrated that both cathepsin
K and MMPs can contribute to its release from cartilage resorption and that MMP
contributes to its release from inflamed cartilage in vitro. The lack of effect of
cathepsin K inhibition in the cartilage explants is likely due to this model system
being predominantly MMP-mediated®***7*. The lack of peer-reviewed scientific
literature available on the neo-epitope makes it difficult to ascertain how it was
originally discovered, how it was found to be present in blood, and why it was
speculated to be derived specifically from cathepsin K and calcified cartilage. We
performed immunohistochemistry on rat knees to investigate which knee joint
compartments the neo-epitope may potentially originate from. The localization of
GPDPLQ237 to articular cartilage suggests that GPDPLQ1237 may be a feature of
physiological articular cartilage turnover in rats, unlike CTX-II which is only
present in the articular cartilage during arthritis**®. Both GPDPLQ)237 and CTX-1I*?
are localized to the growth plate, which indicates that they are both generated during
endochondral ossification. Hence, it appears that both calcified and non-calcified
cartilage may generate this neo-epitope in vivo.

We measured the release of GPDPLQ1237 from the osteochondral ECM in an attempt
to verify its release from a calcified cartilage-containing matrix. However, the
results were inconclusive (Lofvall et al., unpublished data). In some osteochondral
GPDPLQ\237 experiments, the results were very similar to those of non-calcified
cartilage—with high MMP and cathepsin K contribution, along with potentially
increased effect when inhibiting both proteases—but in others the protease
contributions differed greatly. Hence, the osteochondral GPDPLQ1,37 data were not
considered reliable, and the osteochondral ECM likely requires further optimization
and refinement for use in biomarker and drug validation. The matrix isolation
procedure may require better control of the relative ratio between the different
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matrices included in the osteochondral ECM, and should ideally be a pure calcified
cartilage matrix, to further test GPDPLQ 237 release from calcified cartilage.

Detecting the GPDPLQ 237 Analyte in Body Fluids

Despite GPDPLQ1237 being a highly promising biomarker of multi-protease
osteoclastic cartilage resorption in vitro and being present in rat cartilage, we were
unable to detect it at relevant levels in animal or human body fluids. Although the
neo-epitope has been proposed to be a blood-precursor to CTX-II*%43% in most
samples the GPDPLQ) 237 assay was either not able to detect the neo-epitope or the
levels were too low for robust technical validation. Even blood and urine samples
derived from OA and RA patients—or aggressive animal models of RA—were very
low, clustered around the LLOD of the assay, and were similar to controls. These
may not be the most ideal populations for testing the GPDPLQ1237 assay; screening
other patient populations with increased cartilage turnover, such as ankylosing
spondylitis (AS) patients***4%, may be another way to find human samples with
strong GPDPLQ237 signals. Osteoclastogenesis of monocytes isolated from AS
patients has been shown to be elevated in vitro*"!, indicating that osteoclasts may
play a potential role in the osteopenia observed in AS patients and potentially in
cartilage degradation. To further investigate the pathological relevance of
GPDPLQ\237 in vitro, it would be interesting to assess if osteoclasts from AS, OA
or RA patients, have altered cartilage resorption properties, similarly to previous
studies of OA osteoclasts on bone?'®.

According to the patents***>% that the GPDPLQ137 biomarker was based on, the
neo-epitope may be degraded into the shorter neo-epitopes (including the CTX-II
neo-epitope), by proteases in the kidneys and/or liver, which are later secreted in
urine. How this was investigated is not clear to us, as this has not been published
beyond the aforementioned patents, but the neo-epitope may only be present
transiently in the blood before being further processed in vivo—thereby reducing
the neo-epitope’s blood levels to levels that are not detectable. This could be a
plausible explanation as to why urine and synovial fluid CTX-II are such valuable
biomarkers of human cartilage degradation whereas blood CTX-II is not; synovial
fluid CTX-II is measured close to its biological source and urine CTX-II is measured
after clearing, processing and filtration in the liver and kidneys (possibly resulting
in the up-concentration of analytes), whereas blood CTX-II may be degraded,
rapidly cleared, or be too dilute for reliable measurement. In that case, synovial fluid
may be a more relevant matrix for measuring GPDPLQ1237, but synovial fluid is not
ideal for clinical use as it is not readily available and is highly invasive to sample.
Furthermore, the patents also claim that the neo-epitope is only present in blood and
is absent or only present at trace levels in urine and synovial fluid*¢43%, Hence there
are still many questions remaining regarding the biological generation, processing
and clearing of the GPDPLQ) 237 neo-epitope that may affect its utility as an in vivo
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biomarker. The neo-epitope may also be present in other forms; the CTX-II assay
uses a sandwich approach and therefore only detects multimers of neo-epitope-
containing fragments. In comparison GPDPLQ»37 is a competitive ELISA and
detects both monomers and multimers. The ability of GPDPLQ1237 to bind neo-
epitopes that are dimerized between the lysine residues has been verified (Lofvall
et al., unpublished data), but in vivo the detection of multimers may depend on the
specific types of dimerization.

Technical optimization or redesigning the assay could potentially improve the
sensitivity to allow for GPDPLQ 1237 detection in vivo. Such optimization measures
could include new immunizations to produce antibodies with improved sensitivity,
using other types of assay buffers, implementing sample pre-treatments before
measurements, or switching the assay over to other technical platforms, e.g.
sandwich ELISA, radioimmunoassay (RIA), chemiluminescence immunoassay
(CLIA), electrochemiluminescence immunoassay (ECLIA), or mass spectrometry-
based platforms. Except the sandwich ELISA redesign, which did not prove
effective as of yet, the above listed measures have not been tested in practice to date.
It remains possible that other elongated CTX-II neo-epitopes described in the
patents®*3% may have greater relevance in vivo, but this has yet to be tested and no
assays are currently available for any of the other neo-epitopes. Further optimization
of GPDPLQ\237 and development of novel assays may shed light on the generation,
processing, and release of CTX-II and CTX-II-like biomarkers that may have
clinical implications for diseases, such as rheumatic diseases, with pathological
cartilage turnover.
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Concluding Remarks

In this dissertation, we have performed research aimed at furthering our
understanding of osteoclast regulation and function—which may have important
clinical implications for metabolic bone diseases and rheumatic diseases—by
developing novel therapies, models, and biomarkers for osteoclast-related diseases.

The regulation of proteins that are crucial for osteoclast function are important to
consider for the development of gene therapy. The risk of having ectopic transgene
expression versus obtaining effective levels of gene product is a delicate balance.
We have demonstrated that the risk of ectopic expression and insertional
mutagenesis is low using our gene therapy vectors, and that the success rate of ex
vivo-generated osteoclasts from transplanted HSPCs is promising for future
development. Thus, we have made substantial progress toward the clinical
implementation of IMO gene therapy. Further studies will focus on testing and
optimizing the in vivo efficacy of the clinical vector construct in murine HSPCs and
transplantation experiments.

Osteoclasts have long been suspected to contribute indirectly as well as directly to
cartilage degradation in rheumatic diseases, but the mechanisms involved in the
latter are less understood. Although we were not able to demonstrate in vivo
relevance of GPDPLQi237, our studies clearly illustrate the importance of having
suitable models and good biomarkers for investigating mechanisms involved in
ECM turnover and biomarker generation—as e.g. protease-specific biomarkers may
not be able to detect the effects of other relevant proteases on ECM turnover. Using
our novel cartilage resorption model and the GPDPLQi2; biomarker, we
demonstrated that osteoclasts degrade cartilage using both MMPs and cathepsin K
in a biologically relevant setting, and that the GPDPLQ237 neo-epitope can be
generated through MMP-mediated cartilage degradation in pro-inflammatory
cartilage explants—findings that contradict the original hypothesis regarding the
neo-epitope’s origin and generation. Compared to our C2M and CTX-II findings
from cartilage resorption, the role of cathepsin K was much more pronounced for
GPDPLQ\237—similarly to the differences in protease contribution between CTX-I
and ICTP. The GPDPLQ 237 multi-protease neo-epitope biomarker may therefore
be a valuable tool to provide further pan-protease insight into cartilage degradation.
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Abstract Infantile malignant osteopetrosis (IMO) is a rare,
recessive disorder characterized by increased bone mass
caused by dysfunctional osteoclasts. The disease is most
often caused by mutations in the TCIRG1 gene encoding a
subunit of the V-ATPase involved in the osteoclasts
capacity to resorb bone. We previously showed that
osteoclast function can be restored by lentiviral vector-
mediated expression of TCIRGI, but the exact threshold
for restoration of resorption as well as the cellular response
to vector-mediated TCIRG1 expression is unknown. Here
we show that expression of TCIRGI1 protein from a
bicistronic TCIRGI/GFP lentiviral vector was only
observed in mature osteoclasts, and not in their precursors
or macrophages, in contrast to GFP expression, which was
observed under all conditions. Thus, vector-mediated
TCIRGI1 expression appears to be post-transcriptionally
regulated, preventing overexpression and/or ectopic
expression and ensuring protein expression similar to that
of wild-type osteoclasts. Codon optimization of TCIRGI
led to increased expression of mRNA but lower levels of
protein and functional rescue. When assessing the func-
tional rescue threshold in vitro, addition of 30 % CB
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CD34™ cells to IMO CD34™" patient cells was sufficient to
completely normalize resorptive function after osteoclast
differentiation. From both an efficacy and a safety per-
spective, these findings will clearly be of benefit during
further development of gene therapy for osteopetrosis.

Keywords Osteoclast - Osteopetrosis - Gene therapy -
Lentivirus - TCIRG1

Introduction

Osteopetrosis is a heterogeneous group of rare diseases
characterized by the inability of the osteoclasts to resorb
bone [1, 2]. The most severe form is called infantile
malignant osteopetrosis (IMO). Mutations in the TCIRG1
gene, encoding the a3 subunit of the osteoclastic
V-ATPase, account for up to 50 % of all IMO cases [3, 4]
and are also the cause of osteopetrosis in the oc/oc model
[5]. The mutations may lead to an absence of the a3 subunit
in osteoclasts [6, 7]. The disease itself presents as an
increase in bone mass, but despite increased density the
bones are brittle and prone to fracture. The cellular phe-
notype is characterized by an increased amount of osteo-
clasts, which are unable to resorb bone [7]. The disease is
fatal, and unless treated, most patients die within the first
6 years of life. As osteoclasts derive from the hematopoi-
etic stem cells via the monocytic lineage, the preferred
treatment is hematopoietic stem cell transplantation per-
formed as early as possible after diagnosis [8, 9].
TCIRGI (also known as a3) comprises the largest sub-
unit of the osteoclastic V-ATPase. The main function of
the V-ATPase in osteoclasts is to deliver protons to the
ongoing acidification of the resorption lacunae during bone
resorption [10]. Located in the membrane-embedded V,
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domain of the V-ATPase, the TCIRG1 contains two hemi
channels allowing access of protons for transport across the
plasma membrane [11]. It provides a structural scaffold on
which the other V subunits assemble, and is believed to be
important for targeting the V-ATPase to the plasma
membrane [12, 13]. This subunit is, thus, crucial for
V-ATPase functionality.

We have previously shown that the murine oc/oc disease
model of osteopetrosis can be rescued by gene therapy
using gammaretroviral vectors to target hematopoietic stem
cells [14]. We have further shown that the resorptive
function of human IMO osteoclasts can be restored in vitro
by lentiviral-mediated gene transfer of the TCIRGI cDNA
into CD34™" cells from peripheral blood of IMO patients
expanded in culture and differentiated on bone slices to
mature bone-resorbing osteoclasts [6].

As a part of the continued development of lentiviral-
mediated clinical gene therapy for IMO, we here wanted to
study regulation of lentiviral vector-mediated expression of
TCIRGI in human osteoclasts and non-hematopoietic cells
in comparison with the expression of the endogenous gene.
Furthermore, we wanted to determine whether the use of a
vector with a codon-optimized version of TCIRG1 would
lead to an increased level of expression of the protein and
also increased functional correction. Finally, we wanted to
investigate in more detail what levels (percentages) of
normal cells or vector-corrected cells were needed to
achieve significant correction of the bone resorption
capacity of human osteoclasts from IMO patients in vitro.

Materials and Methods
CD34* Cell Isolation, Culture and Expansion

Samples of peripheral blood from IMO patients (University
Medical Center Ulm) or umbilical cord blood from normal
deliveries (University Hospital Lund) were obtained after
informed consent under protocols approved by institutional
ethical boards. The IMO patient mutations are described in
Suppl. Table I, and cells were isolated, cultured and
expanded as previously described [6]. Briefly, mononuclear
cells from these cell sources were isolated using Ficoll
density centrifugation medium and CD34" cells were
subsequently separated from the mononuclear cell fraction
using MACS columns (Miltenyi Biotec, Bergisch Glad-
bach, Germany). Cells were cultured in SFEM StemSpan
medium (StemCell Technologies, Vancouver, BC), with
the following human recombinant cytokines: M-CSF
(50 ng/ml), GM-CSF (30 ng/ml), SCF (200 ng/ml), IL-6
(10 ng/ml) and FIt3L (50 ng/ml) all from R&D Systems
(Minneapolis, MN, USA). CD34" cells were plated at a
density of 5 x 10* cells in 1-ml medium using 24-well

bacteriological plates and incubated for 1 week at 37 °C
before collection and replating at a density of 1 x 10%
well. From day 7, the medium was exchanged every
2-3 days by demi-depletion.

Vectors, Viral Production and Transduction
of CD34" Cells

The rescue vector used in this study (based on the pRRL
lentiviral vector backbone), named LV-TCIRGI1/GFP,
contains the cDNA of human TCIRG/ inserted into a self-
inactivating lentiviral vector under the spleen focus-form-
ing virus (SFFV) promoter up-stream of an internal ribo-
somal entry site (IRES) which is followed by the gene for
enhanced green fluorescent protein (GFP). A lentiviral
vector expressing only GFP (LV-GFP) was used as control.
In addition, a vector named LV-coTCIRG1/GFP contain-
ing a codon-optimized version of human TCIRG! synthe-
sized by GeneArt (Life Technologies, Regensburg,
Germany) was generated. In LV-coTCIRG1/GFP, the
c¢DNA sequence was modified to eliminate splice sites,
poly(A) signals and TATA boxes that may negatively
influence expression. Codon usage was optimized based on
transfer RNA frequencies in human so that the Codon
Adaptation Index was increased from 0.86 to 0.95. Also the
GC content was increased to 62 % to promote RNA sta-
bility. All vectors were produced by transient transfection
of the vector plasmids in human 293T cells along with
packaging plasmid (pCMV AR8.91) and envelope plasmid
(VSV-G pMDG). CD34" cells were transduced once on
day 0-3 for 6 h in 24-well plates coated with RetroNectin
(Takara Bio, Otsu, Japan) at a multiplicity of infection
(MOI) of 30. After transduction, cells were cultured as
described above and transduction efficiency was tested at
different time points by flow cytometry analysis of cells
expressing GFP. Cells received a second round of trans-
duction at MOI 30 on day 7 for 6 h to ensure that trans-
duction efficiency was around 30-40 % at the end of the
2-week expansion period (Suppl Fig. 1, adapted from [6]).

Osteoclastogenesis

After 2 weeks, the expanded cells were reseeded into
96-well plates on bovine cortical bone slices at a density of
1 x 10%/well for cell assays or they were reseeded 12-well
plates at a density of 1.2 x 10°/well for western blot (WB).
The cells were incubated, at 37 °C and 5 % CO,, in tMEM
containing 10 % fetal bovine serum (FBS), 100 units/ml
penicillin, 100 pg/ml streptomycin and 388 pg/L thymi-
dine. They were expanded for 3 days in the presence of
50 ng/ml M-CSF. RANKL, 50 ng/ml, was added on day 3,
and media were changed every 2-3 days hereafter. After
10 days, cells were fixed in 4 % formaldehyde for further
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analyses. Resorption was assessed by the presence of CTX-
I and Ca’* in the cell supernatant, and osteoclast differ-
entiation was assessed by TRAP activity.

Osteoclasts derived from CD14" monocytes were gen-
erated as previously described [15, 16]. In brief, CD14*
monocytes were obtained from peripheral blood of healthy
donors by density gradient centrifugation using Ficoll
medium and were subsequently cultured at a density of
1.5 x 10° cells/em®, at 37 °C and 5 % CO,, in aMEM
containing 10 % FBS, 100 units/ml penicillin, 100 pg/ml
streptomycin and 388 pg/L thymidine. The cells were
expanded for 2-3 days in the presence of 25 ng/ml M-CSF
and were subsequently differentiated into osteoclasts by
adding 25 ng/ml of RANKL for an additional 10 days of
culture with medium changes every 2-3 days.

HT1080 Cultures and Transduction

Human fibrosarcoma HT1080 cells were maintained in
Dulbecco’s modified Eagle’s medium/High Glucose
(Thermo scientific) supplemented with 10 % FBS and
penicillin/streptomycin at 37 °C and 5 % CO,.

HT1080 cells were transduced once on day 1 for 6 h in
24-well plates at an MOI of 10. After 72 h, transduction
efficiency was tested by flow cytometry analysis of cells
expressing GFP and TCIRG1 expression was tested by
qRT-PCR and WB.

Deglycosylation

The mature CD14"-derived osteoclasts were harvested into
RIPA buffer, and the protein concentration was measured
using the Bio-Rad protein measurement assay (Bio-Rad,
Hercules, CA, USA). The cell lysate was deglycosylated
using either PNGase F or Endo H, both from Promega
(Madison, WI, USA), according to the manufacturer’s
instructions. In brief, 8 pg of total protein was mixed with
the respective denaturing buffers and was subsequently
denatured at 95 °C for 5 min followed by a deglycosyla-
tion reaction with PNGase F or Endo H in the respective
enzyme buffers at 37 °C for 2 h. As non-deglycosylated
controls, denatured protein solution was incubated in
enzyme buffers without enzyme. Samples equivalent to
5 pug of total cell lysate protein were used for
immunoblotting alongside 6 pg of total protein from the
transduced HT1080 cells.

Mixing Experiments
After expansion, cord blood or rescued IMO CD34™ cells
(transduced twice with LV-TCIRG1/GFP at MOI 30) were

mixed with non-rescued IMO CD34" cells in increasing
cell to cell ratio. The cells were then seeded into 96-well
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plates on bovine cortical bone slices at a density of
1 x 10°/well for cell assays or at a density of 1.2 x 10%
well on plastic in 12-well plates for western blot. Cells
were then differentiated into osteoclasts as described
above, during a period of 10-12 days.

Resorption Biomarkers

The release of the c-terminal type I collagen fragments
(CTX-I) from mineralized bone slices was determined in
the culture supernatants using the CrossLaps for Culture kit
(IDS, Boldon, UK), according to the manufacturer’s
instructions. The concentration of total calcium was mea-
sured in culture supernatants after resorption, by using a
colorimetric assay and a Hitachi 912 Automatic Analyzer
(Roche Diagnostics, Basel, Switzerland) following the
assay method validated and warranted by Roche Diag-
nostics [17].

TRAP Activity Measurements

TRAP activity was measured as previously described
[6, 18]. Briefly, 2-20 pl of conditioned media from 96-well
cell cultures on either bone or plastic was added to a 96-well
plate together with 80 pl freshly prepared reaction buffer
(0.33 M acetic acid, 0.167 % Triton X-100, 0.33 M NaCl,
3.33 mM EDTA at pH 5.5, 1.5 mg/ml of ascorbic acid,
7.66 mg/ml of disodium tartrate, 3 mg/ml of 4-nitro-
phenylphosphate). The reaction was incubated at 37 °C for
1 h in the dark and then stopped by adding 100 pl of 0.3 M
NaOH. Colorimetric changes were measured at 405 nm with
650 nm as reference using a Spectramax M5 ELISA reader.

Quantitative RT-PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) and reverse transcribed with random
primers and Superscript III (Invitrogen, Burlington,
Canada). Quantitative PCR was performed on a LightCy-
cler (Roche Diagnostics) using standard conditions with
cDNA equivalent to 10 ng RNA and 1:20,000 dilution of
SYBR Green I [14]. The following primers were used:
ACTIN: Fw 5'-CCATTGGCAATGAGCGGTT -3'; Rv 5'-
GCGCTCAGGAGGAGCAA-3'; TCIRG1: Fw 5-CAGC
TCTTTCTGCCCACAG-3'; Rv 5'-CTGCAGGAAGGTGA
AGGTCT-3' (NCBI Reference Sequence: NM_006019.3);
coTCIRG1: Fw 5-CAGCTGTTTCTGCCCACCG-3'; Rv
5'-CTGCAGAAAGGTGAAGGTCT-3'. Both TCIRG1
primer sets amplify at the same efficiency when tested on
transduced HT1080 cells and are designed to distinguish
between the TCIRGI expressed by the two different vec-
tors (data not shown). Differences in gene expression were
calculated using the 2722 method.
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Immunoblotting

Immunoblotting was performed as previously described
[6]. Cells were harvested into RIPA lysis buffer. Protein
concentrations were measured using the Bio-Rad protein
measurement assay (Bio-Rad, Hercules, CA, USA). A total
of 15 pg of total protein in SDS sample buffer were loaded
onto a 7.5 % SDS-PAGE gel, followed by blotting onto a
nitrocellulose membrane. Membranes were then blocked in
TBS, 0.1 % Tween 20 with 5 % skim milk powder for 1 h
at room temperature, followed by incubation with primary
antibody overnight at 4 °C in TBS, 0.1 % Tween 20, 5 %
skim milk powder, with the following dilutions: mouse
anti-TCIRG1 (Abnova, Taipei, Taiwan) 1:1000, mouse
anti-cathepsin K (Millipore, Billerica, MA, USA) 1:1000,
rabbit anti-GFP (Abcam, Cambridge, UK) 1:2000, mouse
anti-ATP6VOD2 (Abnova, Taipei, Taiwan) 1:1000 and p38
MAPK (Cell Signaling Technology, Danvers, MA, USA)
1:1000. The blots were then washed 3 times for 10 min and
incubated with a corresponding HRP-conjugated secondary
antibody for 1 h at room temperature followed by washing
3 times for 10 min in TBS buffer. Blots were developed
using the ECL kit (GE Healthcare, Waukesha, WI, USA).

Statistics

Statistical analysis was performed on log-transformed data
using one-way ANOVA with Dunnett’s multiple compar-
isons test against respective controls. * indicates p < 0.05;
*#* indicates p < 0.01; *** indicates p < 0.001; ns indi-
cates p > 0.05.

Results

Lentiviral-Mediated TCIRG1 Expression

in Osteoclasts Differentiated from IMO CD34" Cells
Follows the Regulation Pattern of Endogenous
TCIRG1 Protein

To characterize the expression of TCIRG1 as a function of
lentiviral transduction, we transduced CD34" cells from
normal cord blood or IMO patients with either a bicistronic
lentiviral vector containing the TCIRGI cDNA together
with a marker gene (LV-TCIRG1/GFP) or a control GFP
vector (LV-GFP). The CD34™" cells were then expanded for
2 weeks, and as previously observed, transduction with
LV-TCIRGI/GFP led to an increase in TCIRG1 mRNA in
expanded CD347 cells, while no change was observed in
expanded CD34™ cells transduced with LV-GFP compared
to untransduced controls (data not shown and [6]). Subse-
quent to expansion, cells were differentiated into mature
osteoclasts in the presence of M-CSF and RANKL. In LV-

TCIRG1/GFP-transduced cord blood cells induced to
undergo osteoclastogenesis, TCIRG1 protein expression
was increased with osteoclast maturation from day 5
onward (Figs. 1a, 2). TCIRG1 expression levels were
similar compared to LV-GFP-transduced cord blood-
derived controls. Previous studies showed no differences in
TCIRG1 expression between LV-GFP-transduced and non-
transduced cord blood cells (data not shown and [6]). In
IMO patient cells, LV-TCIRG1/GFP transduction led to a
differentiation-dependent increase in expression of TCIRG1,
corresponding to the pattern seen in normal CB cells
undergoing osteoclastogenesis, while TCIRG1 protein
expression was absent at all time points of differentiation in
LV-GFP-transduced IMO patient cells (Fig. 1b—d). In con-
trast to TCIRGI protein, GFP was expressed at a constant
high level in both LV-GFP and LV-TCIRG1/GFP condi-
tions at all time points during osteoclastogenesis (Fig. 1a—d).

Lentiviral Expression of TCIRG1 Follows RANKL-
Induced Osteoclastogenesis

To further characterize the effect of differentiation on
lentiviral-mediated TCIRG1 expression, we transduced
IMO cells with the LV-TCIRG1/GFP vector or the LV-
GFP control vector and following expansion cultured the
cells with M-CSF in the presence or absence of RANKL.
IMO cells transduced with LV-TCIRG1/GFP and treated
with  RANKL exhibited a differentiation-dependent
increase in TCIRG1 expression as described above, which
was accompanied by the normal increase in cathepsin K
expression with osteoclastogenesis (Fig. 2a, lanes 3 and 4).
As expected, cells exposed only to M-CSF failed to dif-
ferentiate into osteoclasts, did not express cathepsin K and
instead differentiated toward a macrophage-like cell type.
These macrophage-like cells expressed only very minor
amounts of exogenous TCIRGI1 at day 9 and 14 (Fig. 2a,
lane 7 and 8). IMO cells transduced with LV-GFP failed to
express TCIRG1 both when exposed to RANKL in com-
bination with M-CSF or with M-CSF alone, while the
osteoclast markers cathepsin K and the d2 subunit of the
V-ATPase were expressed on day 9 and 14 in cells exposed
to both M-CSF and RANKL. Expression of d2 was only
affected by osteoclast differentiation, and it was not
affected by the lentiviral-mediated expression of TCIRG1
(Fig. 2a). Cells transduced with either LV-TCIRG1/GFP or
LV-GFP and differentiated with or without RANKL
expressed GFP throughout differentiation.

In summary, the data from these two first sets of
experiments indicate that expression of TCIRG1 protein
during osteoclastogenesis is regulated at the post-tran-
scriptional level in a manner similar to the endogenous
protein even when expressed from a lentiviral vector with a
strong generic promoter as SFFV.
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Fig. 1 Lentiviral-mediated TCIRG1 expression in osteoclasts differ-
entiated from IMO CD34™ cells follows the regulation pattern of the
endogenous protein. CD34™ cells from IMO patients or normal CB
CD34" cells were transduced with LV-TCIRG1/GFP or LV-GFP.
Transduced cells were expanded for 2 weeks and then differentiated
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on plastic into osteoclasts, as described in “Materials and Methods”
section, followed by western blot analysis of protein expression.
Samples were run on western blot using antibodies against TCIRGI,
GFP and p38 as a loading control
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Fig. 2 Lentiviral-mediated expression of TCIRGI is dependent on
RANKL. IMO CD34% cells were transduced with LV-TCIRG1/GFP
(a) or LV-GFP (b) and expanded for 2 weeks and then differentiated
into osteoclasts in the presence of RANKL (4+RL) or macrophages in
the absence of RANKL (—RL). The protein expression of TCIRGI,

Differences in TCIRG1 Glycosylation Between Cell
Types Suggest a Regulatory Role in Osteoclasts

To investigate whether the regulation mechanism is cell
lineage specific, we used LV-TCIRGI1/GFP to express
TCIRGI1 in HT1080 cells, a fibrosarcoma cell line not
normally expressing this protein. At day 3, after trans-
duction TCIRGI1 was highly expressed at the mRNA level
(Fig. 3a) and protein level (Fig. 3b). However, the
molecular weight of the protein was lower than that
observed for TCIRGI expressed in osteoclasts. Previous
studies have shown that TCIRGI exists in a fully glyco-
sylated (mature) form and a core-glycosylated form when
expressed in osteoclasts [19]. By immunoblotting, we
identified two distinct bands with different molecular
weights in osteoclast cell lysates (Figs. 1, 2). Importantly,
the band at 116 kDa was more intense than the lower
molecular weight band, indicating that this is the dominant
form in osteoclasts. In contrast, in the HT1080 cells, the
predominant form is corresponding to the low molecular
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‘ GFP (27 kDa)

the V-ATPase subunit d2, the osteoclast marker cathepsin K and GFP
was assessed throughout differentiation, and p38 was used as loading
control. The last lanes in each of the two panels represent mature
osteoclasts generated from CD34™ cord blood cells

weight form in osteoclasts (Fig. 3b). We therefore
hypothesized that this modification may serve to protect the
protein from degradation in the mature osteoclast. Upon
transduction of the HT1080 cells using LV-TCIRG1/GFP,
the cells readily expressed both TCIRG1 mRNA (Fig. 3a)
and protein (Fig. 3b) after 3 days without RANKL stimu-
lation. Using the enzymes PNGase F and Endo H, we
verified that TCIRGI existed in both a fully glycosylated
and a core-glycosylated form in the osteoclasts (Fig. 3b)
where PNGase F is capable of deglycosylating the fully
glycosylated and the core-glycosylated form, whereas
Endo H can only deglycosylate the core-glycosylated form.
In contrast, TCIRG1 was only present in the core-glyco-
sylated form of the protein in HT1080 cells transduced
with the LV-TCIRG1/GFP vector as can be seen by com-
paring the molecular weight of TCIRG1 in the HT1080
samples to the deglycosylated osteoclast samples (Fig. 3b).
Furthermore, as the HT1080 cells expressed both TCIRG1
mRNA and protein after 3 days, these cells did not seem to
possess the same form of RANKL-dependent TCIRG1
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Fig. 3 TCIRG1 is differentially glycosylated in osteoclasts and
HT1080 cells. HT1080 cells were transduced with the LV-TCIRG1/
GFP vector, the LV-GFP vector or left non-transduced and were
cultured for 3 days followed by analysis of TCIRG1 mRNA levels by

regulation observed in osteoclast lineage cells (Fig. 2a). As
both the cord blood control cells and the IMO CD34™ cells
transduced with the LV-TCIRGI vector contain the same
two forms of TCIRG1 and mainly the fully glycosylated
form (Fig. 2a), it is possible that the glycosylation mech-
anism may be restricted to cells of the osteoclastic lineage.

A Lentiviral Vector with Codon-Optimized TCIRG1
Generates Higher Levels of RNA but Lower Levels
of Protein and Bone Resorption in Osteoclasts

as Compared to the Non-Optimized Vector

In an effort to increase expression of TCIRG1 and possibly
the resorptive function of corrected IMO cells, we con-
structed a lentiviral vector with a codon-optimized version
of TCIRG1 (LV-coTCIRG1/GFP) as described in “Mate-
rials and Methods” section. This vector, in all other fea-
tures identical with LV-TCIRG1/GFP, was then compared
to LV-TCIRG1/GFP.

IMO cells were transduced (MOI 30, 2 hits) with LV-
GFP, LV-TCIRGI/GFP or LV-coTCIRGI/GFP and
expanded for 2 weeks, and transduction efficiency was
similar for all vectors. qRT-PCR analysis performed
showed that the relative mRNA levels of TCIRGI in IMO
cells transduced with LV-TCIRG1/GFP or LV-coTCIRG1/
GFP were about 10- and 200-fold higher than in LV-GFP-
transduced cells, respectively (Fig. 4a). However, in five
patient samples tested, cells transduced with LV-TCIRG1/
GFP exhibited higher TCIRGI protein levels as analyzed
by western blot compared to those transduced with LV-
coTCIRG1/GFP (one example shown in Fig. 4b). This was
somewhat unexpected and thus in stark contrast to
expression of TCIRGI at the mRNA level, although the

gPCR (a). Cell lysates of osteoclasts differentiated from CDI14%
monocytes were deglycosylated using PNGase F or Endo H and the
glycosylations of TCIRGI in the transduced HT1080 cells, and the
deglycosylated osteoclast lysates were analyzed by western blot (b)

previously presented regulation mechanism could be
involved in this.

Furthermore, when these expanded IMO cells were
differentiated into osteoclasts on bovine bone slices, the
resorptive function, determined by CTX-I release, was
inferior in osteoclasts generated from LV-coTCIRG1/GFP
cells as compared to LV-TCIRG1/GFP cells (Fig. 4c),
correlating well with the lower protein expression.

Mixing Increasing Numbers of Expanded CB
CD34% Cells into IMO CD34™ Cells Followed
by Osteoclast Generation Results in a Dose-
Dependent Increase in Resorptive Function

In gene therapy, a central question is the level of correction
needed at the cellular level in order to correct the disease.
In the oc/oc mouse model of osteopetrosis, we previously
found that engraftment of as little as 4 % wild-type
mononuclear GFP-marked cells in non-irradiated recipients
could correct the disease [20]. We also observed that 30 %
of the osteoclasts in these mice were green, indicating
fusion of GFP-positive cells with non-marked cells to form
green osteoclasts [20]. Here we wanted to determine the
percentage of normal wild-type cells needed to correct the
human form of the disease in vitro. To do so we mixed
different ratios of CD34" cells from healthy CB donors
with CD34% cells from IMO patients with mutations in
TCIRGI and assessed their total capacity to resorb bone
after osteoclast maturation. First, CB and IMO CD34%
cells expanded for 2 weeks as described in “Methods”
section were mixed at increasing CB to IMO CD34™ cell
ratio as specified in Fig. 5 and then differentiated into
osteoclasts on plastic or on bone slices in the presence of
M-CSF and RANKL. The protein expression of TCIRGI in
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Fig. 4 A lentiviral vector with codon-optimized TCIRG1 generates
higher levels of RNA but lower levels of protein and bone resorption
in osteoclasts as compared to the non-optimized vector. IMO CD34*
cells were transduced (MOI 30, 2 hits) with LV-GFP, LV-TCIRG1/
GFP or LV-coTCIRG1/GFP, expanded for 2 weeks and compared to
LV-GFP-transduced and expanded CD34™ cells. mRNA was isolated
after 14 days of expansion, qRT-PCR was performed, and the graph
shows the average relative TCIRG1 levels (£SEM) of three patient

the mixing cultures increased with the increasing percent-
age ratios of CB cells in a dose-dependent manner (Fig. 5a).
We then determined osteoclast formation measured as
TRAP (Fig. 5b), bone resorption measured by CTX-I
release (Fig. 5c) and calculated the resorptive capacity per
osteoclast assessed as CTX-I/TRAP ratio (Fig. 5d). For
comparison purposes data were normalized to values
obtained from osteoclasts differentiated from 100 % CB
cells. Increasing percentage ratios of CB cells reduced the
number of osteoclasts (Fig. 5b). Increased bone resorptive
activity measured by CTX-I release was observed already at
a CB cell to IMO cell ratio of 2.5/97.5 %, and at 10 % CB
cells, resorptive capacity was restored to about half of that
obtained from the pure CB-derived osteoclast population.

Mixing Increasing Ratios of LV-TCIRG1/GFP-
Transduced and Expanded IMO CD34™" Cells
into Non-Corrected IMO CD34" Cells Followed
by Osteoclast Generation Results in a Dose-
Dependent Increase in Bone Resorption

To come as close as possible to a future gene therapy setting
in the next experiment, we added LV-TCIRG1/GFP-trans-
duced and expanded IMO CD34" cells to non-corrected
expanded IMO CD34" cells at different ratios and differ-
entiated these into osteoclasts on plastic or bone slices in the
presence of M-CSF and RANKL. The transduction (2 hits
MOI 30, efficiency 30 %) and expansion protocols are
described in “Methods” section. The highest percentage
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samples and cord blood controls, respectively (a). Western blot
analysis was performed on lysates from mature osteoclasts after
10 days of differentiation. G = LV-GFP; co = LV-coTCIRG1/GFP;
T = LV-TCIRGI1/GFP (b). Organic bone resorption was assessed on
day 10 by measuring CTX-I concentration in the supernatant (c).
Statistical analysis was done using one-way ANOVA with a Dunnett
post-test

ratio corrected versus non-corrected IMO cells was limited
to 30/70 % as this was the transduction efficiency obtained
in the corrected IMO cell population. Lacking a full rescue
comparison, data were normalized to those obtained from
100 % non-corrected IMO osteoclasts. Western blot anal-
ysis showed a dose-dependent increase in expression of
TCIRG!1 with increasing amounts of corrected IMO cells,
similar to what was observed for CB cells, but with slightly
lower expression. Addition of LV-TCIRG1/GFP-trans-
duced IMO cells to non-corrected cells led to a decrease in
TRAP, which surprisingly increased slightly with rescued
cell dose (Fig. 6b). At day 10, CTX-I was increased at a
percentage ratio of as little as 2.5/97.5 % corrected IMO
cells, while a 30/70 % ratio corrected cells resulted in a
12-fold increase in resorption compared to non-corrected
IMO cells alone, as measured by CTX-I release (Fig. 6¢),
and a 14-fold increase in resorption per osteoclast (Fig. 6d).

In summary, these data support that at least some degree
of in vitro rescue can be obtained using vector-transduced
CD34™ cells at doses as low as 2.5-5 % of the total cell
population.

Discussion

Aiming at gene transfer correction of infantile malignant
osteopetrosis, we introduced the TCIRG1 ¢cDNA into IMO
patient CD34% cells using a lentiviral vector followed by
differentiation into mature osteoclasts as previously shown
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resorption assays). At day 10, cells were lysed and protein expression
of TCIRGI1 was analyzed by western blot and p38 was used as loading

[6]. Normally, driving transgene expression with a generic,
non-tissue-specific promoter causes the transgene to be
ectopically expressed at all time points and in all cell lin-
eages derived from the transduced cells. However, despite
high expression of the TCIRG1 mRNA in pre-osteoclasts,
TCIRGI protein was not detectable in LV-TCIRG1/GFP-
transduced IMO pre-osteoclasts and early during osteo-
clastogenesis and no overexpression was observed in LV-
TCIRG1/GFP-transduced CB cells. Our findings indicate
that even vector-mediated TCIRG1 expression is restricted
in a manner similar to what is observed during normal,
RANKL-induced osteoclastogenesis and endogenous tran-
scriptional regulation of TCIRGI [21, 22].

In addition, we showed that when CD34% cells trans-
duced with LV-TCIRG1/GFP were differentiated into
macrophages instead of osteoclasts, by excluding RANKL,
TCIRGI protein expression was suppressed. The minor
levels observed are likely explained by residual osteo-
clastogenesis, which is sometimes observed when cells are
grown on plastic even without RANKL [15, 16]. In our
experiments, the marker gene in our bicistronic vector,
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control (a). TRAP activity (b) and CTX-I (¢) were measured at day
10, and the bone resorption per osteoclast (CTX-I/TRAP) (d) was
calculated. Data in b—d are expressed as values compared to those
obtained from osteoclasts generated from 100 % CB CD34" cells.
Statistical analysis was done using one-way ANOVA with a Dunnett
post-test comparing to 100 % IMO CD347 cells

GFP, was expressed at high levels throughout all steps of
expansion and differentiation, excluding a vector-specific
regulation of protein expression.

Beranger and colleagues previously showed that
TCIRGLI expression is regulated by transcription factors
downstream of RANKL. The TCIRG! gene is repressed by
the poly(ADP-ribose) polymerase-1 (PARP-1) in pre-os-
teoclasts [21]. Presence of RANKL causes release of the
negative regulation by PARP-1 during osteoclastogenesis
and leads to up-regulation of TCIRG1 through JunD proto-
oncogene (JunD) and Fos-related antigen (Fra-2) [22].
However, our data strongly suggest that the expression of
TCIRGI is also regulated through post-transcriptional
mechanisms linked to osteoclastogenesis. This mechanism
is without consideration for whether the transcript is
expressed from the lentiviral vector used here, a feature
that is clearly beneficial when considering gene therapy of
IMO.

Although the exact mechanism behind the post-tran-
scriptional regulation is unclear, our data may indicate that
glycosylation of the protein is involved. When ectopically
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Fig. 6 Correctional effect of mixing LV-TCIRG1/GFP-corrected and
non-corrected IMO cells. IMO CD34" cells and LV-TCIRG1/GFP-
corrected CD34" IMO cells were expanded, mixed at increasing LV-
TCIRG1/GFP-corrected IMO to non-corrected IMO cell ratio and
then differentiated into mature osteoclasts on either plastic (western
blot) or bovine cortical bone (for resorption assays). At day 10, cells
were lysed and protein expression of TCIRG1 was analyzed by

expressing TCIRGI in the HT1080 cells, both mRNA and
protein were present within 72 h; however, the molecular
weight was lower compared to the 116-kDa form seen in
osteoclasts. Interestingly, deglycosylation in osteoclasts led
to the presence of the 100-kDa form, showing that osteo-
clasts do glycosylate TCIRG1 as expected [19], most likely
to protect it against degradation in the lysosomes. Impor-
tantly, this glycosylation is not seen when ectopically
expressing TCIRG1 in HT1080 cells. However, further
data are needed to fully clarify whether this is the mech-
anism behind the tightly controlled TCIRG1 expression in
osteoclasts.

Another hypothesis may be that the TCIRGI levels are
dependent on the proper assembly of the V-ATPase com-
plex. Studies have shown that correct assembly of the
V-ATPase V, complex is necessary for protein stability
[23]. Thus, it is possible that overexpression of TCIRG1 in
the absence of other V, subunits results in TCIRGI
degradation, and only as the expression of the other
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western blot and p38 was used as loading control (a). TRAP activity
(b) and CTX-I (¢) were measured at day 10, and the bone resorption
per osteoclast (CTX-I/TRAP) was calculated (d). Data in b-d are
expressed as values compared to those obtained from osteoclasts
generated from 100 % non-corrected IMO CD34% cells. Statistical
analysis was done using one-way ANOVA with a Dunnett post-test
comparing to 100 % non-corrected IMO CD34™" cells

subunits increases with osteoclastogenesis, TCIRGI is
stabilized and detectable by western blot. Indeed, the d2
subunit was shown to increase with osteoclastogenesis
(Fig. 2a). However, the finding that TCIRG1 is readily
expressed and detectable on WB in LV-TCIRG1/GFP-
transduced HT1080 cells suggests that TCIRGI is not
dependent on the expression of the remaining subunits, at
least in the HT1080 cell line. Alternatively, RNA-binding
proteins could regulate translation of the TCIRG1 mRNA;
however, at present this is unknown [24]. The dissection of
these mechanisms is clearly of future interest, but beyond
the scope of the current work.

Codon optimization has become a commonly employed
technique in the field of viral gene transfer to increase
expression of the protein of interest and thereby also the
degree of functional correction [25, 26]. In an attempt to
increase expression of TCIRG1 and the resorptive function
of corrected IMO cells, we codon-optimized our transgene
according to state-of-the-art methodology. However, even
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though mRNA expression increased 20-fold, TCIRG1
protein expression and functional correction were consis-
tently lower in all five patient samples tested when com-
pared to our standard vector, while level of expression of
GFP appeared to be the same from the two vectors as
judged by western blot. Recently, published findings may
explain the discrepancy in TCIRG1-mRNA and protein
expression observed [27]. As reviewed by Mauro and
Chappell, codon optimization appears to be more complex
than initially considered [27]. For example, codon usage
may influence ribosomal elongation rhythm, which may
affect protein folding, and possibly also protein stability.
Mauro and Chappell further suggested that constructs for
human therapeutic applications primarily should be
restricted to unmodified natural gene sequences if possible
[27]. In line with this suggestion, the vector with the
unmodified TCIRG1 ¢cDNA, LV-TCIRG1/GFP, was used
for further experiments.

For future development of gene therapy of osteopetrosis,
an important question is to which level osteoclast function
needs be restored in order to achieve correction of the
disease phenotype in vivo. In our study, we found that
normal CD34" cells amounting to as low as 5 % were able
to incur a significant rescue of IMO patient cells. The
findings were similar when using corrected IMO CD34%
cells to incur rescue of IMO patient cells, a setting
resembling a gene therapy treatment where the patient’s
own CD347 cells are isolated from peripheral blood, cor-
rected ex vivo and infused back into the patient. The
magnitude of the increase was higher in both scenarios than
explained by the 5 % corrected cells, suggesting that cor-
rected and non-corrected pre-osteoclasts may fuse and give
rise to a larger number of functional osteoclasts. This is in
line with previous findings showing that osteoclast pro-
genitors transduced with a lentiviral vector containing a
GFP marker gene may give rise to high numbers of GFP-
expressing mature osteoclasts both in vitro and in vivo
[6, 20]. In this context, it is worth to remember that patients
with mutations in 7TCIRG]I in only one allele do not exhibit
any symptoms of osteopetrosis. Furthermore, recent find-
ings in a case of mild autosomal recessive osteopetrosis
caused by a mutation in intron 15 of TCIRGI, suggest that
only minor gene doses are necessary for functional cor-
rection [28, 29].

One limitation in the current study when it comes to
going forward toward a clinical gene therapy for IMO is
the use of the SFFV-promoter. In a clinical setting, this
promoter needs to be replaced with a mammalian promoter
such as the elongation factor 1 short (EFS) for safety rea-
sons [30, 31]; however, as exemplified here, regulation of
TCIRGI protein expression is to some extent promoter
independent, and hence, it is likely that similar data will be
obtained with a clinically applicable promoter.

In summary, we here show that lentiviral-mediated
expression of TCIRG]I is regulated in the same manner as
the endogenous gene product despite being expressed by a
lentiviral vector with a generic promoter. In addition, we
established that the natural TCIRGI gene sequence leads to
higher level of protein expression and functional rescue in
osteoclasts than a codon-optimized cDNA of the gene,
even though mRNA levels from the latter were consider-
ably higher. Furthermore, only a low fraction of human
pre-osteoclasts with a functional TCIRG1 is needed to
significantly increase resorptive function in vitro [20].
From both an efficacy and a safety perspective, our findings
are encouraging for the further development of gene ther-
apy for osteopetrosis.
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Targeting NSG Mice Engrafting Cells with a Clinically Applicable
Lentiviral Vector Corrects Osteoclasts in Infantile Malignant
Osteopetrosis
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Infantile malignant osteopetrosis (IMO) is a rare, lethal, autosomal recessive disorder characterized by
nonfunctional osteoclasts. More than 50% of the patients have mutations in the TCIRGI gene, encoding
for a subunit of the osteoclast proton pump. The aim of this study was to develop a clinically applicable
lentiviral vector expressing TCIRG1 to correct osteoclast function in IMO. Two mammalian promoters
were compared: elongation factor 1u short (EFS) promoter and chimeric myeloid promoter (ChimP). EFS
promoter was chosen for continued experiments, as it performed better. IMO osteoclasts corrected in vitro
by a TCIRG1-expressing lentiviral vector driven by EFS (EFS-T) restored Ca®' release to 92% and the
levels of the bone degradation product CTX-I to 95% in the media compared to control osteoclasts. IMO
CD34" cells from five patients transduced with EFS-T were transplanted into NSG mice. Bone marrow
was harvested 9-19 weeks after transplantation, and human CD34" cells were selected, expanded, and
seeded on bone slices. Vector-corrected IMO osteoclasts had completely restored Ca®* release. CTX-I levels
in the media were 33% compared to normal osteoclasts. Thus, in summary, evidence is provided that
transduction of IMO CD34+ cells with the clinically applicable EFS-T vector leads to full rescue of oste-
oclasts in vitro and partial rescue of osteoclasts generated from NSG mice engrafting hematopoietic cells.
This supports the continued clinical development of gene therapy for IMO.

Keywords: IMO, gene therapy, MSC, lentiviral vector

INTRODUCTION

INFANTILE MALIGNANT OSTEOPETROSIS (IMO) is the
most severe subtype of osteopetrosis. This hetero-
geneous group of rare diseases is characterized by
the inability of osteoclasts to resorb bone.>? While
the disease itself presents as an increase in bone
mass, the bones are brittle and prone to fracture,
despite their increased density. The cellular phe-
notype is characterized by an increased amount of
osteoclasts that are unable to resorb bone.® The
TCIRG1 gene encoding the a3 subunit of the oste-
oclastic V-ATPase is commonly mutated in IMO
patients, leading to an absence of the a3 subunit in
their osteoclasts.®* TCIRG1 mutations account for
up to 50% of all IMO cases.>® A mutation in TCIRG1

is also the cause of osteopetrosis in the oc/oc mouse
model of the disease.” Unless treated, IMO has a
fatal outcome, and most patients die within their
first 6 years of life. The preferred treatment for IMO
is to perform hematopoietic stem cell transplanta-
tion (HSCT) as early as possible after diagnosis, as
osteoclasts are derived from hematopoietic stem cells
via the monocytic lineage.®® However, development
of stem cell-based gene therapy for this disease might
circumvent some of the complications associated
with HSCT.*°

Previous studies have rescued the murine oc/oc
disease model of osteopetrosis with gene therapy,
utilizing a gammaretroviral vector to target hema-
topoietic stem cells.!! It has also been demonstrated
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that the resorptive function of human IMO osteo-
clasts was restored in vitro by lentiviral-mediated
gene transfer of TCIRG1 cDNA into CD34" cells
obtained from the peripheral blood of IMO patients
followed by expansion of the cells in culture and dif-
ferentiation on bone slices to mature bone-resorbing
osteoclasts.* However, in that study, TCIRG1 was
driven by the spleen focus forming virus (SFFV)
promoter that raises safety concerns in terms of
insertional deregulation of proto-oncogenes.'? In-
stead of employing strong viral promoter/enhancer
sequences, having led to severe adverse events in
past gene therapy trials,'>* the use of weaker cel-
lular promoters can increase treatment safety.

The current work thus modified the lentiviral
vector for possible use in a clinical setting. The SFFV
promoter was replaced with one of two different
mammalian promoters, and these were then tested
for correction of IMO osteoclast function in vitro.
The correction at the level of putative stem cells
was also assessed by transplantation of gene cor-
rected CD34" cells from IMO patients to NSG mice.

MATERIALS AND METHODS
CD34" cell isolation, culture, and expansion
Samples of peripheral blood from IMO patients
(University Medical Center Ulm; Supplementary
Table S1; Supplementary Data are available online
at www liebertpub.com/hum) or umbilical cord blood
(CB) from normal deliveries (Lund, Malmo, and
Helsingborg Hospitals) were obtained after informed
consent under protocols approved by institutional
ethical boards. Mononuclear cells from these sources
were isolated using density gradient centrifugation
with Ficoll, and CD34" cells were subsequently
separated from the mononuclear cell fraction using
MACS columns (Miltenyi Biotec, Bergisch Glad-
bach, Germany). For expansion, cells were cultured
in StemSpan™ Serum-Free Expansion Medium
(SFEM; StemCell Technologies, Vancouver, Canada),
with the following human recombinant cytokines:
macrophage colony-stimulating factor (M-CSF; 50 ng/
mL), granulocyte macrophage colony-stimulating
factor (GM-CSF; 30 ng/mL), stem cell factor (SCF;
200 ng/mL), interleukin-6 (IL-6; 10 ng/mL), and F1t3L
(560ng/mL), all from R&D Systems (Minneapolis,
MN). CD34" cells were plated at a density of 5x 10*
cells in 1 mL of medium using 24-well bacteriolog-
ical plates and incubated for a week at 37°C before
collection and re-plating at a density of 1x 10%/well.
From day 7, the medium was exchanged every 2—
3 days by demi-depletion. For transplantation, CD34"
cells were cultured for 30 h in StemSpan™ SFEM
with the following human recombinant cytokines

(100 ng/mL): SCF, F1t3L, and thrombopoietin (TPO),
all from R&D Systems.

Vectors, viral production, and transduction
of CD34" cells

All the vectors used in this study are self-
inactivating (SIN) lentiviral vectors with a pRRL
backbone (Supplementary Fig. S1). For comparing
promoter experiments, three rescue vectors were
used (SFFV-TG, EFS-TG, ChimP-TG), which con-
tain the cDNA of human T'CIRG1 under the spleen
focus-forming virus (SFFV) promoter, the elonga-
tion factor 1« short (EF'S) promoter, or the chimeric
myeloid promoter (ChimP),® respectively, up-
stream of an internal ribosomal entry site (IRES),
which is followed by the gene for enhanced green
fluorescent protein (GFP) used as a marker gene.
For subsequent in vitro studies and for transplan-
tations, a vector expressing TCIRG1 alone under
the EFS promoter (EFS-T) was used, without any
marker gene. Control vectors expressed GFP under
the SFFV or EFS promoters (SFFV-G, EFS-G).
Lentiviral vectors were produced by transient trans-
fection of the vector plasmids into 293T cells, along
with packaging plasmid (pCMV AR8.91), and enve-
lope plasmid (VSV-G pMDG). Transductions were
carried out in 24-well plates coated with Retro-
Nectin (Takara Bio, Otsu, Japan). For the in vitro
experiments, CD34" cells were transduced with a
first hit at a multiplicity of infection (MOI) of 30 for
6h on day 3 and a second hit at a MOI of 30 for 6 h
on day 7 followed by a week of culture with a my-
eloid cytokine cocktail and subsequent differenti-
ation to osteoclasts, as described above. For the
in vivo experiments, a shorter transduction proto-
col was developed to allow efficient transduction
while maintaining the stem/progenitor nature of
the CD34" population. Mononuclear cells were
thawed, and CD34" cells were isolated and trans-
duced with the first hit (MOI of 30 or 100) over-
night followed by transduction on the following day
with a second hit (MOI of 30 or 100) for 6 h, after
which the cells were transplanted in the NSG mice.
The total culture time of the cells prior to trans-
plantation was <30 h.

Osteoclastogenesis

After 2 weeks, the expanded cells were reseeded
into 96-well plates on plastic or on bovine cortical
bone slices at a density of 1x10%well for cell as-
says and 1.0 x 10%/well on plastic in a 12-well plate
for Western blot. The cells were incubated at 37°C
and 5% COg in alpha minimum essential medium
containing 10% heat-inactivated fetal bovine se-
rum (FBS), 100 units/mL of penicillin, 100 pg/mL of
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streptomycin, and 388 ug/L of thymidine. They
were expanded for 3 days in the presence of 50 ng/
mL of M-CSF and were differentiated for an addi-
tional 10 days in the presence of 50ng/mL of
M-CSF and 50 ng/mL of receptive activator of nu-
clear factor kappa-B ligand (RANKL), both from
R&D Systems, with medium changes every 2-
3 days. After 13 days, the cells were either fixed in
4% formaldehyde for further analyses or lysed for
Western blot analysis. Resorption was assessed by
CTX-I and Ca?* release into the media and the for-
mation of resorption pits. Osteoclastogenesis was
assessed by tartrate-resistant acid phosphatase
(TRAP) activity in the media.

Western blot

Cells were harvested into radioimmunoprecipi-
tation assay (RIPA) buffer. Protein concentrations
were measured using a Protein Assay Kit II (Bio-
Rad, Hercules, CA). Total protein (15 ug) in SDS
sample buffer was separated by gel electrophoresis
in an SDS-PAGE 4-12% gradient gel followed by
blotting onto a nitrocellulose membrane. Mem-
branes were then blocked in Tris-buffered saline
(TBS) with Tween 20 (TBST) with 5% skim milk
powder for 1h at room temperature followed by
incubation with a primary antibody overnight at
4°C in TBST with 5% skim milk powder using the
following antibody dilutions: mouse monoclonal
anti-TCIRG1 (catalog # H00010312-MO01A; Abno-
va, Taipei, Taiwan) 1:1000 and rabbit polyclonal
anti-p38 MAPK (catalog # 9212; Cell Signaling
Technology, Danvers, MA) 1:1000. The blots were
then washed for 3x 10 min and incubated with the
corresponding horseradish peroxidase—conjugated
secondary antibody for 1h at room temperature
followed by 3x 10 min washes in TBS. Blots were
developed using ECL Western Blotting Reagents
(GE Healthcare, Waukesha, WI). To estimate the
relative TCIRG1 protein expression levels between
vectors, a semi-quantitative analysis of the devel-
oped Western blot films was carried out using
Fiji.'® The films were digitized as PDF files using
an office scanner, and converted into 8-bit black-
and-white tiff images in Fiji. The bands of interest
were marked using the rectangle tool, and the band
intensity peaks were plotted using the gel analysis
tool. Background signals in the plots were removed
by separating the peaks from the background in-
tensity using the straight-line tool, and the area of
each isolated peak was subsequently measured.
The TCIRG1 peak areas were divided by the cor-
responding p38 peak areas, and the TCIRG1/p38
peak area ratios were normalized to that of the CB
EFS-T condition, due to one experiment lacking a

CB EFS-G condition, of the respective experiment
(n=3).

TRAP activity measurements

Between 1 and 20 uL of media from 96-well cell
cultures on either bone or plastic was added to a
96-well plate and diluted with water to a volume
of 20 uL.. The diluted samples were incubated
with 80 uLi of freshly prepared reaction buffer
(0.25M acetic acid, 0.125% Triton X-100, 0.25 M
NaCl, 2.5 mM EDTA, 1.1 mg/mL of ascorbic acid,
5.75 mg/mL of disodium tartrate, 2.25 mg/mL of
4-nitrophenylphosphate, pH 5.5) at 37°C for 1hin
the dark, and the reaction was then stopped by
adding 100 uL of 0.3M NaOH. Absorbance was
measured at 405 nm, with 650 nm as a reference
using a SpectraMax M5 (Molecular Devices, Sun-
nyvale, CA) plate reader.

Resorption biomarkers

The release of the c-terminal type I collagen
fragments (CTX-I) from resorbed bone slices was
determined using the CrossLaps for Culture kit
(IDS, Boldon Colliery, United Kingdom), which was
used according to the manufacturer’s instructions.

The release of Ca®" was analyzed by measuring
the concentration of total calcium in media after
resorption using a colorimetric calcium (CPC) as-
say and an ADVIA 1800 Clinical Chemistry Sys-
tem (both from Siemens Healthineers, Erlangen,
Germany).

Resorption pit formation

Resorption pits on the fixed bone slices were vi-
sualized by washing them with water, removing
the remaining cells by lysing them with RIPA
buffer, and scrubbing with a cotton swab followed
by staining with hematoxylin for 7 min. Excess dye
was removed by scrubbing the bones with a cotton
swab. Digital micrographs were obtained using a
10 x objective and an Olympus DP71 digital camera
mounted on an Olympus IX-70 microscope using
the Cell-A software (Olympus, Center Valley, PA).

NSG mice and transplantations

Breeding pairs of immunodeficient NOD-scid
IL2ry™"" (NSG) mice were obtained from Charles
River Laboratories (Sulzfeld, Germany). The mice
were maintained in the conventional animal facil-
ity at the Biomedical Centre, Lund University. All
experiments were performed according to protocols
approved by the local animal ethics committee.
NSG mice (8-15 weeks old) were sub-lethally ir-
radiated with 300 cGy and transplanted 6 h later
with 1x10° untransduced CB CD34" cells or IMO
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CD34" cells transduced with either EFS-T or EFS-
G by tail-vein injection. The mice were adminis-
tered ciprofloxacin via their drinking water for 2
weeks to avoid post-transplantation infections.
Peripheral blood was harvested at different time
points, and bone-marrow cells were harvested by
crushing the femora with a mortar after termina-
tion of the mice.

Vector copy number

Vector copy number (VCN) analysis was per-
formed on whole bone-marrow genomic DNA from
samples harvested from mice 9-19 weeks after
transplantation. The mean VCN per cell was de-
termined by quantitative reverse transcription
polymerase chain reaction. Samples were mea-
sured in triplicates using 100 ng of genomic DNA.
Primers for the WPRE element of the vector were
used to determine the amount of viral sequences,
which was further normalized to a genomic ref-
erence sequence of the Ptbp2 gene.l” A serial di-
lution of a plasmid standard containing both
sequences was measured in parallel to perform
an absolute quantification. A cell line clone with
predetermined VCN was used as an inter-plate
calibrator.

In vitro immortalization assay

Three independent in vitro immortalization
(IVIM) assays using the EFS-T vector were per-
formed at Hannover Medical School according to
previously published protocols.’®2° For determin-
ing the incidence of positive and negative assays,
potentially immortalized clones were discriminated
from rare cases of background proliferation by the
first quartile (Q1) expectation level of the positive
control. A mutagenic vector such as RV-SF, at VCN
levels above three copies, is expected to show posi-
tive assays with re-plating frequencies (RF)>3.17 x 10*
in 75% of the cases (experience from metadata avail-
able at Hannover Medical School). All plates with a RF
between the limit of detection (LOD; 1.05 x 10%) and
the Q1 level cannot be distinguished from sponta-
neous cell proliferation.

Flow cytometric analysis of cells
from transplanted NSG mice

Peripheral blood and bone marrow of trans-
planted NSG mice was analyzed for human re-
constitution by determining the percentage of
cells positive for huCD45-APC (BD Biosciences,
San Jose, CA) and for transduction efficiency by
determining the percentage of GFP" cells in the
control group. For lineage analysis, the cells were
stained with antibodies directed against CD33-

PeCy7, CD15-PeCy7, CD19-BV605, and CD3-PE
(all from BD Biosciences).

Statistics

The resorptive function of osteoclasts generated
from NSG-engrafting vector-corrected IMO hema-
topoietic cells was analyzed statistically by compar-
ing the EFS-T condition with the EFS-G condition
using a two-sided Mann—Whitney test, where * in-
dicates p <0.05, ** indicates p<0.01, *** indicates
p<0.001, and **** indicates p <0.0001. Results are
shown as the meanststandard error of the mean
(SEM). For the IVIM assay, the significance of the
differences between RF was calculated with Fisher’s
exact test, where * indicates p <0.05.

RESULTS
Restored resorptive function of osteoclasts
from IMO patients after lentiviral-mediated
TCIRG1 gene transfer driven by mammalian
promoters

It was previously shown that CD34* IMO cells
transduced with SFFV-TG can be differentiated into
functional osteoclasts in vitro.* In this study, the
efficacy of two different mammalian promoters—
EFS and ChimP—were evaluated by comparing
them to SFFV-TG (Supplementary Fig. S1). All
three TCIRG1-expressing vectors transduced ap-
proximately 35% of IMO CD34" cells after two hits
with a MOI of 30 (Fig. 1A). Transduced IMO and
CB CD34" cells were differentiated into osteoclasts
on plastic, and TCIRG1 protein expression was
analyzed by Western blot. TCIRG1 protein was
expressed in the mature rescued osteoclasts at day
13 of osteoclast culture, but TCIRG1 protein was
not detected in untransduced IMO cells or cells
transduced with SFFV-G (Fig. 1B). The TCIRG1
levels were highest in cells exposed to the SFFV-
TG vector followed by the EFS-TG vector and
lowest in cells exposed to the ChimP-TG vector.
Osteoclast differentiation on bone slices was veri-
fied by assessing TRAP activity in the media, and
the ability to resorb bone was evaluated by mea-
suring the release of Ca?" and CTX-I. The Ca%* and
CTX-I levels increased in CD34"-derived IMO os-
teoclasts transduced with the rescue vectors com-
pared to those transduced with the SFFV-G vector
and the untransduced IMO osteoclasts, indicating
an increase in resorptive activity and at least par-
tial restoration of function (Fig. 1C and D). Once
again, the levels were highest for cells transduced
with SFFV-TG (Ca%": 80+11%; CTX-I: 81+ 6%, rel-
ative to CB-derived osteoclasts), followed by EFS-
TG (Ca®": 72+7%; CTX-I: 54+16%), and finally
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Figure 1. Lentiviral transduction of TC/RGT driven by mammalian promoters can restore resorption in osteoclasts differentiated from infantile malignant
osteopetrosis (IM0) CD34™ cells in vitro. CD34™ cells were transduced and expanded for 2 weeks, seeded on bone slices, and differentiated into osteoclasts for
13 days in the presence of macrophage colony-stimulating factor (M-CSF) and receptive activator of nuclear factor kappa-B ligand (RANKL). (A) Transduction
efficiency was evaluated as % of green fluorescent protein (GFP*) cells determined by flow cytometry. (B) Western blot analysis was performed on lysates
from mature osteoclasts after 13 days of differentiation. (C) Resorption of the inorganic bone matrix was evaluated by measuring Ca?* release into the media.
(D) Resorption of the organic bone matrix was assessed on day 13 by measuring the CTX-I concentration in the media. (E) Tartrate-resistant acid phosphatase
(TRAP) activity in the media was measured for osteoclast quantification. (F) At day 13 of osteoclast differentiation, bone slices were stained for resorption pits,
as described in Materials and Methods. Formation of resorption pits was visualized on a microscope with a 10x objective, and images are representative of
three different bone slices per condition. The data are shown as means+standard error of the mean (SEM).




6 MOSCATELLI ET AL.

ChimP-TG (Ca®": 62+ 6%; CTX-I: 35+ 9%). Ca** and
CTX-I levels remained unchanged in IMO SFFV-G
osteoclasts compared to untransduced IMO osteo-
clasts. Media from the TCIRGI-transduced IMO
osteoclasts had a slightly lowered TRAP activity
compared to both SFFV-G and IMO controls
(Fig. 1E). To evaluate further the effect of lentiviral
gene transfer of TCIRGI cDNA into IMO osteo-
clasts, bone slices were stained with hematoxylin to
visualize resorption pits. After 13 days of differen-
tiation, the mature IMO osteoclasts generated from
cells transduced with the rescue vectors had formed
a high number of clearly visible pits, whereas re-
sorption pits were almost absent on bones with un-
transduced IMO cells and IMO cells transduced
with SFFV-G (Fig. 1F). Although there was no sta-
tistically significant difference between the bio-
marker values for EFS-TG and ChimP-TG, there
was a consistent trend present in four parameters
(Ca?", CTX-I, TRAP, and WB expression levels) in
all experiments, indicating that EFS-TG was the
vector that generated the highest expression levels
and the best functional outcome in vitro of the tested
mammalian vectors.

Clinically relevant EFS-T vector can restore
resorption in osteoclasts differentiated
from IMO CD34" cells in vitro

Having chosen the EFS promoter for continued
experiments, the IRES and GFP were removed
from the EFS-TG vector to obtain the clinically
relevant EFS-T vector, which was then tested
in vitro for efficacy and safety (Supplementary
Fig. S1). Transduced IMO and CB CD34" cells were
differentiated into osteoclasts on plastic for analy-
sis of TCIRG1 expression and on bone slices for
resorption analysis. The expression of TCIRG1,
evaluated by Western blot, was higher in the cells
transduced with EFS-T than in those transduced
with EFS-TG (Fig. 2A). Both the Ca®* (Fig. 2B) and
the CTX-I (Fig. 2C) levels in the media were higher
when using EFS-T (Ca®*: 92 +5%; CTX-I: 95+ 6%)
than when using EFS-TG (Ca?*: 76 +14%; CTX-I:
67+28%), and they were nearly comparable to
those from CB-derived osteoclasts. TRAP activity
was lower in the media from cells transduced with
EFS-T than from those transduced with EFS-G,
indicating a trend to normalization to the levels
observed in the media of CB-derived osteoclasts
(Fig. 2D). The osteoclasts derived from IMO cells
transduced with EFS-T were capable of forming
high numbers of resorption pits on bone slices
(Fig. 2E), thus confirming the functional rescue of
IMO cells in vitro with the EFS-T vector.

EFS-T exhibits a low mutagenic potential
compared to RV-SF and LV-SF

A safety concern regarding the clinical use of
integrating viral vectors is the risk of insertional
mutagenesis. The IVIM assay has demonstrated
the capability to detect transformation of virally
transduced cells under myeloid differentiation
conditions.'® In three independent IVIM assays,
the EFS-T vector was compared to a gammare-
troviral vector (RV-SF) and to a lentiviral vector,
with the strong viral promoter SFFV (LV-SF) as
positive controls. Cells were also subject to mock
transduction in similar culture conditions, without
viral vector, to monitor background activity. No re-
plating clones were seen for the mock control or the
EFS-T vector, whereas RV-SF-transduced samples
induced clones in 5/8 cases, and the LV-SF-
transduced samples induced clones in 2/5 cases
(Fig. 3). The RV-SF vector had a mean RF of
8.34x1073, the LV-SF vector had a mean RF of
1.24x1073, and the EFS-T vector only had one
positive well in 2/10 cases, corresponding to a mean
RF of 2.63x107°.

Long-term engraftment of transduced CB
and IMO CD34" cells in NSG mice

NSG mice (8-15 weeks old) were transplanted
with untransduced CB CD34" cells or IMO CD34"*
cells transduced with either EFS-T or EFS-G (Ta-
ble 1). The mice were sacrificed 9-19 weeks post
transplantation, and bone marrow was analyzed
for human reconstitution, the control animals
transplanted with IMO cells transduced with EFS-
G also for the level of GFP marking. In all groups of
transplanted mice, human CD45" cells were on av-
erage around 35% (Fig. 4A), showing that periph-
eral blood IMO CD34" cells have the capacity to
engraft in NSG mice similarly to CB CD34" cells. In
addition, GFP-marked cells were found in all mice
transplanted with IMO cells transduced with EFS-G
(1.1-12.6% of huCD45" cells). No differences in lin-
eage distribution of bone-marrow cells harvested
from mice transplanted with human CB CD34" cells
or with IMO CD34" cells transduced with EFS-G or
EFS-T were observed, indicating that EFS-T does
not skew the differentiation potential of transduced
CD34" cells in the NSG model (Fig. 4B).

Restored resorptive function of osteoclasts

generated from NSG-engrafting

vector-corrected IMO hematopoietic cells
Bone-marrow cells were harvested from NSG

mice 9-19 weeks after transplantation with CB

cells (n=>5) or IMO cells transduced with EFS-G

(n=17) or EFS-T (n=11). Human CD34" cells were
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Figure 2. The clinically relevant EFS-T vector can restore resorption in osteoclasts differentiated from IMO CD34" cells in vitro. CD34" cells were transduced
and expanded for 2 weeks, seeded on bone slices, and differentiated into osteoclasts for 13 days in the presence of M-CSF and RANKL. (A) Western blot
analysis was performed on lysates from mature osteoclasts after 13 days of differentiation. (B) The relative protein expression of TCIRG1 from the Western
blots (n=3) was analyzed by calculating the peak area ratios, as described in Materials and Methods. The concentration of Ca?* (C) and CTX-I (D) as well as
TRAP activity (E) was measured in the media at day 13. (F) At day 13 of osteoclast differentiation, bone slices were stained for resorption pits, as described in
Materials and Methods. Formation of resorption pits was visualized on a microscope with a 10x objective, and images are representative of three different
bone slices per condition. The data are shown as means+ SEM.
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to negative assays for RV-FS to EFS-T was significant ( p=0.0256).

isolated (range of CD34" cells per mouse 1.5-9.6%),
expanded for 2 weeks, seeded on plastic or bone
slices, and differentiated into osteoclasts for 13 days
in the presence of M-CSF and RANKL. Western blot
analysis was performed on lysates from mature os-

teoclasts differentiation and showed the presence of
the a3 subunit after rescue in 4/8 of the mice
transplanted with IMO EFS-T cells. Lysates from
two different mice in this group are shown (Fig. 5A),
one in which TCIRG1 could be detected and one in
which it was not detected, suggesting that there was
variability of rescue of NSG-engrafting cells be-
tween mice. Vector-corrected IMO osteoclasts ex-
hibited completely restored Ca®*-release (97+21%
compared to CB-derived osteoclasts), with a 3.4-fold
increase (Fig. 5B; p=0.019) relative to the non-
corrected IMO osteoclasts. CTX-I levels in the
media were partially restored (33 £ 6% compared to
CB-derived osteoclasts) and 14-fold (p<0.0001)
higher than those of the non-corrected IMO oste-
oclasts, which failed to resorb bone (Fig. 5C). There
was no difference in TRAP activity of the osteo-
clasts derived from mice transplanted with IMO
cells transduced with EFS-G or EFS-T (Fig. 5D).
VCN was assessed in eight mice transplanted with
EFS-T-transduced CD34" cells and ranged from
0.10 to 0.46 VCN per human CD45" cell for all
mice, except one where VCN was 1.96 (Table 1).
The VCN did not correlate directly with the MOI of
the transduction. In transplantation experiment 4,
the use of a MOI of 100 instead of a MOI of 30 did
not result in a higher VCN or higher rescue (Ta-
ble 1). Overall, these data show that the EFS-T
vector can at least partially restore the resorptive

Table 1. Data from individual NSG mice transplanted with IMO or CB CD34" cells

Transplant huCD45" cells VCN in VCN per TCIRGT band  [Ca?*] x-fold  [CTX-I] x-fold ~ TRAP activity x-fold
experiment/donor  Vector Mol in BM (%) whole BM  huCD45" cell in WB of IMO EFS-G  of IMO EFS-G of IMO EFS-G Rescue
1/P6 EFS-T  30x2 n.d. n.d. n.d. nd. 6.38 16.19 3.00 Partial
1/P6 EFS-G  30x2 n.d. n.d. n.d. — 1.00 1.00 1.00 —
1/P6 EFS-T  30x2 n.d. n.d. n.d. None 7.28 18.50 1.62 Partial
1/P6 EFS-T  30x2 n.d. n.d. n.d. Weak 717 2313 0.89 Partial
1/P6 EFS-G  30x2 n.d. n.d. n.d. — 1.00 1.00 1.00 —
2/CB ut — 49.00 0.02 0.04 — 3.28 49.22 0.33 —
2/P3 EFS-G 30x2 59.00 0.50 0.85 — 1.00 1.00 1.00 —
2/P4 EFS-T 302 36.00 0.12 0.33 n.d. 0.96 1.06 0.89 None
2/P7 EFS-T  30x2 56.00 0.06 0.1 None 0.88 124 1.09 None
2/P1 EFS-G  30x2 45.00 0.49 1.09 — 1.00 1.00 1.00 —
2/P3 EFS-T  30x2 59.00 027 0.46 Weak 212 10.62 0.66 Partial
2/P3 EFS-T  30x2 53.00 0.13 0.25 Weak 2.05 10.80 0.65 Partial
3/CB ut — 16.00 0.02 0.13 — 433 44.22 0.23 —
3/P1 EFS-T  30x2 28.00 0.55 1.96 Strong 2.77 27.15 033 Complete
3/P7 EFS-G 30x2 7.00 2.79 39.86 — 0.88 0.96 1.24 —
3/P7 EFS-G  30x2 9.00 0.35 3.89 — 1.12 1.04 0.76 —
3/CB ut — 40.00 0.00 0.00 — 2.80 28.56 0.35 —
4/P6 EFS-T  100%2 14.30 0.03 0.21 None 3.28 22.10 0.82 Partial
4/P6 EFS-T  100%2 24.30 0.08 033 None 2.72 21.55 0.84 Partial
4/P6 EFS-T  100%2 21.10 0.02 0.10 n.d. 1.42 423 078 Partial
4/P6 EFS-G  100%2 25.50 0.58 227 — 1.00 1.00 1.00 —
4/CB ut — 59.20 0.00 0.00 — 3.59 45.26 024 —
4/CB ut — 45.30 0.00 0.00 — 340 49.92 0.23 —

Rescue was evaluated as restoration of osteoclast resorption compared to positive and negative controls.
IMO, infantile malignant osteopetrosis; MOI, multiplicity of infection; VCN, vector copy number; P1-P7, IMO patients; CB, cord blood; UT, untransduced;

n.d., not determined.
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Figure 4. Long-term engraftment and lineage analysis of cord blood (CB) cells and transduced IMO CD34+ cells transplanted into NSG mice. Bone-marrow
cells were harvested from NSG mice 9-19 weeks after transplantation with CB cells (n=5) or IMO cells transduced with the EFS-G (n=5) or EFS-T vector
(n=8) and were assessed for human engraftment in total bone marrow (A) by analyzing the expression of CD45 and lineage distribution in the human cell
compartment (B) by analyzing the expression of CD3, CD19, and CD33/15 markers by flow cytometry. The data are shown as means+ SEM.

function of osteoclasts differentiated ex vivo from
NSG-engrafting vector-corrected CD34" cells from
IMO patients.

DISCUSSION
The aim of the present study was to use lentiviral-
mediated gene transfer of TCIRGI with a clini-

cally applicable vector to rescue the phenotype of
human IMO osteoclasts in vitro and after genera-
tion of osteoclasts from NSG-engrafting hemato-
poietic cells.

In a previous proof-of-principle work, sufficiently
high levels of transgene expression were obtained in
IMO osteoclasts in vitro by using the viral SFFV
promoter.*?! In the current work, the EFS promoter

A B & 5
- - 7] p=0.0189
TCIRG1 4 A
o
= 31
® L
S5 24
— m— gy . p38 K
®
E '
Py A o 2
& o o & <o :
| 0& | l é Q? é | ,\Q-\' go q&
cB IMO L © ¢ &
CB IMO
C D
6 50 6 1.5
= =
[ w0
i 40 b
o €0 10
TE 30 p<0.0001 5=
Ee e @9
T 2 %z
g Eg 05
g 10 £
g g
£ . " < 00
& ° & & o &
& ¥ ¢ LS 1€ ¢ |
CB MO CB IMO

Figure 5. Vector-corrected IMO osteoclasts generated from NSG-engrafting hematopoietic cells show rescued resorption capacity. Bone-marrow cells were
harvested from NSG mice 9-19 weeks after transplantation with CB cells (n=5) or IMO cells transduced with the EFS-G (n=7) or EFS-T vector (n=11). Human
CD34" cells were expanded for 2 weeks, seeded on bone slices, and differentiated into osteoclasts for 13 days in the presence of M-CSF and RANKL.
(A) Western blot analysis was performed on lysates from mature osteoclasts after 13 days of differentiation. Lysates from two different mice transplanted with
IMO cells transduced with the EFS-T vector are shown, one in which TCIRG1 could be detected and one in which it could not. The concentration of Ca?*
(B) and CTX-I (C) as well as TRAP activity (D) was measured in the media at day 13. The data are shown as means+ SEM.
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that is being used in the X-SCID?>2* and ADA
SCID® clinical trials and the chimeric myeloid
promoter (ChimP),’® planned to be used in the
Chronic Granulomatous Disease (CGD) trial and
with the advantage of being lineage specific, were
tested.2® Due to the limited patient material avail-
able, the aim was to choose the non-viral promoter
that could induce the highest resorption rescue in
IMO osteoclasts. Therefore, the EFS promoter and
the ChimP were compared to the SFFV promoter.
The EFS-TG vector mediated a higher level of pro-
tein expression and higher rescue of resorptive
function of the IMO osteoclasts in vitro than the
ChimP-TG vector, as evaluated by measuring re-
lease of calcium and the resorption marker CTX-I
into the media. From a safety point of view, it has
previously been shown that lentiviral-mediated ex-
pression of TCIRG1 is regulated in the same man-
ner as the endogenous gene product, despite being
expressed by a lentiviral vector with a generic pro-
moter.2! Thus, the myeloid specificity of the ChimP
is not strictly necessary.

Based on the results from the comparison of
the three promoters in vitro, the clinically appli-
cable EFS-T vector was developed, with a mam-
malian promoter and without GFP, for continued
experiments. EFS-T-corrected IMO osteoclasts
in vitro restored release of calcium and CTX-I
into the media corresponding to 92+5% and
95+ 6% of those obtained with CB-derived osteo-
clasts. The overall higher rescue level observed
with the EFS-T vector compared to the EFS-TG
vector is most likely due to the removal of the
IRES-GFP sequence allowing for a higher expres-
sion of TCIRG1.

For the in vivo experiments, CD34" cells from
peripheral blood of five patients with different
TCIRG1 mutations were obtained without the
need for mobilization due to the high percentage of
circulating CD34" cells characteristic of IMO pa-
tients.?” The cells were transduced with EFS-T or
with EFS-G and transplanted into sub-lethally ir-
radiated NSG mice; CB CD34" cells were trans-
planted as positive controls. It was not possible to
analyze the correction of osteoclasts in vivo, as
these cells do not develop in this xenotransplant
model, probably due to the species specificity of
M-CSF.?® Therefore, the bone marrow of the mice
was harvested 9-19 weeks after transplantation
for analysis and osteoclast differentiation ex vivo.
IMO CD34" cells from peripheral blood engrafted
in NSG mice to the same degree as CB CD34" cells,
in line with the observation that they can be used
as a backup in clinical transplantations should a
graft failure occur.?” Isolated human CD34" cells

were differentiated to mature osteoclasts, and re-
sorption was assessed. The positive and negative
control osteoclasts performed as expected: osteo-
clasts derived from mice transplanted with CB cells
were capable of resorbing bone effectively ex vivo,
while osteoclasts derived from mice transplanted
with IMO EFS-G cells exhibited strongly impaired
resorption.®?° The main objective was to assess the
functional restoration of the osteoclasts derived
from the mice transplanted with IMO EFS-T cells.
On average, based on calcium release, resorption
was completely restored compared to that of oste-
oclasts derived from animals transplanted with CB
cells, and based on CTX-I levels, it was restored to
33+6%, as well as being significantly higher com-
pared to IMO EFS-G osteoclasts. The rescue levels
in individual mice were variable and can be divided
into three categories: in osteoclasts derived from
CD34" cells isolated from two mice, no rescue was
observed; in cells derived from eight mice, partial
rescue was detected; and in cells derived from one
mouse, a complete rescue was observed, as as-
sessed by an increase in calcium and CTX-I levels,
a decrease in TRAP activity, and comparison to the
results of osteoclasts derived from mice trans-
planted with CB cells. This variability is also seen
in the VCN analysis that ranged from 0.10 to 0.46
per cell positive for human CD45" cells in the mice
with no rescue or partial rescue, whereas it was
1.96 in the mouse whose cells conferred complete
rescue. This indicates that the variability in re-
sorption is probably due to differences in trans-
duction efficiency of the more primitive cells. This
does not seem to be directly correlated to the MOI,
as an increase in VCN was not seen when using a
MOI of 100 instead of a MOI of 30 for the in vivo
experiments, but could instead be strongly influ-
enced by the use of different patient samples and
vector batches. A future aim is to optimize and
standardize the vector production and transduc-
tion protocol in order to obtain a more consistent
VCN ranging between 1 and 2, in the NSG-
engrafting putative stem cells, which should allow
a higher level of rescue to be observed in cells
harvested from mice. It is possible to aim safely for
a higher VCN, as the results from the IVIM assay
that was performed conclude that the EFS-T vector
has a strongly reduced mutagenic potential when
compared to the gammaretroviral positive control
vector or a SIN-lentiviral vector with a strong viral
promoter/enhancer element, even at mean VCN
levels above three copies per cell.

For future development and application of a
clinical gene therapy protocol for treatment of
IMO, a crucial question is what level of correction
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of osteoclast function is needed in vivo to reverse
the disease phenotype. It was previously shown
that transplantation of gene therapy—corrected
cells in oc/oc mice completely reversed the disease,
even though the in vitro bone resorption capacity
of these cells was only 10% of wild-type cells.*°
Furthermore, it was possible to show that trans-
plantation of wild-type cells in oc/oc mice in a non-
myeloablative setting, resulting in an engraftment
level of only 4-5%, was sufficient to correct the
disease.?! In terms of the human disease form,
the addition of 30% umbilical CB CD34" cells to
IMO CD34" cells in vitro, followed by osteoclast
differentiation, was sufficient to restore resorp-
tive function of these cells completely.?! Further-
more, in the same study, levels as low as 5% CB
CD34" cells or gene-corrected IMO CD34" cells
mixed into non-manipulated IMO CD34" cells
resulted in significant resorption, possibly due to
fusion of preosteoclasts harboring normal/gene
corrected TCIRG1 with TCIRG1 deficient counter-
parts to form osteoclasts.*?*! Thus, gene correction
of only a fraction of cells and partial rescue of oste-
oclast function may be sufficient for clinical benefit
when treating patients with IMO.

In summary, this study provides evidence for
almost complete rescue of IMO osteoclasts in vitro
by a clinically applicable lentiviral vector expres-
sing TCIRGI under the mammalian promoter EFS
and lacking a marker gene. Furthermore, it shows
partial rescue of IMO osteoclasts generated from
vector-corrected, NSG mice-engrafting hemato-
poietic cells. These findings support further devel-
opment of hematopoietic stem cell targeted gene

therapy, not only of IMO, but also of other diseases
affecting osteoclasts.
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Forced expression of human macrophage colony-stimulating
factor in CD34" cells promotes monocyte differentiation in
vitro and in vivo but blunts osteoclastogenesis in vitro
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Abstract
Objectives: Here, we tested the hypothesis that human M-CSF (hM-CSF) overex-

PR
Nordic Bioscience, Herlev, Denmark pressed in cord blood (CB) CD34" cells would induce differentiation and survival of

3Institute of Experimental
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monocytes and osteoclasts in vitro and in vivo.

Methods: Human M-CSF was overexpressed in cord blood CD34" cells using a lentivi-
ral vector.

Results: We show that LV-hM-CSF-transduced CB CD34" cells expand 3.6- and 8.5-
fold more with one or two exposures to the hM-CSF-expressing vector, respectively,
when compared to control cells. Likewise, LV-hM-CSF-transduced CB CD34" cells

show significantly higher levels of monocytes. In addition, these cells produced high
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levels of hM-CSF. Furthermore, they are able to differentiate into functional bone-
resorbing osteoclasts in vitro. However, osteoclast differentiation and bone resorption
were blunted compared to control CD34" cells receiving exogenous hM-CSF. NSG
mice engrafted with LV-hM-CSF-transduced CB CD34" cells have physiological levels
of hM-CSF production that result in an increase in the percentage of human mono-
cytes in peripheral blood and bone marrow as well as in the spleen, lung and liver.

Conclusion: In summary, ectopic production of human M-CSF in CD34" cells pro-
motes cellular expansion and monocyte differentiation in vitro and in vivo and allows
for the formation of functional osteoclasts, albeit at reduced levels, without an exog-

enous source of M-CSF, in vitro.

KEYWORDS
cord blood CD34" cells, human M-CSF, lentiviral transduction, monocytes, osteoclast,
transplantation

1 | INTRODUCTION

overexpress human macrophage colony-stimulating factor (M-CSF) in
cord blood (CB) CD34" cells, and we analyzed them in vitro and in vivo.

Efficient gene transfer into human hematopoietic stem cells (HSCs)
provides a powerful tool for the study of gene function and as well as
in the therapeutic field the possibility to treat a variety of hematopoi-
etic and genetic disorders."? Hematopoietic stem cell transplantation
can be used to durably deliver genetically modified cells to the bone
marrow and subsequently induce the release of mature cells with the

corrected gene into the circulation.>* Here, we used this approach to

Macrophage colony-stimulating factor (M-CSF), also known as
colony-stimulating factor-1 (CSF-1), is a pleiotropic growth factor that
mediates survival, proliferation and differentiation of mononuclear/
macrophage cells.’” M-CSF is also essential for the survival and pro-
liferation of osteoclast progenitors.>” The role of M-CSF in the dif-
ferentiation of mouse macrophages has been previously studied; the
CSF1°°/CSF1°P mouse fails to express functional M-CSF, as a result
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| B, %
of a point mutation in the CSF-1 gene, which leads to osteopetrosis.
Furthermore, administration of soluble M-CSF to CSF1°P/CSF1° mice
rescues the phenot\/pe.&9 Similarly, Csf17/Csf1r™ mice also exhibit an
osteopetrotic phenotype like CSF1°°/CSF1°? mice with various devel-
opmental defects in hematopoiesis, including a severe reduction of
macrophages and reproductive defects.’®

Humanized mouse models have been developed to evaluate the
long-term repopulation potential of human HSCs, and these have be-
come an indispensable tool for human HSC research.!* Engraftment
of human CD34" hematopoietic stem cells in immunodeficient NSG
mice leads to robust reconstitution of human T, B and NK cells, al-
though the reconstitution of the myeloid lineage is generally poor'?
and osteoclasts development has not been reported. Cytokines play a
role in HSC differentiation, expansion and maintenance; in most cases,
the cytokine’s general structure and function are maintained between
human and mouse. However, there are some exceptions like M-CSF
where murine M-CSF fails to activate the human receptor.13

In the present study, we utilized lentiviral-mediated gene transfer
to overexpress hM-CSF in human CB CD34" HSCs for the purpose
of examining its effect on proliferation, monocyte differentiation and
survival in vitro and in vivo after transplantation of these cells into NSG
mice. We also wanted to test the hypothesis that expression of human
M-CSF by the CD34" cells could mediate osteoclast differentiation.

2 | MATERIALS AND METHODS

2.1 | CD34" cell isolation and expansion

Umbilical cord blood cells from full-term deliveries were obtained after
informed consent under a protocol approved by the institutional ethi-
cal board. Mononuclear cell and CD34" cell isolation was performed
as previously described.*> For in vitro experiments, cells were cul-
tured in SFEM StemSpan medium (StemCell Technologies, Vancouver,
BC, Canada) with the following human recombinant cytokines: 10 ng/
mL IL-6, 200 ng/mL SCF and 50 ng/mL FLT- 3L, whereas for the in
vivo experiments, cells were cultured with 100 ng/mL each of SCF,
TPO and FLT-3L prior to transplantation.

2.2 | Viral vectors and production

The SIN lentiviral vector used in this study was generated from the
PRRL.cPPT.SFFV. idTOMATO.WPRE vector in Axel Schambach’s
Laboratory, Hannover, Germany. The cDNA of the soluble form of
human M-CSF was inserted downstream of the SFFV promoter. A
similar vector, in which the human M-CSF cDNA was replaced with a
non-coding spacer sequence, was used as a control. Lentiviral vector

production was performed as previously described.**

2.3 | Cell transduction and in vitro monocytes
differentiation

Cord blood CD34" cells were transduced with LV-hM-CSF or the con-
trol vector at MOI 30 and then cultured in SFEM medium containing

IL6, SCF and FLT-3L. After 6 days, an aliquot of the cells was collected
for flow cytometric analysis, and the remaining cells were exposed to
a second hit of vector at MOI 30. The cells were then collected after
12 days for flow cytometric analysis.

2.4 | Proliferation assay

LV-hM-CSF-transduced CB CD34" cells were plated at a density of
3x10* cells in 24-well plates in 1-mL medium supplemented with
the cytokines mentioned above. Medium was exchanged every
2-3 days by demi-depletion, and cells were cultured for 12 days
and counted every 3 days. Viability was evaluated by trypan blue

exclusion.

2.5 | ELISA for human M-CSF

For cytokine quantification, cell culture supernatants and serum from
mice were collected and analyzed using a commercially available human
M-CSF Immunoassay ELISA kit (Quantikine R&D system, Minneapolis,
MN, USA). Samples were processed according to the manufacturer’s
instructions; the lower limit of detection of this kit is 78 pg/mL, and ac-
cording to the manufacturer’s description, mouse M-CSF cross-reacts
approximately 0.18% with human M-CSF in this assay.

2.6 | Invitro osteoclast differentiation

CD34" cells expanded for 12 days were seeded on plastic or bovine
bone slices in ALPHA MEM medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with different cytokine combinations (human
RANKL, murine RANKL and/or human M-CSF, 25 ng/mL of each
cytokine). Cells were incubated for 10 days and refreshed with new
medium every 3 days. Subsequently, cells were fixed and stained
with tartrate-resistant acid phosphatase (TRAP; Sigma-Aldrich) and
counter-stained using phalloidin or DAPI. Digital micrographs were
obtained using an Olympus C5050 Zoom digital camera mounted on
an Olympus BX-60 microscope with a 20x objective using the Cell-A
software (Olympus, Center Valley, PA, USA).

2.7 | Measurement of TRAP activity and
calcium release

During the osteoclast differentiation process, cell culture superna-
tants were collected every 3 days. TRAP activity was assayed as previ-
ously described.** Supernatants were diluted in TRAP solution buffer
(1.5 mg/mL of L-ascorbic acid, 7.66 mg/mL of disodium tartrate and
3 mg/mL of 4-nitrophenylphosphate) and reaction buffer (1 mol/L ac-
etate, 0.5% Triton X-100, 1 mol/L NaCl, 10 mmol/L EDTA pH=5.5)
and allowed to react for 1 hour at 37°C. The reaction was stopped
using NaOH, and absorbance was read at 405 nm. The concentration
of total calcium was measured in culture supernatants after resorp-
tion, by using a colorimetric calcium (CPC) assay and an ADVIA 1800
Clinical Chemistry System (both from Siemens Healthineers, Erlangen,

Germany).
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2.8 | Western blot

Tissue samples were lysed in RIPA buffer and separated by SDS-
polyacrylamide gel (4%-12% gradient gel) electrophoresis, followed
by electrophoretic transfer of proteins from the gel to a nitrocellulose
membrane (Bio-Rad, Hercules, CA, USA). Membranes were subse-
quently blocked by 1-hour incubation with 5% skim milk powder (in
TBS with 0.1% Tween 20), followed by overnight incubation at 4°C
with either of the primary antibodies at the following dilutions: 1:1000
mouse anti-TCIRG1 (Abnova, Taipei, Taiwan), 1:1000 mouse anti-
cathepsin K (Millipore, Billerica, MA, USA) or 1:1000 rabbit anti-p38
MAPK (Cell Signaling Technology, Danvers, MA, USA). The membranes
were then washed three times, and the bands were visualized by using
corresponding horseradish HRP-conjugated secondary antibodies and
ECL Western Blotting Reagents (GE Healthcare, Waukesha, WI, USA).

2.9 | Human CD34" cell transduction and
transplantation

Frozen CB CD34" cells were thawed and prestimulated with human
SCF, TPO and FLT3-L for 7 hours followed by plating in 24-well plates
coated with RetroNectin (Takara Bio, Otsu, Japan). The viral particles
were added to the plated cells at MOI 10, and the second transduction
was performed 12 hours later. Following transduction, the cells were
washed three times and transplanted via temporal vein injection into
sublethally (100 cGy) irradiated newborn NSG mice.

2.10 | Mice

NOD-SCID IL2RYnull (NSG) mice were obtained from Charles River
Laboratories, Sulzfeld, Germany. The mice were maintained in the
conventional animal facility at the Biomedical Center, Lund University.
All the experiments were performed according to protocols approved
by the local animal ethics committee.

2.11 | Human cell analysis

Single-cell suspensions were prepared from peripheral blood, bone
marrow, spleen, lung and liver as previously described.*>'¢ Flow
cytometry analysis was performed using FACS Aria Ill (BD Biosciences,
San Jose, CA, USA); 10 000 events per sample were collected and
analyzed using FlowJo version 9.4.10 software (TreeStarInc, Ashland,
OR, USA). Cells were stained using the following antibodies specific
for human CD45-APC, CD14 brilliant violet 605, CD33 PECy7 and
CD11b APC (all BD Biosciences).

2.12 | Statistics

Data are presented as the mean+SEM. Differences between groups were
analyzed using Student’s t test, one-way ANOVA or two-way ANOVA
with multiple comparisons using Dunnett's test. P values <.05 were consid-
ered to be significant. Statistical analyses were performed using GraphPad
Prism 6.0c software (GraphPad Software, Inc., La Jolla, CA, USA).

sty MEANEE-WILEY——
3 | RESULTS

3.1 | Lentiviral-mediated expression of human
M-CSF in CB CD34" cells significantly increases cell
proliferation and differentiation into monocytes in
vitro

Human M-CSF was expressed in human CB CD34" cells using a lenti-
viral gene transfer system. Cells transduced with LV-hM-CSF were an-
alyzed for expression of the transgene by determination of dTomato
fluorescence. CB CD34" cells showed high transduction efficiencies
as determined by flow cytometry, reaching 45% dTomato-positive
cells using the control vector and 35% in LV-hM-CSF-transduced
cells. To assess the proliferation capacity, cells were cultured in SFEM
media with human SCF, FLT3-L and IL-6 as described in materials and
methods. Proliferation was evaluated after one or two exposures to
the viral vectors. One exposure demonstrated that the LV-hM-CSF-
transduced CB CD34" cells had a 227-fold increase in proliferation
compared with 63-fold for cells transduced with the dTomato control
vector. Thus, LV-hM-CSF-transduced CB CD34" cells exhibited a 3.6-
fold higher proliferative activity than the dTomato control-transduced
cells (Figure 1A). Two exposures to the viral vectors resulted in even
higher proliferation of LV-hM-CSF-transduced CB CD34" cells, with
a 332-fold increase compared to 39-fold increase for cells trans-
duced with the dTomato control vector after 12 days of expansion.
Therefore LV-hM-CSF-transduced CB CD34" cells have an 8.5-fold
increased proliferation compared to the control-transduced cells
(Figure 1B).

We next quantified the amount of human M-CSF protein secreted
into the cell supernatant using an ELISA specific for human M-CSF.
LV-hM-CSF-transduced CB CD34" cells produced significantly higher
levels after 12 days, on average 15 902 pg/mL SD+6945.6, while cells
transduced with the control vector secreted 98 pg/mL (Figure 1C).

The differentiation ability of transduced cells into myeloid lineages
was assessed using flow cytometry to detect the dTomato®, CD14",
CD33" and CD11b* populations. LV-hM-CSF-transduced CB CD34"
cells showed high levels of monocytes differentiation both at 7 and
12 days, although at 7 days there was no significant difference when
comparing to the control, whereas at 12 days LV-hM-CSF-transduced
CB CD34" cells showed a significant increase in monocytic differenti-
ation, as measured by CD14" expression (Figure 1D).

Likewise, FACS analysis revealed an increase in CD14"CD33" and
CD14°CD11b" populations in LV-hM-CSF-transduced CB CD34"
cells being only significant at 12 days comparing to the control cells
(Figure 1E and F).

In addition, CD33, CD11b and CD14 expressions revealed differ-
ent myeloid differentiation stages in both conditions; the 7-day analy-
sis showed a high percentage of immature myeloid CD33"* or CD11b*
cells and that this population decreased after 12 days of culture. In ad-
dition, the FACS plots revealed immature myeloid cells that transition
to mature monocytes (CD14+) over time (Figs S1 and S2). We also ob-
served that LV-hM-CSF-transduced CB CD34" cells showed increased

monocyte maturation compared to the control cells.
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LV-hM-CSF or control vector were expanded for 12 days and analyzed by flow cytometry for expression of CD14, CD33 and CD11b and are
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In addition, the co-expression of CD33 and C11b was analyzed at
both 7 and 12 days. We show that CD33 and CD 11b are co-expressed
in the same cell population, and the percentage of co-expressing cells
seems to be the same at 7- or 12-day analysis (Figs S3A and S4A).
Analysis of CD33 (Figs S3B and S4B) and CD11b vs side scatter
(Figs S3C and S4C) revealed that the respective positive cells had the
same side scatter characteristics.

Additionally, FACS analysis revealed that there was a paracrine
effect of human M-CSF released into the media from LV-hM-CSF-
transduced CB CD34" cells on the non-transduced (dTomato-negative)
cells population as these also exhibited an increase in CD14" cells,
(Figure 2B, upper left square of LV-hM-CSF). Although the control-
transduced cells also had a similar fraction of dTomato™ CD14" cells,

the paracrine effect was not observed in these cells.

3.2 | LV-hM-CSF-transduced CB CD34" cells
generate osteoclast in vitro

To determine the effect of h-M-CSF expression on osteoclastogen-
esis and osteoclasts function, transduced CD34" cells expanded for
12 days were transferred onto plastic dishes and/or bovine bone
slices and were exposed to different cytokine combinations (RRANKL
and hM-CSF, mRANKL alone or hRANKL alone). After 10 days of

osteoclasts differentiation, the cells were fixed in 4% formaldehyde

for 20 minutes and stained either with TRAP, or phalloidin and DAPI.
Microscopic examination revealed that LV-hM-CSF-transduced cells
were able to differentiate into multinucleated osteoclasts in the pres-
ence of murine or human RANKL alone as confirmed by phalloidin and
DAPI staining (Figure 3A). In contrast, cells transduced with the con-
trol vector did not undergo osteoclastogenesis unless both hM-CSF
and hRANKL were added to the medium (Figure 3A).

We then examined the expression of the marker of functional os-
teoclasts, TCIRG1 by Western blot. Osteoclasts differentiated from
LV-hM-CSF-transduced CB CD34" cells in the presence of human or
mouse RANKL expressed TCIRG1 protein at comparable levels, while
control-transduced cells expressed TCIRG1 protein only in the pres-
ence of both hM-CSF and RANKL but not if hM-CSF was omitted
from the medium during differentiation (Figure 3B). Similarly, another
marker of osteoclasts, namely cathepsin K,*”*® was also present in os-
teoclasts differentiated from LV-hM-CSF-transduced CB CD34" cells,
but not in those cultured without any form of M-CSF (exogenous or

expressed from the cells).

3.3 | Osteoclasts generated from LV-hM-CSF-
transduced CD34" cells in vitro are functional

Next, we analyzed the function of the differentiated osteoclasts.

The osteoclasts marker tartrate-resistant acid phosphatase (TRAP)Y?
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FIGURE 2 Human M-CSF produced by
LV-hM-CSF-transduced CD34" cells has

a paracrine effect. CB CD34" cells were
transduced with LV-hM-CSF or control
vector and cultured to generate monocytes
in vitro as indicated in Material and
Methods. Cells were stained with CD14
antibody. Data show one representative
flow cytometry analysis of four; numbers
indicate percentage of positive cells of total
human (CD45%) live population (A) analysis
at 7 days (B) analysis at 12 days

LV-hM-CSF

hCD14+

was used to assess the relative numbers of osteoclasts. LV-hM-CSF-
transduced CB CD34" cells show significantly higher TRAP activity
both in the presence of human or mouse RANKL compared to control
cells, also without added hM-CSF (Figure 4A). However, all the con-
ditions with LV-hM-CSF and RANKL (human or murine, with or with-
out exogenous M-CSF) displayed lower TRAP activity than control
cells exposed to exogenous hM-CSF and RANKL. To analyze whether
the differentiated osteoclasts resorbed bone, Ca?* release into the
medium was measured. Osteoclasts generated from LV-hM-CSF-
transduced CB CD34" cells released high levels of Ca®* from bone
compared to cells transduced with the control vector, but slightly
lower compared to controls cells with M-CSF and RANKL in the
media (Figure 4B). Despite the lower resorption, these data confirm
that LV-M-CSF-transduced cells possess resorptive capability under
in vitro conditions. However, we were unable to find human-derived
osteoclasts in vivo following transplantation experiments (data not

shown).

3.4 | CBCD34" cells transduced with LV-hM-CSF
engraft in NSG mice and produce human M-CSF

in vivo

Newborn mice were sublethally irradiated (100 cGy) and trans-
planted with 1x10° of LV-hM-CSF-transduced CB CD34" cells or
cells transduced with the control vector. Mice were bled 4 weeks
after transplantation to confirm engraftment of human cells. Eight
weeks after transplantation, mice were sacrificed and peripheral
blood (PB), bone marrow (BM), spleen, liver and lungs were har-
vested. Analysis of PB and BM after 4 and 8 weeks showed no sig-
nificant difference in the number of human CD45" cells between the

groups (Figure 5A and B).
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Next, we quantified the levels of human M-CSF in the serum of
transplanted mice. As expected, LV-hM-CSF-transduced CB CD34"*
cells that transplanted mice showed high levels of human M-CSF on
average 2875 pg/mL when compared to the control mice, which pro-
duced on average 82 pg/mL (Figure 5C). These results suggest that
our delivery system and promoter of choice were successful in main-
taining long-term gene expression of human M-CSF also in vivo.

3.5 | Differentiation of human monocytes in NSG
mice transplanted with LV-hM-CSF-transduced CB
CD34" cells

To analyze whether human M-CSF production supports the genera-
tion of human monocytes from CD34" cells in vivo, mice were ana-
lyzed at 4 and 8 weeks after transplantation. The 4-week analysis in
PB showed a significant increase in hCD14" cells in mice transplanted
with LV-hM-CSF-transduced CB CD34" cells as compared to con-
trols (Figure 6A). The 8-week analysis showed a significant increase
in the proportion of hCD14" cells in both PB and BM in mice trans-
planted with LV-hM-CSF-transduced CB CD34" cells (Figure 6B).
The increase in the myeloid cell population was, however, lower and
less significant after 8 weeks. An increase in human CD14" cells was
also observed in spleen, liver and lung after 8 weeks, although levels
were only significantly higher in spleen and liver (Fig. S5). Myeloid
cell lineage analysis of PB after 4 weeks revealed a significant in-
crease in CD457CD147CD33" cells, and the CD45'CD14'CD33"
population was also increased after 8 weeks in PB but not in BM
(Figure 6C and D). Analysis of myeloid cell lineages of spleen, liver
and lung also showed an increase in the CD45*CD14'CD33" popula-
tion, but these were only statistically significant in spleen and lung
(Fig. S6).
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4 | DISCUSSION

Macrophage colony-stimulating factor was initially described as a
hematopoietic growth factor required for survival, proliferation and
differentiation of various hematopoietic lineages.? It is known that
M-CSF acts on common myeloid progenitors (CMPs) and favors the
differentiation of CMPs into the monocyte/macrophage Iineages.u'22
M-CSF signals through the M-CSF-R (Fms, CD115) where binding of
M-CSF results in tyrosine phosphorylation of the receptor and subse-
quent activation of several downstream pro'ceins.zs'25

Using a lentiviral gene transfer system, we successfully overex-
pressed hM-CSF in CB CD34" cells. Furthermore, we showed that
hM-CSF expression in CB CD34" cells significantly increased prolifer-
ation, monocyte differentiation and their ability to produce hM-CSF
in vitro. We observed very low levels of hM-CSF (close to lower limit
of detection of the ELISA kit used) in the control-transduced cells that

might be due to cytokine production from the maturing cells that

FIGURE 3 In vitro osteoclast
development from LV-hM-CSF-transduced
CB CD34" cells. LV-hM-CSF-transduced
CB CD34" cells were expanded for 12 days
and for then differentiated into osteoclasts
over 10 days followed by fixation in
formaldehyde and immunochemical
staining with (A) TRAP (left panels),
phalloidin (middle panels) and DAPI (right
panels) to visualize the osteoclasts. (B)
Western blot analysis was performed

on lysates from mature osteoclasts after
10 days of differentiation using antibodies
against TCIRG1, cathepsin K and p38MAPK

were assayed quite late (day 12) in the proliferation and differenti-
ation cultures.

The immunophenotype stages of monocytic development are
defined by a gradual increase in the expression of CD33 and CD11b
antigens and subsequent acquisition of the CD14 marker by the tran-
sition to promonocytes and mature monocytes.?® To this end, we an-
alyzed CD33 and CD11b myeloid markers. LV-hM-CSF-transduced
CB CD34" cells showed significant increase in the fraction of CD33"/
CD14" or CD11b*/CD14" cells compared to the controls, indicating
that the M-CSF released into the medium could enhance myelopoiesis
and monocyte differentiation.

It has been shown that M-CSF supports survival and proliferation

of myeloid progenitors!®?”

and is essential for generation of osteo-
clasts precursors that express RANK, the receptor for RANKL, and
thus are competent to differentiate into osteoclasts in response to
RANKL e)(posure.28 In accordance with these findings, we show that

only LV-hM-CSF-transduced CB CD34" cells were able to differentiate
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into osteoclasts when they were stimulated with RANKL in the ab-
sence of M-CSF supplements. In addition, the TRAP activity analysis
showed that LV-hM-CSF-transduced CB CD34" cells were able to
generate a high number of functional bone-resorbing osteoclasts on
bovine bone slices compared to the control-transduced cells.

For in vivo studies of human hematopoiesis, significant progress
has been achieved in the development of mice that sustain engraft-
ment and differentiation of human hematopoietic cells; however,
several limitations remain. While human cells can be detected in en-
grafted NSG mice for up to 12 months, all the hematopoietic subsets
begin to decline around 6 months after transpI:;mt:;ation.zc"30 This effect
is probably, at least in due to the inability of cytokines to react with
receptors on the human cells, leading to survival signal deprivation
in transplanted human cells. In this regard, different strategies have
been developed. One of these approaches has been to inject recom-
binant proteins such as 1L-15,%* B cell activating factor®? or IL-7°% to
transiently increase hematopoietic cell lineages in humanized mice.
Another method is hydrodynamic injection of a plasmid-expressing
human cytokines, an approach that has been used to improve recon-
stitution of human dendritic cells by delivery of GM-CSF and IL-4.>
Transgenic mice have also been used to increase stable expression
of human cytokines; forced expression of SCF, GM-CSF and IL-3 in
NOD-SCID mice produced robust human hematopoietic reconstitu-
tion in blood, spleen, bone marrow and liver and significantly increased
myeloid cell number.®>% Another strategy has been to engineer a
knock-in mouse in which genes encoding mouse cytokines have been
replaced by human counterparts. Three mice have been reported, in-
cluding one that expresses human thrombopoietin,®’ another express-
ing both human IL-3 and GM-CSF® and one strain that expresses
human M-CSF*

In this study, we took another approach expressing a human cy-
tokine in NSG mouse recipients by stable lentiviral-mediated trans-
duction of human M-CSF into CB CD34"
transplantation to stimulate differentiation and survival of the mono-

cells and subsequent

cytes lineage in the transplanted mice. After transplantation of LV-
hM-CSF-transduced CD34" cells into NSG newborn mice, we did not

observe any significant effect of hM-CSF on overall human engraft-
ment levels in PB or BM. LV-hM-CSF- transplanted mice showed high
levels of hM-CSF production in the circulation, and the amount de-
tected is in the range of physiological levels of M-CSF in humans. 4041
Moreover, LV-hM-CSF-transplanted mice exhibited increased differ-
entiation potential into monocyte/myeloid lineages in PB and BM
compared to controls; a finding is in line with human monocytes de-
velopment in humanized CSF-1 mice previously described.®? Likewise,
we could detect human CD14* monocytes in different tissues, includ-
ing spleen, lung and liver, suggesting that the obtained level of hM-
CSF is sufficient to induce differentiation to and/or or migration of
human monocytes into these tissues.

Appropriate conditions to generate osteoclasts in vitro from human
hematopoietic stem/progenitor cells have been described by several
groups.l"*“"'3 However, we were not able to demonstrate human os-
teoclasts in NSG mice transplanted with LV-hM-CSF-transduced CB
CD34" cells, even though these cells readily formed an abundance of
osteoclasts in vitro in the presence of either human or murine RANKL.
There may be several reasons for this negative finding, either biologi-
cal or technical. It is possible that the murine bone environment does
not support generation of human osteoclasts even if human M-CSF is
present at relevant concentrations. Alternatively, expression of M-CSF
early (priming), or at a high level, might actually blunt osteoclastogen-
esis as described in the murine setting.* This is also consistent with
our in vitro findings of diminished TRAP formation and lower bone re-
sorption from LV-hM-CSF-transduced cells during osteoclastogenesis
as compared to control cells exposed to hM-CSF and RANKL. De Vries
and co-workers investigated this in more detail in the murine setting
and suggest that downregulation of the transcription factor NFATc1
might play a central role in this phenomenon.‘m*"5 Other possible ex-
planations for not observing human osteoclasts in vivo are that factors
suppressing generation of human osteoclasts may be present in the
murine bone marrow or the environment selectively favoring genera-
tion of the endogenous murine osteoclasts over those generated from
xenotransplanted cells. It is also possible that technical issues played a

role. We tried to detect human osteoclasts by immunohistochemistry
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using an antibody against dTomato. While dTomato"* cells were ob-
servable in the BM, we were unable to find TRAP* osteoclasts that
colocalized with the dTomato stain (data not shown). As we see a para-
crine effect of the hM-CSF expression on the dTomato™ cell population
in LV-hM-CSF-transplanted cells, it is possible that human osteoclasts
that may have formed in the mice were not dTomato" making these
immunohistochemical analyses flawed. The fusion of non-transduced
with transduced cells has been described in vitro.'* Furthermore,
there is also the possibility that the human cells fuse with the murine
cells, hence diluting the dTomato signal even further. The scarcity of

specific antibodies for human osteoclasts makes it difficult to verify

BM <.05, ***P<.001 , ****P < 0.0001)

whether human-derived osteoclasts were present or not. This issue
thus warrants further studies.

In summary, using a lentiviral-mediated gene transfer approach
into human CD34" cells we first demonstrated that overexpression of
human M-CSF in CD34" cells promoted proliferation, differentiation
and survival of the monocyte lineages and also induced differentia-
tion of functional osteoclasts in vitro. Moreover, transplantation of LV-
hM-CSF-transduced CD34" cells into immunodeficient mice resulted
in production of physiological levels of human M-CSF in vivo and
increased monocyte reconstitution in tissues such as bone marrow,

spleen, liver and lung.
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Abstract

Background: Osteoclasts have been strongly implicated in osteoarthritic cartilage degradation, at least indirectly via
bone resorption, and have been shown to degrade cartilage in vitro. The osteoclast resorption processes required
to degrade subchondral bone and cartilage—the remodeling of which is important in the osteoarthritic disease
process—have not been previously described, although cathepsin K has been indicated to participate. In this study
we profile osteoclast-mediated degradation of bovine knee joint compartments in a novel in vitro model using
biomarkers of extracellular matrix (ECM) degradation to assess the potential of osteoclast-derived resorption
processes to degrade different knee joint compartments.

Methods: Mature human osteoclasts were cultured on ECMs isolated from bovine knees—articular cartilage, cortical
bone, and osteochondral junction ECM (a subchondral bone-calcified cartilage mixture)—in the presence of inhibitors:
the cystein protease inhibitor E-64, the matrix metalloproteinase (MMP) inhibitor GM6001, or the vacuolar-type H*-
ATPase (V-ATPase) inhibitor diphyllin. Biomarkers of bone (calcium and C-terminal type | collagen (CTX-)) and cartilage
(C2M) degradation were measured in the culture supernatants. Cultures without osteoclasts were used as background
samples. Background-subtracted biomarker levels were normalized to the vehicle condition and were analyzed using
analysis of variance with Tukey or Dunnett’s T3 post hoc test, as applicable.

Results: Osteochondral CTX-I release was inhibited by E-64 (19% of vehicle, p = 0.0008), GM6001 (51% of
vehicle, p = 0.013), and E-64/GM6001 combined (4% of vehicle, p = 0.0007)—similarly to bone CTX-I release.
Diphyllin also inhibited osteochondral CTX-I release (48% of vehicle, p = 0.014), albeit less than on bone (4%
of vehicle, p <0.0001). Osteochondral C2M release was only inhibited by E-64 (49% of vehicle, p = 0.07) and
GM6001 (14% of vehicle, p = 0.006), with complete abrogation when combined (0% of vehicle, p = 0.004). Cartilage
C2M release was non-significantly inhibited by E-64 (69% of vehicle, p = 0.98) and was completely abrogated by
GM6001 (0% of vehicle, p = 0.16).

Conclusions: Our study supports that osteoclasts can resorb non-calcified and calcified cartilage independently of
acidification. We demonstrated both MMP-mediated and cysteine protease-mediated resorption of calcified cartilage.
Osteoclast functionality was highly dependent on the resorbed substrate, as different ECMs required different
osteoclast processes for degradation. Our novel culture system has potential to facilitate drug and biomarker
development aimed at rheumatic diseases, e.g. osteoarthritis, where pathological osteoclast processes in specific
joint compartments may contribute to the disease process.
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Background

Osteoclasts are bone-resorbing multinucleated cells de-
rived from hematopoietic stem cells via the monocytic
lineage upon stimulation with the cytokines macrophage
colony-stimulating factor (M-CSF) and receptor activa-
tor of nuclear factor kappa-B ligand (RANKL) [1]. Bone
is resorbed by osteoclasts through secretion of hydro-
chloric acid dissolving the inorganic matrix [2] and
proteases, mainly the cysteine protease cathepsin K [3-5]
and matrix metalloproteinases (MMPs) [6—8], degrading
the organic matrix. In addition to their well-established
role in normal bone turnover, osteoclasts play important
roles in diseases with progressive joint destruction, in par-
ticular in bone erosion in diarthrodial joints in rheumatoid
arthritis (RA) [9-13]. Their role in cartilage and subchon-
dral bone alterations in osteoarthritis (OA) is poorly
understood [14].

The osteochondral junction is a key compartment of
the joint. Consisting of non-calcified articular cartilage,
calcified cartilage and subchondral bone, the osteochon-
dral junction transforms shear stress from loading and
motion into compressive and tensile stress via undula-
tions in the extracellular matrices (ECMs) [14, 15]. Sub-
chondral bone sclerosis and changes in subchondral
bone metabolism, possibly mediated by osteoclast-
osteoblast coupling [16-18], are often amongst the first
detectable OA alterations [19]. In conjunction, increased
osteoclast activity and subchondral bone remodeling are
involved in OA development and progression [15]. Sup-
pressing bone resorption has resulted in beneficial sec-
ondary effects on cartilage health in several pre-clinical
OA studies and increased resorption has resulted in
cartilage deterioration [20], demonstrating how osteo-
clasts can contribute indirectly to cartilage health. The
differentiation, activity and survival of osteoclasts is tightly
regulated in healthy individuals [21] whereas monocytes
isolated from patients with OA exhibit increased osteo-
clastogenesis, elevated resorption, and reduced osteoclast
apoptosis [22].

The idea of osteoclasts being directly involved in OA
cartilage degradation is gaining increased attention. Hu-
man osteoclasts can degrade cartilage [23] and equine
osteoclasts are recruited to the subchondral bone in
spontaneous post-traumatic OA [24]. Furthermore, bone
marrow lesions have been shown to be associated with
the subchondral bone areas underlying articular cartilage
lesions, suggesting osteoclast-associated cartilage-bone
crosstalk [25, 26]. Resorption pits reaching from
subchondral bone into articular cartilage have been de-
scribed in OA [27], but which osteoclast-derived resorp-
tion processes that are involved in cartilage degradation
have not been investigated. Different osteoclast sub-
strates affect the possible ECM degradation products
and the phenotype of the resorbing osteoclasts [28]. This
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suggests that the ECM can be a determinant of osteoclast
functionality, and hence there is a need for increased un-
derstanding of osteoclast effects on other ECMs of
relevance to joint pathology. MMPs [6, 8, 29, 30] and
cathepsin K [3, 6, 8, 31] have long been thought to de-
grade both bone and cartilage, but in addition to osteo-
clasts there are many other potential contributors to
MMP [32-34] and cathepsin K [34, 35] levels in the OA
joint. Therefore, the contribution of proteases specifically
derived from osteoclasts to degrading these ECMs re-
quires further investigation.

To this date direct osteoclast-derived effects and the
osteoclast processes involved in degrading the articular
cartilage and the osteochondral junction compartments
have not been determined. To shed light on if and how
osteoclasts play a role in the degradation of the different
joint components, in this study we investigated matrix-
dependent and enzyme-dependent degradation processes
by human osteoclasts on bovine joint tissues. To this end
we exploited a novel cell culture model of osteoclast-
derived bovine knee joint degradation, using osteochon-
dral ECM (a subchondral bone-calcified cartilage mixture)
, articular cartilage, and cortical bone as osteoclast
substrates. By measuring biomarkers of ECM turnover, we
investigated the effects of osteoclast-derived resorption
processes in degrading the ECMs of knee joint compart-
ments in vitro.

Methods

Isolation of bovine knee joint ECMs

Three intact bovine knees, derived from two cows, were
obtained from a local butcher. Articular cartilage was
isolated from the femoral condyles, using a biopsy punch
and a scalpel, and was immersed in liquid nitrogen to
render the cartilage metabolically inactive and prevent
endogenous protease activity. The cartilage slices were
then stored in 70% ethanol at 4 °C until use.

The femoral condyles were then cut sagittally into
slices using a Proxxon FET circular saw with a diamond-
coated blade (Proxxon, Fohren, Germany). The slices
were fixated in 70% ethanol for 10 min. The remaining
articular cartilage was removed with a scalpel to leave
mainly subchondral bone and calcified cartilage, the car-
tilage between the subchondral bone and the tidemark
[36], in our osteochondral ECM. Using a chisel and mal-
let, strips of osteochondral matrix were isolated from the
proximal surface of the denuded slices down to 1 mm
beneath the surface. The resulting matrix strips were
immersed in liquid nitrogen and crushed into small
pieces using a tissue pulverizer, thereby homogenizing
the ECM and allowing for even coverage of cell culture
wells, to generate the osteochondral ECM used for cul-
ture. The osteochondral ECM was then stored in 70%
ethanol at 4 °C until use.
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Bovine femurs were fixated in 70% ethanol for several
weeks after which cortical bone biopsies were drilled from
the diaphyses. The resulting bone cylinders were cut into
70-um-thick slices using a Minitom with a diamond cut-
off wheel (Struers, Ballerup, Denmark). The bone slices
were then stored in 70% ethanol at 4 °C until use.

Histology

Femoral condyle slices, from before and after cartilage re-
moval, were fixated in 4% formaldehyde and decalcified in
15% EDTA. The decalcified slices were infiltrated with
paraffin using a Tissue-Tek VIP 5 Jr. (Sakura Finetek,
Alphen aan den Rijn, The Netherlands), embedded in par-
affin, and cut into 5-6-pum-thick sagittal sections using a
HM 360 microtome (Microm International GmbH,
Walldorf, Germany). The sections were stained with safra-
nin O-fast green. Digital micrographs were obtained with
an Olympus DP71 digital camera mounted on a BX-60
microscope with a 4X objective using the Olympus cell-
Sens software (Olympus, Center Valley, PA, USA).

von Kossa staining

Osteochondral matrix strips were stained with von
Kossa staining to verify the presence of calcified ECM.
Cortical bone slices were used as positive controls of cal-
cification and decalcified osteochondral strips and cor-
tical bone slices were used as negative controls. The
tissues were washed in type I ultrapure water and then
stained by incubating for 5 min in 1% silver nitrate
under a lamp, 2 min in 1% pyrogallol, and 5 min in 1%
sodium thiosulfate, with washes between each step. Im-
ages were obtained using a digital camera.

Resorption assays

The resorption experiments were based on three inde-
pendent resorption assays, including a small pilot (n = 3
per condition) and two larger trials (n = 6 per condition
for each). Each trial used ECMs from one unique bovine
knee and osteoclasts from one unique set of blood
donors. Data from the different trials are shown indi-
vidually—the pilot in Additional files 1, 2 and 3: Figures
S1-S3 and the two larger trials in Additional files 4, 5
and 6: Figures S4—S6 and Figs. 2, 3 and 4, respectively—
due to minor modifications in experimental setup, such
as culture time, ECM and osteoclast origin, replicate
numbers, and the number of conditions.

Prior to plating the ECMs, the osteochondral ECM
was washed three times by centrifugation and medium
replacement, whereas the slices of cortical bone and ar-
ticular cartilage were washed with medium replacement
only. Culture wells on 96-well culture plates were filled
with 50 pl of medium followed by the addition of ECMs;
osteochondral ECM was added with a spatula, until the
bottoms of the wells were covered, and cortical bone or
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articular cartilage slices were added using forceps. Ma-
ture human osteoclasts derived from CD14" monocytes
were generated as previously described [37, 38] from the
peripheral blood of anonymized blood donors obtained
from a blood bank. The mature osteoclasts were lifted
using a trypsin/EDTA mixture and a cell scraper,
counted and seeded by adding 50 pl/well of cell
suspension resulting in final culture densities of 1.0 x 10°
cells/well on articular cartilage and on osteochondral
ECM and 5.0 x 10* cells/well on the cortical bone. Two
matrix-containing wells without osteoclasts were cultured
in parallel on each plate to serve as background samples
for biomarker analyses, these samples were analyzed in
the same manner as all other samples. The plates were in-
cubated for 1 h at 37 °C and 5% CO, after which 150 pl of
medium supplemented with various resorption inhibitors
was added. The following inhibitors and final concentra-
tions were selected based on previous research [39]: 300
nM diphyllin (V-ATPase inhibitor), 5 pM E-64 (cysteine
protease inhibitor), 10 uM GM6001 (broad-spectrum
MMP inhibitor), 5 uM E-64 and 10 pM GM6001
combined (E-64/GM6001), or dimethyl sulfoxide (DMSO)
vehicle (1:2000 in medium), all of the above from Sigma-
Aldrich (St. Louis, MO, USA). After 24 h the medium was
changed by demi-depletion, replacing 150 ul of used
medium with 150 pl of fresh medium supplemented with
inhibitors, followed by another 3—4 days of culture. At the
end of the culture 200 pl of medium was collected from
each well and stored at — 20 °C until analysis. A graphical
overview of the experimental model design can be found
in Fig. 5.

Cell culture viability analysis

After collecting the cell culture supernatants, 200 pl of
medium supplemented with inhibitors and 12.5% ala-
marBlue (Thermo Fisher Scientific, Waltham, MA,
USA) was added to the wells, resulting in a final alamar-
Blue concentration of 10%, and the cells were incubated
at 37 °C and 5% CO, for approximately 3 h. The relative
viability of the different culture conditions was then
assessed by measuring the alamarBlue fluorescence with
excitation at 540 nm and emission at 590 nm using a
SpectraMax M5 plate reader (Molecular Devices, Sunny-
vale, CA, USA). Medim from wells containing only
matrix and medium were used as background samples
(data not shown).

TRAP activity analysis

Tartrate-resistant acid phosphatase (TRAP) activity was
assessed as a measurement of relative osteoclast num-
bers in the cell cultures. 2.5 ul of media from each cell
culture well was added to a 96-well plate and mixed with
17.5 pl of type I ultrapure water. The samples were incu-
bated with 80 pl of freshly made reaction buffer (0.25 M
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acetic acid, 0.125% Triton X-100, 0.25 M NaCl, 2.5 mM
EDTA, 1.1 mg/ml of ascorbic acid, 5.75 mg/ml of diso-
dium tartrate, 2.25 mg/ml of 4-nitrophenylphosphate,
pH 5.5). The reaction mixture was incubated at 37 °C
for 1 h in the dark and was stopped by adding 100 pl of
0.3 M NaOH. Absorbance was measured at 405 nm with
650 nm as a reference using a SpectraMax M5 plate
reader (Molecular Devices, Sunnyvale, CA). Media from
wells containing only matrix and medium were used as
background samples (Additional file 7: Figure S7).

Biomarker measurements

Calcium release was analyzed by measuring the concen-
tration of total calcium (Ca*) in medium after
resorption using a colorimetric calcium assay, based on
the o-cresolphthalein complexone (CPC) method, on an
ADVIA 1800 Clinical Chemistry System (both from
Siemens Healthineers, Erlangen, Germany). C-terminal
type I collagen fragments (CTX-I) released from re-
sorbed bone were measured using the CrossLaps for
Culture ELISA (IDS, The Boldons, UK), which was used
according to the manufacturer’s instructions. C2M, a
metabolite of MMP-mediated collagen type II degrad-
ation, was measured as previously described [40]. Bio-
marker levels below the detection limits of the
respective assays were assigned the detection limit as
their value. Medium from wells containing only matrix
and medium were used as background samples in all
biomarker measurements (Additional file 7: Figure S7).

Statistical analysis

For statistical analysis, the measured background sam-
ples from matrix without osteoclasts were subtracted
from all osteoclast-containing samples. The background-
subtracted data were normalized to the mean of the ve-
hicle condition on the respective ECM and are presented
as percentages of the vehicle. All graphs except
Additional file 7: Figure S7 contain background-
subtracted and vehicle-normalized data. The raw data
on osteoclast-derived biomarkers levels compared to
background samples (Additional file 7: Figure S7) were
not statistically analyzed. All statistical comparisons
were made within the same cell culture trial using all the
conditions’ technical replicates. These comparisons were
performed using IBM SPSS Statistics v24.0.0.0 64-bit
edition for Windows (IBM, Armonk, NY, USA). The
data were analyzed with one-way analysis of variance
(ANOVA), with the assumption that the data were nor-
mally distributed, followed by either Tukey or Dunnett’s
T3 (DT3) post hoc test depending on whether or not
equal variances could be assumed based on Levene’s test.
The post hoc test used for each test is specified in every
graph that was statistically analyzed and when p values
are given in the “Results” section (presented as pryyey OF
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Pprs). Statistical significance was considered to be p <0.
05. Significance levels are reported with symbols in the
figures (‘comparisons to vehicle and *comparisons to E-
64/GM6001, the latter only being shown for E-64 and
GM6001 to assess synergistic effects), where p <0.05,
“p <0.01, “p <0.001, "p <0.0001 and *p <0.05, “p <
0.01, *p <0.001, “**p < 0.0001. Graphs were plotted in
GraphPad Prism v7.01 for Windows (GraphPad
Software, La Jolla, CA, USA) and represent group means
and their respective standard error of the mean (SEM);
significance levels were inserted manually.

Results

Osteochondral ECM characterization and model
optimization

The osteochondral ECM was characterized by assessing
the presence of calcified cartilage interspersed with sub-
chondral bone, by safranin O-fast green staining of
femoral condyle slices, and the overall calcification of
the osteochondral matrix, by von Kossa staining of non-
crushed strips of osteochondral matrix. Prior to remov-
ing the remaining articular cartilage from the partially
denuded femoral condyles, the subchondral bone was
still covered by some articular cartilage (Fig. 1a, stained
red). No detectable articular cartilage remained above
the subchondral bone plate after denuding, but calcified
cartilage was still present interspersed with the subchon-
dral bone (Fig. 1b, stained red). The amount of bone and
cartilage in the slices varied throughout the matrix but
we do not know to what extent. The von Kossa staining
verifies the calcification of the osteochondral matrix
(Fig. 1c, center), as can be seen by comparing this matrix
strip with a decalcified matrix strip (Fig. 1d, center),
cortical bone slices (Fig. 1c—d, left), and decalcified cor-
tical bone (Fig. 1c—d, right) slices. The calcified osteo-
chondral matrix was intermittently covered by a thin
layer of cartilage that did not stain black (Fig. 1c, center)
, which was likely non-calcified articular cartilage.

To verify that osteoclast-derived biomarker release
could be generated from all ECMs, background samples
containing only medium and ECM was measured and
compared to medium from the osteoclast-containing
vehicle condition. The data clearly show that the
addition of osteoclasts resulted in increased biomarker
levels, with the exception of articular cartilage Ca*,
CTX-I, and cortical bone C2M, compared to back-
ground levels (Additional file 7: Figure S7).

To test if the crushing procedure would affect
osteoclast-derived biomarker results, both cortical bone
and articular cartilage were metabolically inactivated,
crushed in the same manner as osteochondral ECM, and
used in resorption assays. The overall effects of the dif-
ferent resorption inhibitors on osteoclast-derived bio-
marker release from crushed ECMs did not differ from
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Fig. 1 Characterization of osteochondral extracellular matrix (ECM). Femoral condyles used to isolate the subchondral matrix were stained with
safranin O-fast green to verify the removal of the articular cartilage and the presence of calcified cartilage interspersed with the subchondral bone
(a-b). The digital micrographs represent the status of the cartilage before (a) and after articular cartilage removal (b). Isolated osteochondral ECM
strips were stained for the presence of mineralized ECM using von Kossa staining (c-d). The osteochondral strip in ¢ (center) was un-treated
whereas the osteochondral strip in d (center) was decalcified prior to staining. Both strips are displayed next to cortical bone slices (c-d, left) and
decalcified cortical bone slices (c—d, right), serving as references of calcified matrix. Scale bars represent T mm (a-b) and 6 mm (c—d)

sliced ECMs (data not shown) and only slices of
cortical bone and articular cartilage were used in the
optimized model.

Osteoclast effects on the cortical bone compartment

The resorption of cortical bone and the biomarkers re-
leased have been extensively described before [39]. In
this study, the resorption of cortical bone in the pres-
ence of resorption inhibitors—the cysteine protease
inhibitor E-64, the MMP inhibitor GM6001, and the V-
ATPase inhibitor diphyllin—serve mainly as validation of
functional resorption on the cortical bone slices and as a
reference for the subchondral bone resorption in osteo-
chondral ECM. For the purposes of comparing protease
contribution to the different biomarker levels, the back-
ground levels were subtracted from all biomarker mea-
surements in osteoclast-containing wells followed by
normalization to the vehicle condition. Throughout this
study, the cortical bone resorption parameters performed
as expected (Fig. 2, Additional files 1 and 2: Figures S1
and S2). Ca®* release was reduced by diphyllin (42% of
vehicle, prucey <0.0001) whereas protease inhibitors only
had modest, albeit statistically significant, effects (Fig. 2a).
Release of the bone resorption biomarker CTX-I was sig-
nificantly reduced by all inhibitors (Fig. 2b), especially by
diphyllin (4% of vehicle, ppr3 <0.0001) which emphasizes
that the cortical bone is heavily calcified. Diphyllin in-
creased the viability (Fig. 2c) and TRAP activity (Fig. 2d)
of the cultures, as expected based on previous research

[41]. C2M—a metabolite of MMP-mediated collagen type
II degradation—release was not detectable above back-
ground levels (Additional file 7: Figure S7) indicating that
collagen type II was not present in the matrix and was not
being resorbed, nor was there any detectable cross-
reactivity with resorbed collagen type L.

Osteoclast effects on the articular cartilage compartment

Cartilage degradation by osteoclasts was assessed by the
release of C2M. There was a trend towards GM6001
completely abrogating the C2M release (0% of vehicle,
pprs = 0.16) and E-64 reducing it to a lesser extent (69%
of vehicle, pprs = 0.98), although neither was statistically
significant (Fig. 3a). The effects of E-64 varied between
trials (Additional files 3 and 4: Figures S3A and S4A).
The diphyllin condition showed a trend towards in-
creased C2M release (236% of vehicle, pprs = 0.79),
although some data points were outside the general pat-
tern and possibly skewed the results (Fig. 3a). This effect
also varied between trials (Additional files 3 and 4:
Figures S3A and S4A). There were no statistically signifi-
cant effects of any inhibitor on culture viability (Fig. 3b)
or osteoclast numbers (Fig. 3c). CTX-I release was not
detectable above background levels (Additional file 7:
Figure S7) indicating that collagen type I was not present
in the matrix and was not being resorbed, nor was there
any detectable cross-reactivity with resorbed collagen type
Il Similarly, Ca** release was not detectable above
background levels (Additional file 7: Figure S7) indicating



Lofvall et al. Arthritis Research & Therapy (2018) 20:67

Page 6 of 13

[Ca®]
(% of Vehicle)

comparisons against the vehicle and *p < 0.05, *p <001, **p < 0,001,

Fig. 2 Resorption biomarkers released from osteoclasts cultured on cortical bone. Osteoclasts were cultured on bovine femoral cortical bone in
the presence or absence of resorption inhibitors. Resorption of calcified extracellular matrix and collagen type | was assessed by measuring the
Ca’" (a) and C-terminal type | collagen (CTX-) (b) concentrations, respectively, in the medium. Cell viability was assessed using alamarBlue (c) and
tartrate-resistant acid phosphatase (TRAP) activity in the medium was measured for relative osteoclast quantification (d). Data are presented as
percent of vehicle with error bars representing the SEM. Statistical significance is indicated by ‘p < 0.05, "p <001,
i
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that the cartilage was not calcified. **FFGV-G2, a
metabolite of MMP-mediated aggrecan degradation [42],
and **ARGS-G2, a metabolite of aggrecanase-mediated
aggrecan degradation [42], were also measured but neither
neo-epitope could be detected (data not shown).

Osteoclast effects on the osteochondral junction
compartment

In the osteochondral ECM we obtained resorption of
both bone and cartilage components. Interestingly, the
release of CTX-I (Fig. 4b) was significantly inhibited in
the presence of diphyllin (50% of vehicle, pprs = 0.014),
E-64 (19% of vehicle, pprsz = 0.0008), GM6001 (51% of
vehicle, pprs = 0.013), and E-64/GM6001 (4% of vehicle,
ppr3 = 0.0007) whereas Ca®* release was not reduced by
any inhibitor (Fig. 4a), despite using well-validated dos-
ages of the inhibitors [39]. Although there was a trend
towards E-64/GM6001 reducing CTX-I more than E-64
alone (Fig. 4b) it was not statistically significant (ppr3 =
0.07); E-64/GM6001 was, however, more potent than
GM6001 alone (pprs = 0.007). C2M release (Fig. 4c) was
reduced by GM6001 (14% of vehicle, pprs = 0.006) and

to a lesser extent by E-64, which was not statistically sig-
nificant (49% of vehicle, pprs = 0.07), with total abroga-
tion of C2M release when combined (0% of vehicle,
ppr3 = 0.004). E-64/GM6001 was significantly different
from E-64 alone (ppr3 <0.0001) but not from GM6001
(ppT3 = 0.07). The effects of E-64 alone on C2M in other
trials were either smaller (78% of vehicle, Additional file
5: Figure S5C) or not present (128% of vehicle,
Additional file 6: Figure S6C); neither was significant
(por3 = 0.98 and pruey = 0.37, respectively). Diphyllin
had a trend towards a small increase in C2M levels (Fig.
4c) but this was non-significant (122% of vehicle, pprs =
0.90) and was not present in other trials (Additional files
5 and 6: Figures S5C and S6C). There were no detect-
able effects on cell viability by any inhibitor (Fig. 4d).
The TRAP activity (Fig. 4e) increased in the diphyllin
condition on osteochondral ECM (154% of vehicle, pprs
= 0.013). While E-64 and GM6001 did not affect TRAP
activity significantly (76% of vehicle, ppr; = 0.18 and
91% of vehicle, pprs = 0.94), E-64/GM6001 reduced it to
65% of vehicle (ppr3 = 0.04). Similar, but non-
significant, trends were seen on cortical bone (Fig. 2d)
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and articular cartilage (Fig. 3c). **FEGV-G2 and
S7*ARGS-G2 were also measured but neither neo-
epitope was detected (data not shown).

Discussion

Inhibition of osteoclast function using bisphosphonates
has underscored a potential role of targeting osteoclasts
as a treatment for OA [43]. However, how osteoclasts
directly affect different joint compartments in OA, ex-
cept through resorption of bone, is not clear. So far clin-
ical OA trials, in general and those inhibiting bone
resorption, have failed due to lack of structural efficacy
[43]. Novel approaches are needed to determine the con-
tribution of osteoclast-derived enzymes and acidification
in degrading ECMs other than bone to improve
osteoclast-related structural efficacy in OA treatments.
In the light of this, we conducted a study focused on
osteoclast resorption mechanisms, ECM interactions
and the development of a novel tool for early drug and
biomarker validation.

To our knowledge no studies have previously quantified
the processes degrading articular cartilage and osteochon-
dral junction joint compartments in a setting where osteo-
clasts are the known and only source of degradation. In

this study, we demonstrated how osteoclasts are involved
in degrading these joint compartments and characterized
these processes using a combination of resorption inhibi-
tors and tissue-specific biomarkers. In brief, our study
supports osteoclast-derived cathepsin K-mediated and
MMP-mediated resorption of calcified cartilage and
articular cartilage independently of acidification, as
measured by the C2M neo-epitope. A graphical overview
of the experimental model design and the osteoclast-
derived resorption processes that contributed to the ECM
degradation biomarkers measured in our study can be
found in Fig. 5. Using this novel cell model, we were able
to investigate the role of osteoclast-derived enzymes and
acidification in directly degrading articular cartilage and
osteochondral junction compartments.

Osteoclasts generated inhibitable Ca®* release from
cortical bone but not from the osteochondral ECM—the
V-ATPase inhibitor diphyllin had no effect on osteochon-
dral Ca®* release—which suggests that the osteochondral
Ca®* was not derived from resorption. Due to this
discrepancy, reference biomarker data from cortical bone
are necessary for this cell culture model to verify normal
resorption and validate each experiment. As Ca** was
present at equal levels in all osteochondral osteoclast
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Fig. 4 Resorption biomarkers released from osteoclasts cultured on osteochondral extracellular matrix (ECM). Osteoclasts were cultured on
osteochondral ECM from bovine femoral condyles in the presence or absence of resorption inhibitors. Resorption of calcified ECM and collagen
type | was assessed by measuring the Ca’* (a) and C-terminal type | collagen (CTX-l) (b) concentrations, respectively, in the medium. Resorption
of collagen type Il was assessed by measuring C2M (c) concentrations in the medium. Cell viability was assessed using alamarBlue (d) and
tartrate-resistant acid phosphatase (TRAP) activity in the medium was measured for relative osteoclast quantification (e). Data are presented as
percent of vehicle with error bars representing the SEM. Statistical significance is indicated by ‘p < 0.05, "p <001, "p < 0.001
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conditions, ie. Ca®* levels were increased by an equal
amount in all osteoclast conditions compared to
background levels, we speculate that the Ca* was derived
from cellular metabolism and that the osteochondral
ECM is not highly calcified like cortical bone, which
appears to be supported by the von Kossa staining.
Inhibiting Ca>* release by targeting the V-ATPase typic-
ally raises the viability and the TRAP activity of osteoclast
cultures [41, 44], likely due to Ca®* release from resorption
inducing osteoclast apoptosis [45]. Accordingly, TRAP
activity was raised by diphyllin to a lesser extent in the

osteochondral cultures than it was in the bone cultures,
and similarly viability was only marginally and non-
significantly raised by diphyllin in the osteochondral cul-
tures, further supporting that the calcification of the osteo-
chondral ECM was relatively low.

The osteochondral CTX-I levels also support the hy-
pothesis of low calcification as CTX-I was only moder-
ately affected by diphyllin when compared to the effects
of diphyllin on cortical bone. The apparent discrepancy
between the CTX-I and calcium analyses on osteochon-
dral ECM could however be a matter of different
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Fig. 5 Overview of the experimental model design and results. Cortical bone, articular cartilage and an osteochondral matrix, consisting of
subchondral bone and calcified cartilage, were isolated from bovine femoral diaphyses and femoral condyles, and fixated in 70% ethanol. The
articular cartilage and the osteochondral matrix were metabolically inactivated by immersion in liquid nitrogen. The osteochondral matrix was
crushed to generate a homogeneous osteochondral extracellular matrix (ECM) for culture. Human osteoclasts derived from CD14" monocytes
were cultured on the different matrices in the presence of vacuolar-type H'-ATPase, matrix metalloproteinase (MMP) and cathepsin K inhibitors.

degradation in the culture supernatants. CTX-l, C-terminal type | collagen

The contributions of hydrochloric acid, MMPs and cathepsin K in degrading the ECMs were assessed by measuring biomarkers of ECM

sensitivity between the two analyses. Osteoclasts gener-
ated CTX-I from osteochondral ECM primarily through
cathepsin K-mediated processes as indicated by the in-
hibitor panel, but secondarily also through MMP-
mediated processes, in a manner similar to osteoclasts
on cortical bone. Interestingly, the MMP inhibition ap-
peared to have a stronger effect on osteochondral CTX-1
release than on cortical bone CTX-I release. Similarly,
osteoclasts cultured on decalcified bone display a stron-
ger reduction in CTX-I release when MMPs are inhib-
ited than they do on non-decalcified cortical bone,
whereas the effects of cathepsin K inhibition are blunted
on decalcified cortical bone, supporting that MMPs are
the predominant proteases on a non-calcified matrix [8].

Osteoclast-mediated cartilage degradation has previously
been demonstrated by measuring the release of glycosami-
noglycans (GAGs) from osteoclasts cultured on articular
cartilage [23]. In our study we instead demonstrated
osteoclast-derived cartilage degradation using the C2M
biomarker. C2M has previously been shown to be able to
distinguish between healthy subjects and patients or
between subsets of patients with arthritic diseases—such
as OA [40, 46], RA [47-49] and ankylosing spondylitis
[50, 51]—when measured in patient serum. Additionally,
C2M has been characterized in ex vivo models of inflam-
matory cartilage degradation where it was shown that
MMP inhibition reduces the C2M release [40]. These
studies make C2M a highly relevant biomarker for both
clinical studies of OA and for investigations of cartilage
degradation mechanisms. Using our in vitro model we
have explored additional biological mechanisms through
which the C2M biomarker can be generated. Our study

highlights how our model can be used for biomarker
discovery and validation and for drug efficacy testing in
diseases where osteoclasts may contribute to the disease
process. However, it is possible that the mechanisms gen-
erating C2M in vivo and their overall contribution to C2M
levels and disease may differ from the in vitro conditions.
The cartilage was degraded by osteoclast-derived
MMPs in our study, as the C2M neo-epitope is mainly
generated through MMP-cleavage of collagen type II
and GM6001 potently inhibited the C2M release. From
the osteochondral ECM we detected C2M release, which
could be inhibited by E-64 and GM6001. In two of the
three trials there was a trend towards cathepsin K-
mediated processes contributing to C2M release from
osteochondral ECM. The effect of E-64 was more appar-
ent when it was used in combination with GM6001. This
could indicate that cathepsin K contributes to release or
access to the neo-epitope rather than to the generation
of the neo-epitope. Cathepsin K-mediated bone resorp-
tion could also affect osteochondral C2M by enabling
access to cartilage encapsulated in bone; this in turn
could lead to variation in the efficacy of E-64 based on
the bone-to-cartilage ratio in the matrix. Cathepsin K
appeared to contribute to C2M release also on articular
cartilage in two of three trials, although E-64 did not
have a statistically significant effect on cartilage C2M re-
lease in any trial. The small effects of E-64 on cartilage
degradation could be due to the low levels of calcifica-
tion. E-64 has been shown to reduce CTX-I release from
decalcified bone less than from normally calcified bone
[8]. ECMs with low calcification presumably result in
less acidification, thereby reducing the activity of
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cathepsin K as it is most effective at an acidic pH [52].
Another factor is the biomarker itself as C2M is primarily
generated by MMPs. In previous studies using a model of
inflammatory cartilage degradation, E-64 had no effect on
C2M release [40] even though cathepsin K is expressed in
this model [29]. In our study diphyllin had no inhibitory ef-
fect on cartilage C2M or osteochondral C2M, supporting
the hypothesis that both non-calcified and calcified cartilage
can be resorbed independently of acidification. This is in
line with the findings of Touaitahuata et al. that Dock5™"~
murine osteoclasts degrade hypertrophic cartilage without
acidifying the ECM due to dysfunctional sealing zones [53].

We were unable to detect the aggrecan degradation bio-
markers *FFGV-G2 and **ARGS-G2 from any matrix.
Although we demonstrated MMP-mediated collagen type
II degradation, the MMPs present might not generate
3*2FFGV-G2 or detectable amounts thereof, possibly due to
the osteoclast source and substrate affecting which MMPs
are secreted [54]. It is also possible that our matrices do not
contain enough aggrecan to generate detectable levels of
32FEGV-G2 or **ARGS-G2. In a model of inflammatory
cartilage degradation the **ARGS-G2 neo-epitope is
mainly generated by a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTS)-4 [55], although
ADAMTS-5 is also known to degrade aggrecan [56], but it
is not known if osteoclasts express ADAMTS-4 or 5, hence,
osteoclasts might not be able to generate ***ARGS-G2.

While a large body of evidence supports both MMPs
[6, 8, 29, 30] and cathepsin K [3, 6, 8, 31] contributing
to bone and cartilage degradation, their contribution in
degrading calcified cartilage or in degrading cartilage in
a setting where they are known to be derived from oste-
oclasts has to our knowledge not been demonstrated
previously. To date osteoclast inhibitors have yielded
mixed results in osteoarthritis clinical trials despite
promise in vivo. Hence, there is a need for elucidating
the contribution of different osteoclast-derived proteases
to ECM degradation. In addition to demonstrating how
cysteine proteases and MMPs derived from human oste-
oclasts may degrade knee joint ECMs, in this study we
also describe how these processes can be investigated
using biomarkers directly associated with the enzymatic
processing of the ECM. The in vitro model itself and the
novel use of biomarkers like C2M in assessing cartilage
resorption is also an important finding, in addition to
demonstrating calcified cartilage resorption by MMPs
and cathepsins in an acidification-independent manner.
Our novel model holds potential for further studies in
the early development of novel drugs and biomarkers fo-
cused on knee joint ECM remodeling.

Previous studies have suggested that the ECM is an
important regulator of the osteoclast phenotype [28].
For the purposes of our study it is unclear if the relative
importance of the osteoclast processes required for
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generating a particular biomarker was related to ECM-
dependent phenotype shifts or different osteoclast sub-
types. Our data do however demonstrate that osteoclast
functionality is highly dependent on what matrix they
are resorbing, as previously suggested [8, 28, 39, 57],
since the different matrices required different osteoclast
proteases and amounts of acidification for degradation.
A previous study showed that monocytes from patients
with OA display increased osteoclastogenesis accompan-
ied by increased bone resorption and reduced apoptosis
in vitro [22]. These findings suggest a phenotype shift in
OA osteoclasts, thus it may be of interest to investigate
if these osteoclasts also display increased cartilage or
calcified cartilage resorption with an altered biomarker
profile in future studies using our model.

Our cell culture model comes with some limitations.
The amount of matrix obtained from a single knee and
the large number of osteoclasts required to perform the
cultures with a suitable number of technical replicates
limits the number of conditions that can be used, resulting
in relatively low statistical power that is sensitive to vari-
ation within conditions. Increased robustness could be
achieved by investigating only the matrix and compound
of interest in addition to reference matrices (cortical bone
and/or articular cartilage) and reference inhibitors (diphyl-
lin, E-64, and GM6001); this was, however, not suitable
for the profiling approach of our study. Some experimen-
tal outputs varied between experiments, as can be seen by
comparing the data in this article (Figs. 2, 3 and 4) with
the supplementary data (Additional files 1, 2, 3, 4, 5 and 6:
Figures S1-S6). This could potentially be explained by dif-
ferences in osteoclast quality between donors and varia-
tions in matrix content between the knee joints, further
necessitating strict use of reference matrices and inhibi-
tors to validate each experiment. Finally, due to the in
vitro design of our study, the findings cannot be directly
extrapolated to the OA disease process.

In our study we decided to use a molecular in vitro ap-
proach to investigate the role of osteoclasts in degrading
the knee joint ECMs rather than an in vivo approach.
Considering that the contribution of osteoclasts or the
different ECMs to the biomarker release cannot be pre-
cisely determined in vivo, an in vitro study provides a
clearer picture of the osteoclast-derived mechanisms in-
volved in resorbing the different ECMs. Additionally, the
inter-species phenotype differences observed between
human and murine osteoclasts with deficits in e.g.
cathepsins (or with inhibited cathepsins) [58—60] indi-
cate that the use of non-human osteoclasts are unlikely
to be an accurate representation of the human situation.
The use of bisphosphonates in clinical OA trials have
yielded mixed results, despite great promise in vivo, and
therefore investigations of how human osteoclasts may
contribute to the degradation of knee joint ECMs is of
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importance—something which, to our knowledge, has
not been previously investigated in articular cartilage
and osteochondral junction joint compartments.

Conclusions

In conclusion, in this study we have developed a novel cell
culture model to demonstrate the osteoclasts’ capability of
degrading the osteochondral junction and articular cartilage
joint compartments in a manner that can be assessed using
tissue-specific and protease-specific biomarkers. Our study
supports that osteoclasts can resorb cartilage and calcified
cartilage independently of acidification. We demonstrated
both MMP-mediated and cysteine protease-mediated re-
sorption of calcified cartilage. The osteoclast functionality
was highly dependent on the resorbed substrate, as differ-
ent ECMs required different osteoclast processes for
degradation. Our novel culture system has potential to
facilitate drug and biomarker development for rheumatic
diseases, e.g. osteoarthritis, with pathological osteoclast pro-
cesses in specific joint compartments.

Additional files

Additional file 1: Figure S1. Resorption biomarkers released from
osteoclasts cultured on cortical bone in an additional trial. Osteoclasts
were cultured on bovine femoral cortical bone in the presence or
absence of resorption inhibitors. Resorption of calcified ECM and collagen
type | was assessed by measuring the Ca”* (A) and CTX- (B) concentrations,
respectively, in the medium. Cell viability was assessed using alamarBlue (C)
and TRAP activity in the medium was measured for relative osteoclast
quantification (D). Data are presented as percent of vehicle with error bars
representing the SEM. Statistical significance is indicated by 'p < 005, "p <
001, Mp <0001, “Mp < 00001 for comparisons against the vehicle and “p
<005, #p <001, "p < 0,001, " < 00001 for comparisons against E-64/
GM6001 (only shown for E-64 and GM6001); the post hoc test used is
indicated in the top left corner of each graph. (PDF 32 kb)

Additional file 2: Figure S2. Resorption biomarkers released from
osteoclasts cultured on cortical bone in pilot trial. Osteoclasts were cultured
on bovine femoral cortical bone in the presence or absence of resorption
inhibitors. Resorption of calcified ECM and collagen type | was assessed by
measuring the Ca”* (A) and CTX-l (B) concentrations, respectively, in the
medium. TRAP activity in the medium was measured for relative osteoclast
quantification (C). Data are presented as percent of vehicle with error bars
representing the SEM. Statistical significance is indicated by p <005, "p <
001, "p <0001, ""p < 00001 for comparisons against the vehicle; the post
hoc test used is indicated in the top left corner of each graph. (PDF 28 kb)

Additional file 3: Figure S3. Resorption biomarkers released from
osteoclasts cultured on articular cartilage in an additional trial. Osteoclasts were
cultured on articular cartilage from bovine femoral condyles in the presence or
absence of resorption inhibitors. Resorption of collagen type Il was assessed by
measuring C2M (A) concentrations in the medium. Cell viability was assessed
using alamarBlue (B) and TRAP activity in the medium was measured for
relative osteoclast quantification (C). Data are presented as percent of veh\de
with eror bars representing the SEM Statistical significance is indicated by ‘p
<005, p <OOW p <OOOI p <OOOOW for comparisons against the
vehicle and *p < 005, ¥p < 001, *p < 0001, **p < 00001 for comparisons
against E-64/GM6001 (only shown for E-64 and GM6001); the post hoc test
used is indicated in the top left corner of each graph. (PDF 30 kb)

Additional file 4: Figure S4. Resorption biomarkers released from
osteoclasts cultured on articular cartilage in the pilot trial. Osteoclasts
were cultured on articular cartilage from bovine femoral condyles in the
presence or absence of resorption inhibitors. Resorption of collagen type Il
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was assessed by measuring C2M (A) concentrations in the medium. TRAP
activity in the medium was measured for relative osteoclast quantification
(B). Data are presented as percent of vehicle with error bars representing
the SEM. Statistical significance is indicated by ‘p < 005, “p <001, "'p <
0,001, “"'p < 00001 for comparisons against the vehicle; the post hoc test
used is indicated in the top left corner of each graph. (PDF 27 kb)

Additional file 5: Figure S5. Resorption biomarkers released from
osteoclasts cultured on osteochondral ECM in an additional trial.
Osteoclasts were cultured on osteochondral ECM from bovine femoral
condyles in the presence or absence of resorption inhibitors. Resorption
of calcified ECM and collagen type | was assessed by measuring the Ca®*
(A) and CTX- (B) concentrations, respectively, in the medium. Resorption
of collagen type Il was assessed by measuring C2M (C) concentrations in
the medium. Cell viability was assessed using alamarBlue (D) and TRAP
activity in the medium was measured for relative osteoclast quantification
(E). Data are presented as percent of vehicle wwth error bars representing
the SEM Statistical significance is indicated by "p < 0.05, “p <001, "p <
0,001, ™p <0.0001 for comparisons against the vehicle and *p < 0,05,
p <001, *p <0001, **p < 00001 for comparisons against E-64/
GM6001 (only shown for E-64 and GM6001); the post hoc test used is
indicated in the top left corner of each graph. (PDF 33 kb)

Additional file 6: Figure S6. Resorption biomarkers released from
osteoclasts cultured on osteochondral ECM in the pilot trial. Osteoclasts
were cultured on osteochondral ECM from bovine femoral condyles in
the presence or absence of resorption inhibitors. Resorption of calcified
ECM and collagen type | was assessed by measuring the Ca* (A) and
CTX-l (B) concentrations, respectively, in the medium. TRAP activity data
could not be generated in these samples. Resorption of collagen type Il
was assessed by measuring C2M (C) concentrations in the medium. Data
are presented as percent of vehicle wnh error bars representing the SEM.
Stanst\cal significance is indicated by p <005, "p <001, "p <0001,
“p < 00001 for comparisons against the vehicle; the post hoc test used
is indicated in the top left corner of each graph. (PDF 27 kb)

Additional file 7: Figure S7. Osteoclast-derived biomarker levels
compared to background levels. Biomarkers were measured in medium
from wells containing only matrix (Background, white) or matrix and
osteoclasts (Osteoclasts, black), cultured on bovine femoral cortical bone
(Bone), articular cartilage (Cartilage) or osteochondral ECM (Osteoch.).
Resorption of calcified ECM and collagen type | was assessed by measuring
the Ca?* (A) and CTX-l (B) concentrations, respectively, in the medium. Re-
sorption of collagen type Il was assessed by measuring C2M (C) concentra-
tions in the medium. TRAP activity in the medium was measured for relative
osteoclast quantification (D). Data from one representative resorption assay
are presented as the mean of the measured parameters in background wells
or osteoclast-containing wells. Error bars represent the SEM. (PDF 32 kb)
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