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Abstract

Although cell-based cartilage repair techniques date back to the 1990’s, when the
first autologous chondrocyte implantation (ACI) was performed, a predictable, and
phenotypically stable treatment of cartilage lesions, has remained elusive. Since
its inception, ACI has undergone several generations of improvements, but still fo-
cuses on the application of autologous articular chondrocytes (ACs), which not only
suffer from high donor variability, but also require a long expansion time and two
surgical interventions. In order to simplify the treatment, a more readily available
cell source with reproducible chondrogenic potential is required. The aim of this
thesis is to establish an alternative cell source with the ability to form phenotypically
stable cartilage.

The first part of this thesis focus on the application of mesenchymal stromal cells
(MSCs) as an alternative to ACs. MSCs are present in many bodily tissues (e.g.
bone marrow, adipose, and synovium), and can be isolated with high cell yields.
Their high self-renewal potential together with the ability to differentiate into the
three mesenchymal lineages (adipo, bone and cartilage) makes MSCs a promising
cell source. Unfortunately, the chondrogenic induction of MSCs has not yet led
to the formation of phenotypically stable cartilage but progresses towards endo-
chondral ossification. We have investigated two approaches for hypertrophy in-
hibition: the application of parathyroid hormone-related protein (PTHrP), as well
as the use of RNA interference (RNAi). Regulation of growth plate hypertrophy is
under the tight control of PTHrP, which makes it an a ractive cytokine for manipu-
lating MSC chondrogenesis in vitro. We show that PTHrP efficiently inhibits hyper-
trophic genes such as collagen 10, but at the same time also downregulates the chon-
drogenic matrix production. This unspecific action led to the exploration of small
interfering RNA (siRNA) with the potential to knock-down protein expression in a
highly sequence-specific manner. γ-PGA-Phe nanoparticles (NPs) were used as a
delivery vehicle to carry siRNA inside their core, or adsorbed on the surface-coated
polycations (polyethyleneimine, DEAE-dextran and chitosan). While encapsulated
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siRNA yielded unstable NPs, its absorption was highly efficient. Chitosan-coated
NPs efficiently entered the cells and delivered the siRNA into the cytoplasm.

The developed NPs showed potential in future RNAi therapeutics for MSC-based
cartilage treatments, but their high regulatory requirements led us to reconsider
the cell choice. We shifted the focus from undifferentiated cells towards immature
chondrocytes with a more defined character. In a comparison of fetal epiphyseal
chondrocytes (ECPs) with MSCs and ACs, the high chondrogenic potential of ECPs
was demonstrated along with a phenotypic stability outperforming MSCs. The ap-
plication of an allogenic cell source additionally provided a more predictable and
reproducible outcome compared to autologous ACs or MSCs. Cartilage is, due to
its avascular nature, an immune-isolated tissue, and thus allogenic treatments have
been used for several decades. The high capacity for stable cartilage matrix pro-
duction of ECPs makes them a cell source with great promise for next generation
one-step cartilage treatments.

This thesis demonstrates that MSCs, despite their potential, are still a long way from
clinical application. Immature cartilage, on the other hand, combines the benefit of
a stable phenotype with off-the-shelf availability, advancing cartilage tissue engi-
neering towards a fast and reproducible single step procedure.



Zusammenfassung

Obwohl zellbasierte Techniken zur Knorpelregeneration aus den Neunzigerjahren
stammen, als die erste autologeChondrozytenimplantation (ACI) durchgeführtwur-
de, erwies sich ein vorhersehbares und phänotypisch stabiles Verfahren zur Be-
handlungvon Knorpelverle ungen schwer realisierbar. Seit seiner Erfindung durch-
lief ACI einige Verbesserungsstadien, aber der Fokus liegt nachwievor auf der An-
wendung von autologen Gelenkchondrozyten (ACs), welche nicht nur von grossen
Spenderunterschieden geprägt sind, sondern auch eine lange Proliferationspha-
se sowie zwei chirurgische Eingriffe bedingen. Zur Vereinfachung dieses Verfah-
rens wird leichter verfügbares zelluläres Ausgangsmaterial mit reproduzierbarem
chondrogenen Potential benötigt. Das Ziel dieser Dissertation ist die Etablierung
eines alternativen Zelltypen, welcher phänotypisch stabilen Knorpel zu bilden ver-
mag.

Der erste Teil dieser Arbeit konzentriert sich auf die Anwendung von mesenchy-
malen Stromazellen (MSCs) als Alternative zu den ACs. MSCs sind in vielen Kör-
pergeweben (beipielsweise Knochenmark, Fe gewebe und Synovium) vorhanden
und können mit hohen Zellerträgen isoliert werden. Ihr grosses Potential zur Selbst-
erneuerung zusammen mit der Fähigkeit sich in die drei mesenchymalen Enwick-
lungslinien (Fe gewebe, Knochen und Knorpel) zu differenzieren, macht die MSCs
zu einem vielversprechenden Zelltypen. Die Chondrogenese der MSCs führt jedoch
nicht zur Bildung von stabilem, sondern transientem, kalzifiziertem Knorpelgewe-
be. Wir untersuchten daher zwei Ansä e zur Hemmung dieser sogenannten Hy-
pertrophie: Die Anwendung von “parathyroid hormone-related protein”(PTHrP)
sowie die Verwendung von RNA-Interferenz (RNAi). Die endochondrale Ossifika-
tion wird in vivo streng kontrolliert durch PTHrP, was dieses zu einem a rakti-
ven Cytokin für die Manipulation der in vitro Chondrogenese von MSCs macht.
Wir zeigen, dass PHTrP die hyperthrophen Gene wie Kollagen 10 effizient hemmt,
aber gleichzeitig die Produktion der Knorpelmatrix hindert. Diese unspezifische
Wirkung führte uns zur Erkundung der siRNA (small interfering RNA), welche se-
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quenzspezifischdie Protein-Expressionen blockiert.γ-PGA-PheNanopartikel (NPs)
wurden als Träger für die siRNA benu t, welche im Kern eingekapselt oder auf
die mit Polikationen (Polyethylenimin, DEAE-Dextran und Chitosan) beschichte-
ten NPs absorbiert wurde. Während die Einkapselung der siRNA die NPs destabi-
lisierte, war ihre Absorption höchst effizient. Die Chitosan-Beschichtung der NPs
führte zu einer effizienten Aufnahme in das Zellinnere, wo die siRNA erfolgreich
ins Cytoplasma abgegeben wurde.

Die entwickelten NPs zeigten Potential als zukünftige RNAi-Therapeutika in der
Anwendung von MSC-basierten Knorpelbehandlungen, aber ihre hohen regulato-
rischen Anforderungen brachten uns zu einem Überdenken der Wahl des Zellty-
pen. Wir verlagerten daher den Fokus von undifferenzierten Zellen auf nicht voll
ausgebildeteChondrozyten mit einemvordefiniertem Charakter. DerVergleich von
Chondrozyten der fetaler Epiphysenfuge (fetal epiphyseal chondrocytes, ECPs) mit
MSCs und ACs, zeigte das hohe chondrogene Potential der ECPs zusammen mit ei-
ner phänotypischen Stabilität auf, welche MSCs klar übertrifft. Zusä lich bietet die
Anwendung eines allogenen zellulären Ausgangsmaterials ein vorhersehbareres
und reproduzierbareres Ergebnis verglichen mit autologen ACs oder MSCs. Knor-
pel ist aufgrund seiner avaskulären Beschaffenheit ein immun-isoliertes Gewebe
was bereits seit einigen Jahrzehnten zur allogene Knorpelbehandlungen geführt
hat. Aufgrund der hohen Fähigkeit der ECPs zur Produktion stabiler Knopelmatrix
erweisen sich diese als verheissungsvollen Zelltypen für Knorpelbehandlungen der
nächsten Generation, welche nur eine einzige Operation bedingen.

Diese Dissertation zeigt, dass MSCs tro ihrem grossen Potential noch weit von
einer klinischen Anwendung entfernt sind. Ein noch nicht voll ausgebildeter Knor-
pel hingegen kombiniert den Vorteil eines stabilen chondrozytären Phänotyps mit
der sofortigen Verfügbarkeit, wodurch die Bildung von Knorpelgewebe zu einem
schnellen und reproduzierbaren, einstufigen Verfahren wird.
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1 Cartilage tissue engineering

Note: Part of this chapter has been published in Molecular and biophysical
mechanisms regulating hypertrophic differentiation in chondrocytes and mesenchymal
stem cells, D. Studer et al., European Cells and Materials (2012), 24, 118-135.
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1. Cartilage tissue engineering

Knee cartilage is particularly susceptible to traumatic lesions and degenerative joint
disease from the nature, quantity, and force of the impacts it is subjected to over the
course of a human lifetime. Its regeneration of cartilage has proven to be an endur-
ing challenge, as a ested to by William Hunter in 1742 “From Hyppocrates to the
present age, it is universally allowed that ulcerated cartilage is a troublesome thing
and that, once destroyed, is never recovered” [120]. Cartilage, once destroyed, does
not spontaneously heal due to its avascular nature. The lack of intrinsic healing ne-
cessitates tissue engineered substitutes, a well investigated field motivated by the
high number of knee injuries and osteoarthritis patients [113] who still do not have a
viable treatment to regenerate damaged cartilage. To engineer functional cartilage
tissue, principles of cell biology, material science, and medicine are combined. The
two fundamental building blocks of a viable cartilage replacement are a suitable cell
type, and a biocompatible matrix, which together should allow for the production
of cartilage with mechanical and histological properties of native tissue. This chap-
ter gives an overview of the clinically applied materials as well as the possible cell
sources studied over the last decade with a focus on phenotypically stable cartilage
engineering.

1.1 Structure and function of articular cartilage

(a)

Femur

Tibia

Meniscus

Patella

Synovial fluid

Synovial membrane

Articular cartilage

Figure 1.1.: Representations of the diarthrodial knee joint. (a) Side view of the knee joint composed
of the distal end of the femur and the proximal end of the tibia, covered by articular cartilage. (b)
Macroscopic and (c) Arthroscopic view of the hyaline cartilage in a healthy human knee joint. Image
adapted from Schulz et al. [238].
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1.1. Structure and function of articular cartilage

Cartilage is present in three forms in the human body: elastic, fibrous, and hyaline.
Elastic tissue can be found in the ear (external and auditory tubes) as well as in
the epiglo is. Fibrocartilage, on the other hand, contains collagen 1 fibers and less
elastin, giving intervertebral disks and the meniscus their strength. Lastly, hyaline
cartilage consists of a cross-linked network of collagen fibrils and large aggregating
proteoglycans and is present in the nose, trachea, larynx, bronchi as well as in most
joints. Articular cartilage, which is a type of hyaline cartilage, is an avascular tissue
that lines the end of articulating bones (see Figure 1.1) and functions as a friction
reducing and shock absorbing material [238]. Synovial fluid, present in the joint
capsule, transports nutrients into the otherwise secluded tissue.

Articular cartilage is a stratified tissue composed of a superficial, middle, deep and
calcified layer. In the superficial zone, cells are flat and collagen fibrils are aligned
in parallel. Going deeper, cells become rounder and increase in volume. In the
deep zone, a columnar arrangement is observed. Once past the tidemark, the cell
density, as well as their volume, is drastically decreased.

Collagen orientation
Chondrocyte Appearance/

flat, parallel

flatter, more rounded

random, oblique

spherical, in columns

Tidemark

smaller volume cells

horizontal, parallel

mesh

vertical

Zones

Superficial

Middle

Deep

Calcified

Figure 1.2.: Zonal structure of cartilage. In cartilage, both collagen and chondrocytes are organized
within cartilage into superficial, middle, deep and calcified layers. Image adapted from Johnstone
et al. [131] and Browne et al. [40].
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1. Cartilage tissue engineering

Collagen fibrils in the middle zone arrange in a mesh, whereas the deep layer ex-
hibits a dense vertical alignment extending into the calcified layer, acting as an an-
chor to the underlying bone. [238]

Figure 1.3.: Cartilage extracellular matrix composition. Image reproduced from Heinegård et
al. [110].

Cartilage is produced and maintained by a single cell type, the chondrocytes, oc-
cupying only 1% of the tissue volume [261]. The dense extracellular matrix sur-
rounding the cells inhibits cell-cell contact. Three matrix regions can be identified
around the chondrocytes: the pericellular matrix (thin layer surrounding the cell),
territorial matrix, and the interterritorial matrix (all three together forming the ex-
tracellular matrix (ECM)) [110]. The chondrocyte with its pericellular matrix (con-
taining the ECM molecules closely associated with the plasma membrane) forms
a chondron [218]. Besides the cells, articular cartilage is composed of ∼ 65-75%
w/w water and extracellular matrix [102]. Cartilage ECM consists of 60-86% w/w
collagens, 15-40% w/w proteoglycans, fibronectin, integrins, cartilage oligomeric
matrix protein (COMP) and other proteins involved in the maintenance of the com-
plex structure [46] (see Figure 1.3). In proteoglycans the glycosaminoglycan (GAG)
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1.2. Current clinical treatments for cartilage repair

side chains, present in the form of chondroitin sulfate (CS) and keratin sulfate (KS),
are assembled on the core protein, which is a ached via a link protein to hyaluro-
nan (HA). HA forms the backbone of the brush-like aggrecans. The highly charged
GAGs are a reservoir for water molecules and are responsible for the compressive
strength of cartilage [102, 109]. The tensile strength is provided by collagen 2, the
prevalent (90-95%) collagen type in cartilage [52, 106].

1.2 Current clinical treatments for cartilage repair

Damaged cartilage can cause severe joint pain, which can be controlled by several
non-surgical methods. Regular physical exercises, weight loss, acupuncture or tran-
scutaneous electrical nerve stimulations are treatments proposed by Osteoarthritis
Research Society International (OARSI) [308]. These measures can be combined
with pharmacological treatments such as the application of selective or non-selective
cyclooxygenase-2 (COX-2) inhibitors (so called non-steroidal anti-inflammatory
drugs, NSAIDs) aswell as chondroprotectivemolecules (hyaluronates, glucosamine,
and chondroitin sulphate) for further symptom relief [172]. Non-surgical approaches
lead to short-term reduction in pain, but for a long term improvement, surgical in-
tervention is required.

Surgical treatments range from palliative intervention, to biological repair or even
total joint replacement with a metallic prosthesis [121]. Palliative treatment reduces
pain and improves joint motion; during arthroscopic lavage or debridement, car-
tilage pieces and flaps that hinder joint motion are removed [78] whereas an os-
teotomy realigns the joint, moving the body weight from the injured area to healthy
cartilage [292]. A total joint replacement is the last option, and is rarely done for
young individuals, as the long term wear can lead to prosthesis failure and hence
the need for future revision surgery. Biological repair aims to regenerate cartilage
using one of two main techniques: chondrocyte implantation and bone marrow
stimulation.

Osteochondral autograft transplantation surgery (OATS or mosaicplasty, see Fig-
ure 1.4) was introduced by several surgeons in the 1980/1990’s [35, 298]. The trans-
plantation of autologous osteochondral plugs from a non load-bearing region to the
injury site has been associated with donor site morbidity and fibrocartilage forma-
tion at the graft interface [104, 121]. The stimulation of the subchondral bone by
microfracture (see Figure 1.4) was first applied by Steadman in 1983 [256]. Bone
marrow stimulation leads to the formation of a blood clot and the recruitment of
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1. Cartilage tissue engineering

mesenchymal stromal cells (MSCs) which promote the resurfacing of the defect
by fibrocartilage, a tissue with inferior mechanical properties compared to hyaline
cartilage. A slight adaptation of the microfracture technique was introduced by
Behrens in 2005 [27], which incorporates a collagen I/III matrix (termed AMIC) to
retain the MSCs and protect the lesion [29].

In 1989, Grande et al. [96] proposed the first tissue engineering approach using in
vitro expanded autologous chondrocytes implanted (ACI) in rabbit knees. By 1994,
the first application of ACI in humans was reported in Sweden by Bri berg and
Peterson [39] and has since undergone many modifications as described in the fol-
lowing section.

Microfracture

AMIC

Mosaicplasty/OATS

Figure 1.4.: Osteochondral autograft transplantation, microfracture. Osteochondral autograft
transplantation surgery (OATS or mosaicplasty) implants osteochondral plugs from a non load-
bearing region of the knee. The microfracture (MF) technique stimulates the release of mesenchy-
mal stromal cells by drilling into the subchondral bone (fractures indicated by red dots). The
formed blood clot initiates the formation of repair tissue. Autologous matrix-induced chondrogen-
esis (AMIC), an adaptation of the conventional MF, uses a matrix which is sutured onto the defect,
and further secured with fibrin glue (yellow syringe). The matrix enables the retention of stimulated
MSCs and growth factors in the defect.
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1.2. Current clinical treatments for cartilage repair

1.2.1 Autologous chondrocyte implantation

ACI is based on a two-step procedure where a biopsy is removed arthroscopically
from a non load-bearing area of the knee, the chondrocytes isolated and then ex-
panded in vitro. Once the required cell number is obtained, the chondrocytes are
implanted into the defect [179].

The implantation method has undergone several generations of refinement:

First generation ACI: proposed by Bri berg et al. [39] makes use of a periosteal flap
sutured over the defect. Through additional application of fibrin glue, a water-
tight seal is formed and the chondrocytes are injected into the cavity. The main
drawbacks of this technique are the fragility of the periosteal flap which leads to
leakage through tears and holes, the long operation time (performed in an open
surgery), as well as the additional donor site morbidity caused by the flap removal
[258].

Second generation ACI: the periosteal flap is replaced by a collagen I/III matrix which
is sutured onto the defect. The use of a collagen membrane allows the ACI treatment
to be simplified into a purely arthroscopic intervention. A randomised clinical trial
of 68 patients showed no benefit of the use of periosteum over a collagen I/III mem-
brane. [95]. In addition, McCarty et al. [186] reported a superior outcome of ACI
using a collagen scaffold compared to periosteum. Together with the reduced oc-
currence of hypertrophy associated with periosteum [100], the collagen membrane
is now accepted as the cover of choice for ACI. Steinwachs et al. [257] modified this
procedure by incubating the collagen scaffold with the cell suspension directly be-
fore transplantation, thereby eliminated the requirement of a water tight seal. This
cell-seeded matrix-supported autologous chondrocyte transplantation (ACI-Cs) al-
lows for easier handling than classical ACI.

Third generation ACI: cells are not injected in suspension, but rather pre-cultured
on a chondro-inductive or chondro-conductive matrix [190]. This method can be
performed in a mini-arthrotomy as it only requires trimming of the defective area
and fi ing the scaffold to the defect without the need for sutures. The application
of fibrin glue is sufficient to keep the scaffold in place.
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1. Cartilage tissue engineering
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Figure 1.5.: Autologous chondrocyte implantation (ACI). 1st to 3rd generation ACI require two
surgical interventions, with an initial biopsy removal from a non-load bearing area of the joint fol-
lowed by the implantation of the isolated and expanded chondrocytes. The biopsy is processed in
an external laboratory where the cells are isolated and expanded in tissue culture for 2-10 weeks. For
1st and 2nd generation ACI, the cells are injected beneath a periosteal flap secured by sutures and
fibrin glue (1st generation) or a scaffold (2nd generation). For 3rd generation ACI, the expanded cells
are seeded on a matrix and directly implanted or pre-cultured for 2-14 days before transplantation.
4th generation ACI uses a one-step surgical procedures applying off-the-shelf allogeneic cells (green
shading) or autologous cells/tissue fragments (blue shading) prepared directly during surgery. Fur-
ther 4th generation ACI might be augmented by gene modifications, siRNA silencing, or growth
factor supplements. 3rd and 4th generation ACI require thick, defect-filling scaffolds whereas in
2nd generation ACI dense, tear-resistant scaffolds are applied.
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1.2. Current clinical treatments for cartilage repair

Fourth generation ACI: in an a empt to reduce the surgical procedure to a single step,
fourth generation ACI uses non-expanded autologous cells or allogeneic progenitor
cells in combination with growth factors and gene therapy to produce a hyaline-like
tissue. The potential cell sources are discussed in the following chapter. Gene ther-
apy is an additional tool to improve the regeneration of cartilage via the overexpres-
sion of growth factors or the knock-down of undesired pathways via RNA interfer-
ence. [201] A proposed one-step technique uses matrix-associated chondroplasty
(MACH) which combines autologous platelet-rich plasma (PRP) with cells obtained
from bone marrow aspirate of the distal femur. PRP is added onto of a collagen
scaffold, sutured, and the bone marrow aspirate concentrate (obtained by centrifu-
gation) injected together with fibrin. [260] Another MSC-based single step prod-
uct is Cartistem®, a combination of microfracture and allogeneic umbilical cord
blood-derived MSCs in a hyaluronic acid gel [207]. Two additional methods are
currently in clinical phase III trial, DeNovo® natural tissue (NT), and engineered
tissue (ET). Both procedures are based on the application of allogeneic juvenile car-
tilage which in the case of DeNovo® NT is implanted in fragments, whereas for
DeNovo® ET, chondrocytes are isolated, expanded, and a scaffold-free construct
produced. [77, 268]

1.2.2 Matrices for cartilage tissue engineering

Note: Statements on clinical trials are based on http://clinicaltrials.gov and informa-
tion concerning the legislation status in the European Union (EU) retrieved from
http://www.ema.europa.eu/ema/.

Matrices in the form of scaffolds and gels have found widespread application in
cartilage regeneration (see Table 1.1). Historically, collagen scaffolds were used to
replace the periosteum, where their sole purpose was to seal the defect before the
subsequent injection of chondrocytes. Since their initial use, scaffolds have evolved
from a simple two-dimensional barrier to a three-dimensional cell carrier with a
biological function such as the promotion of differentiation, proliferation, as well
as a structural and mechanical support [127].

One of the most widely used scaffolds is Chondro-Gide® from Geistlich, Swi er-
land, a collagen I/III fleece initially developed for 2nd generation ACI (trademarked
under CartiGro® [234]). The collagen fleece exhibits a bilayered structure with
a dense, cell repellent sealing layer and a thin, slightly more open porous outer
layer. Over time, the same matrix was applied together with microfracturing in the
AMIC® procedure. Despite the low porosity of the scaffold, this method makes us
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1. Cartilage tissue engineering

of the slightly open-porous defect-facing side to capture MSCs released into the de-
fect by drilling into the subchondral bone. A controlled randomized trial performed
at the University of North Norway, is currently underway to compare the use of
Chondro-Gide® in AMIC and ACI. Following the development of the first com-
mercial AMIC® product, several scaffolds such as Chondrotissue®, a non-woven
polyglycolic acid scaffold treated with hyaluronic acid [210], Vericart™, as well as
several gels entered the market for autologous matrix-induced chondrogenesis. In-
jectable gels have the advantage of being adaptable to the lesion, and to be stabilized
in this form in situ through polymerisation. Such gels are composed of chitosan/β-
glycerolphosphate (BST-CarGel® [253, 254, 259]), collagen I (Chondrofiller®liquid),
as well as photocrosslinkable hyaluronic acid mixed with bioadhesive chondroitin
sulphate (ChonDux™ [273]) or polyethylene glycol diacrylate combined with dena-
tured fibrinogen (Gelrin C™ [51]).

The application of gels and scaffolds for the augmentation of microfracture is, from
a regulatory point of view, much simpler than a cell-matrix composite. A cell-free
product requires approval as a medicinal device III to receive the CE mark in the
European Union (EU). Cell-based products, on the other hand, undergo an exten-
sive process with three stage clinical trials. Furthermore, products that had been
approved before 2008, are re-evaluated by the European Medicinal Agency (EMA)
based on the implementation of new standards for advanced therapy medicinal
products (ATMP). The new legislation further complicates the development of tis-
sue engineering constructs. It is therefore not surprising that many commercial
products are currently available for augmented microfracture (AMIC) but there is
a limited number of m-ACI scaffolds.

The first 3rd generation ACI product, MACI®, has been available in Europe since
1998 and in 2013 received ATMP approval. MACI® uses a porcine collagen type I/III
matrix (ACI-MAIX™, with structural similarity to Chondro-Gide®). Products that
entered the market before 2008 were provided a transitional provision extending
to 2012 when the newly required ATMP took effect, leading to the withdrawl of
Fidia’s Hyalograft® C from the market in 2013. The 2003 launched Novocart®3D,
a bi-layered collagen-chondroitin sulphate scaffold [305] and CaReS®, a collagen 1
gel used with unexpanded chondrocytes [236] still appear to be approved for use.
After the strict regulations were put in place, the cartilage tissue engineering market
experienced several years of cessation. Only recently, new clinical studies have
evaluated the potential of novel m-ACI scaffolds such as bovine collagen 1-based
Neocart® [53], freeze-dried fibrin-hyaluronan scaffold BioCart™ II [126,200], and the
agarose/alginate construct Cartipatch® [240]. Next to natural polymers, synthetic
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1.2. Current clinical treatments for cartilage repair

constructs composed of polyglycolic acid, as in the case of BioSeed-C® [72], have
also been tested in ongoing phase III clinical trials.

The long processing time of cartilage biopsies for ACI has prompted the develop-
ment of single stage methods. The fragmentation and direct re-implantation of au-
tologous cartilage constitutes the so called Cartilage Autograft Implantation Sys-
tem (CAIS®, phase III clinical trials) [77]. In 2007, Zimmer launched, together with
ISTO, DeNovo NT, a product using allogeneic juvenile cartilage fragments. Due
to its classification as ”minimally manipulated tissue”, DeNovo NT was allowed
to be marketed without the complicated approval process. Next to DeNovo NT
(natural tissue), ISTO also developed DeNovo ET (engineered tissue), a scaffold-
free engineered tissue produced by juvenile chondrocytes. This product is in phase
III clinical trials expected to be completed in late 2014. MSCs are an alternative
cell source explored for one-step procedures. Clinical tests at Standford University
apply autologous adipose-derived MSCs whereas the use of allogeneic umbilical
cord blood-derived MSCs together with an injectable hyaluronan gel is tested in
Cartistem® [207].

Most studies on the aforementioned products report equivalent or superior out-
comes compared to microfracture or classical ACI. There is a lack in studies com-
paring the effectiveness of different scaffolds, and therefore no conclusive state-
ments can be made concerning the superiority of a certain matrix composition or
structure over another for human applications. The group of Marlovits [10, 202]
analysed the characteristics of MACI®, Hyalograft®, CaReS®, and Novocart® cell-
seeded matrices at the pre-implantation stage. In Novocart®, cells were present in a
spherical morphology, whereas more polygonal and elongated cells were observed
in MACI®, Hyalograft®, and CaReS®. Whether this difference will affect the final
m-ACI outcome is difficult to predict as there are already substantial differences in
the formation of the construct before implantation. While ACs are used without ex-
pansion in CaReS®, Novocart® is composed of first passage cells while MACI® and
Hyalograft® use chondrocytes passaged several times. Further, cell seeding densi-
ties in different m-ACI approaches (ranging from 2×103 to 20×103 cells/mm3) have
been shown to affect cartilage regeneration [128,141,191,227,284,287]. Additionally,
the in vitro pre-culture of cell-seeded constructs can influence the in vivo regener-
ation [191, 229]. Clinically, this parameter is highly inconsistent with Chondron®

using no pre-culture, whereas Cartipatch®, CaReS® and Hyalograft® use constructs
matured for up to 2 weeks. Overall, the high variance in culture protocols makes a
direct comparison of the available matrices for cartilage regeneration difficult.
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1.2. Current clinical treatments for cartilage repair

1.2.3 Cell sources for cartilage tissue engineering

Cartilage regeneration requires a cell type that produces abundant extracellular ma-
trix closely resembling the matrix of native articular cartilage. The human body
posesses a variety of cell sources with chondrogenic potential, from the chondro-
cytes found in native cartilage, to various progenitor cells derived from non-cartilagi-
nous tissue sources shown in Figure 1.6. Chondrocytes can, based on the matura-
tion stage of the tissue, be divided into immature (generally below 13 years old) and
mature cells.

Immature Cartilage Mature Cartilage

13 years

Undifferentiated Cells

Mesenchymal stromal cells
Embryonic stem cells
iPSCs

Fetal chondrocytes Juvenile chondrocytes Adult chondrocytes

Figure 1.6.: The three main cell sources for cartilage regeneration: undifferentiated cells, immature
and mature chondrocytes. Examples for undifferentiated cells are embryonic stem cells, adult mes-
enchymal stromal cells as well as induced pluripotent stem cells (iPSCs). Cartilage reaches maturity
between the age of 13 to 20 and therefore allogeneic immature chondrocytes from fetal or juvenile
tissue as well as autologous mature chondrocytes have been considered for treatment of cartilage
lesions.
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Mature chondrocytes

The most obvious source of cells for cartilage regeneration are the only cells in car-
tilage, chondrocytes. Current clinical treatments use these cells for their inherent
capacity to form cartilage ECM. Chondrocytes are isolated from a tissue biopsy re-
moved in a non-weight bearing region of the knee. This process damages healthy
cartilage and might be responsible for further degeneration of the joint [157]. Fur-
thermore, the low cell yield from adult cartilage requires tissue culture expansion
over severalweeks. During this time, chondrocytes undergode-differentiation char-
acterized by the loss of collagen 2, increase in collagen 1, and the appearance of a
fibroblastic phenotype [58,235]. Despite the possibility for re-differentiation [45,69,
199], the two-step procedures, using passaged autologous chondrocytes, are time
and cost intensive. In an a empt to reduce the necessary intra-articular procedures,
minced cartilage pieces have been used in the cartilage autograft implantation sys-
tem (CAIS), a technique in phase III clinical trials. Although CAIS eliminates the
expansion phase, donor site morbidity due to cartilage harvest is still present.

Hyaline cartilage is not only found in the joints but also in the nose and in the rib
bones (costal cartilage). To minimize damage to the articular joint, the exploita-
tion of other hyaline sources as well as elastic cartilage, such as auricular cartilage,
has become popular. Several studies show promise in de-novo cartilage forma-
tion [16, 112,212,216], but the question remains whether these cells are able to pro-
duce the cartilage components specific to articular cartilage. Furthermore, autol-
ogous chondrocyte implantations suffers from a unpredictable patient variability
which might be partially caused by age-related decline of proliferation and chon-
drogenic capacity [20].

The inherent difficulties with autologous cells has motivated the study of allogenic
alternatives. Cartilage is, due to its avascular nature and the dense extracellular
matrix, an immune-isolated tissue. Furthermore, chondrocytes themselves have
been identified to be immunosuppresive [4]. Mature chondrocytes from allogenic
sources have the advantage of being available as a potential off-the-shelf treatment,
but the low cell density requires cell expansion, and de-differentiation occurs as in
the case of autologous chondrocytes. The application of mature allogenic chondro-
cytes in alginate beads has nevertheless shown satisfactory results after 5-8 years
[64].
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1.2. Current clinical treatments for cartilage repair

Immature chondrocytes

Cartilage maturation is a process that takes between 15 to 20 years in humans [6],
and is marked by a decrease in cell density, as well as chondrogenic potential [3,
268]. Thus the use of fetal or juvenile (younger than 13 year old) chondrocytes
has a racted a ention in recent years. Juvenile chondrocytes have shown promise
compared to adult chondrocytes [165, 248] with increased matrix synthesis. These
factors, taken together, have led to development of two new products applying ju-
venile cartilage allografts in the form of minced cartilage (deNovo NT [268]) and ex-
panded chondrocytes (deNovo ET). Fetal cartilage is a more immature tissue com-
pared to juvenile cartilage with an even higher cell density [73]. In a comparison of
fetal and adult ovine chondrocytes, fetal cells showed higher proliferative potential
as well as increased GAG and collagen 2 synthesis [87].

Undifferentiated progenitors

Progenitor cells are, for their high cell number and chondrogenic potential, an at-
tractive alternative to chondrocytes. Adult mesenchymal stromal cells (MSCs) can
be found in many tissues in the body such as bone marrow, synovium, fat pad, as
well as in adipose tissue [22]. MSCs not only exhibit a high proliferation rate, but
more importantly, are able to differentiate into the three mesenchymal lineages:
bone, fat, cartilage and others [215]. The utility of undifferentiated MSCs is ham-
pered by their tendency to differentiate into a tissue with an undefined character.
MSCs induced towards chondrogenesis do not form stable cartilage, but immedi-
ately upon induction, initiate hypertrophic markers and eventually mineralize. The
same endochondral ossification occurs during chondrogenic differentiation of em-
bryonic stem cells (ESCs) [133] and iPSCs [66]. ESCs and iPSCs nevertheless present,
with their unlimited self-renewal, great potential for future cartilage treatments us-
ing optimized culture protocols. Before ESCs or iPSCs can be used for clinical treat-
ment, their tumorigenic safety would need to be established [204].
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1. Cartilage tissue engineering

1.3 Engineering phenotypically stable cartilage

The low cell number obtained from autologous chondrocytes and the resulting long
expansion phase leading to de-differentiation has motivated the quest for a more
abundant source of cells. MSCs with their high chondrogenic potential (see Sec-
tion 1.2.3) have been at the centre of a ention, however, their tendency towards
hypertrophy has so far hindered their clinical application. This section presents the
characteristics of hypertrophy together with possible strategies to engineer pheno-
typically stable cartilage.

1.3.1 Hypertrophy in the growth plate and in vitro

Many clues for controlling hypertrophy can be found following the process of skele-
tal development which begins in humans 4 - 5 weeks after fertilization [117, 224].
Chondroprogenitor cells of diverse embryonic origin [220] begin to upregulate ex-
pression of transforming growth factor beta (TGF-β), fibronectin, N-CAM, and N-
Cadherin which initiates cell condensation and cartilage differentiation [101] (Fig-
ure 1.7). The differentiation phase of stem cells towards chondrogenesis can be
divided into distinct stages including cell a achment, proliferation/differentiation
and differentiation/hypertrophy [193].

MSC chondrogenesis in vitro

Chondrogenesis of MSCs is typically induced in vitro by incubating cells in defined
media containing TGF-β, ascorbic acid and dexamethasone in combination with a
3D culture system such as micromass pellets [132, 175, 187, 215], hanging drop cul-
ture [36,71] or cellular encapsulation in hydrogels [31,162,166,184,184]. While up-
regulation of the chondrogenic genes Sox9 and collagen 2 can be observed during
in vitro induction of chondrogenesis, the differentiating cells also exhibit markers
of hypertrophy including collagen 10, MMP-13, and ALP [195, 213, 239] (see Fig-
ure 1.7b).
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TGF-β
N-CAM

N-Cadherin
Fibronectin

GAGs
Collagen 2

Collagen 10
MMP-13

Collagen 1
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Chondrocyte
Pre-hypertrophic chondrocyte
Hypertrophic chondrocyte
Fibroblast-like Cell

PTHrP

Runx2
Collagen 10
MMP-13
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Collagen 2
GAGs

+ TGF-β

(a) (b)

Figure 1.7.: In vivo and in vitro chondrogenesis and hypertrophy. (a) Chondrogenesis initiates in
limb bud development when MSCs undergo condensation, a process facilitated by increased expres-
sion of cAMP, TGF-β, fibronectin, N-CAM, and N-cadherin. Mature chondrocytes begin secreting
cartilage matrix components primarily consisting of collagen 2 and glycosmaminoglycans (GAGs).
Chondrocytes outside the signaling range of PTHrP secreted by resting zone chondrocytes produce
Ihh, a potent inducer of cell hypertrophy. Hypertrophic chondrocytes secrete collagen 10, which
establishes the framework for subsequent calcification and endochondral ossification. Formation of
the growth plate is accompanied by perichondrium development and vascular invasion, as well as
an ossification centre containing fibroblast-like cells that express collagen 1. (b) During in vitro chon-
drogenesis, MSCs are centrifuged into a micromass pellet and cultured in medium containing TGF-β
to induce differentiation. The critical spatiotemporal cues are not present in this method, and the
majority of the MSC population continues to express both collagen 2 and collagen 10 concomitantly.
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1. Cartilage tissue engineering

1.3.2 Characterization of chondrocyte hypertrophy

Chondrocyte hypertrophy is marked by a 10-fold increase in cell volume [41], extra-
cellular matrix remodelling (see Figure 1.8a) and expression of terminal differentia-
tion markers including runt-related transcription factor 2 (Runx2), matrix metallo-
protease 13 (MMP-13), collagen 10, alkaline phosphatase (ALP) and Indian Hedge-
hog (Ihh) [195] (see Figure 1.8b). The transcription factors Runx2 and myocyte
enhancer factor-2C (MEF2C) drive the expression of the terminal differentiation
markers including MMP-13 [246], collagen 10 [15, 255, 265], Ihh [303] and vascu-
lar endothelial growth factor (VEGF) [155], which all functionally contribute to en-
dochondral ossification. Secreted MMP-13 degrades collagen 2 [124] and aggre-
can [85], key ECM components of functional cartilage. Hypertrophic marker col-
lagen 10 is deposited within the hypertrophic ECM and serves as a framework for
subsequent calcification [244]. The large gradient in calcium concentration from
a high extracellular to a lower intracellular concentration is most likely the ma-
jor driving force behind mineralization, triggering the influx of calcium and sub-
sequent volume increase [24, 97]. Calcification of the cartilage ECM originates at
matrix vesicles (MVs) containing ALP, which are secreted from chondrocytes in re-
sponse to increasing calcium concentrations [123] and are anchored to the collagen
10 matrix [244].

In the first step of mineralization, ALP hydrolyses pyrophosphate (PPi) into inor-
ganic phosphate (PO4

3-) which, in the presence of calcium, forms hydroxyapatite
inside the MVs [19]. Other sources of phosphate are the hydrolysis of phospho-
lipids by PHOSPHO1 [177] as well as the influx through the type-III Na/Pi cotrans-
porter. Calcium influx into matrix vesicles is regulated by annexin II, V and VI with
annexin V activity simulated by binding to collagen 2 and 10 fibrils [146].

The second step of mineralization is initiated by the penetration of hydroxyapatite
crystals into the extracellular space where their prolongation is regulated by the
PO4

3- production by tissue non-specific alkaline phosphatase (TNAP) as well as
PC-1, a nucleoside triphosphate pyrophosphohydrolase, inhibiting mineralization
through the production of PPi [205].

The final stages of endochondral ossification including degradation of the calcified
matrix, VEGF-mediated vascular invasion of the calcified zone, and deposition of
osteoid on the calcified trabecules by osteoblasts are under control of MMPs [206].
Post-mitotic hypertrophic chondrocytes pass through a transient autophagy stage
to help meet the energy demands of cells [252] before undergoing apoptosis and
being removed from the growth plate [242].
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1.3. Engineering phenotypically stable cartilage

Figure 1.8.: Hypertrophy and the main actors. (a) Hypertrophy is marked by cell volume in-
crease (red arrows) and ECM remodeling (b) These changes are regulated by the transcription factors
Runx2/MEF2C, which regulate the transcription of collagen 10 [15,255,265], Ihh [303], MMP-13 [246]
and VEGF [155]. MMP-13 degrades aggrecan and collagen 2 [124], Ihh increases non-hypertrophic
chondrocyte proliferation [277], collagen 10 facilities the mineralization process through association
with matrix vesicles (MV) [244], and alkaline phosphatase (ALP) dephosphorylates pyrophosphate
(PPi) to phosphate (PO4

3-), leading to hydroxyapatite formation [14].
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1. Cartilage tissue engineering

1.3.3 Strategies for hypertrophy inhibition based on molecular pathways

A complex signaling network is involved in the hypertrophy regulation as outlined
in Figure 1.9. This section focuses on TGF-β and PTHrP as hypertrophy suppressive
cytokines.

TGF-β

Transforming growth factor-beta (TGF-β) is a potent inducer of chondrogenesis
in vitro [21, 289]. Signalling pathways of the TGF-β superfamily have been re-
viewed [276] including its downstream phosphorylation of Sma and Mad Related
Family (Smads), which exhibit both stimulatory and inhibitory effects on chondro-
cyte hypertrophy. The Smad1/5/8 route, through which BMPs signal and control
FGF pathways [180, 302], induces hypertrophy by epigenetic changes and block-
ing phosphorylation of Smad1/5/8 inhibited expression of 3 terminal differentia-
tion markers [111]. The Smad2/3 pathway is activated by TGF-β, directly leading
to inhibition of hypertrophy and the induction of chondrogenesis due to the sta-
bilization of Sox9 transcription complex by Smad2/3 [90, 300]. TGF-β activation of
Smad3 also leads to Runx2 inhibition through epigenetic regulation [136]. Although
TGF-β is crucial in regulating chondrocyte hypertrophy, its addition to induction
media during pellet culture of MSCs is not enough to suppress the onset of hyper-
trophy [195, 213, 239]. TGF-β1-supplemented expansion media has further shown
to redirect chondrocytes towards hypertrophy [198].

Figure 1.9 next page: Signaling pathways initiated by TGF-β (grey shading), PTHrP/PTH (yellow
shading), Wnt (orange shading), integrin-β1 interaction with collagen 10 [173] (green shading), and
calcium ions (pink shading). The main transcription factors (rectangular boxes) regulating hypertro-
phy are Sox9, which is responsible for the expression of collagen 2 and aggrecan, and Runx2 which
regulates transcription of collagen 10, MMP-13, VEGF and Ihh genes. Sox9 was shown to inhibit
Runx2 [70] via Nkx3.2 [299,311]. MEF2C is proposed to be the main regulator of Runx2 [15], which
acts through Dlx5/Dlx6 [280]. SHOX/Shox2 is yet another upstream activator of Runx2. Nkx3.2 is
induced by PTHrP [219] and acts synergistically with Sox9 [299] to inhibit Runx2 [160]. Ihh is trigger-
ing the protein degradation of Nkx3.2 [49]. Histone deacetylases (HDACs) participate in epigenetic
regulation preventing transcription by stabilizing DNA packing around histones (grey cylinders),
whereas histone acetylases (HATs) provide access to the DNA strands. HDACs are released via
phosphorylation by kinases that provide a phosphate (P) which can then be bound by chaperones
(14-3-3) and exported out of the nucleus. Green indicates a pathway involved in the suppression,
and blue the promotion of hypertrophy. Dashed lines represent the expression of marker genes.
<P> depicts phosphorylation/dephosphorylation and <Ub> ubiquitination.
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1. Cartilage tissue engineering

PTHrP

Parathryroid hormone-related protein (PTHrP) is emerging as one of the key anti-
hypertrophy factors. The knockout of PTHrP [178, 283] or its receptor [99, 149, 156]
leads to accelerated hypertrophy in vivo. PTHrP participates in a negative feed-
back loop with Indian Hedgehog (Ihh), a stimulatory factor of hypertrophy and
chondrocyte proliferation [149, 153, 156]. Resting chondrocytes at the ends of long
bones secrete PHTrP, subsequently suppressing Ihh production in the proliferating
zone. Chondrocytes outside of this paracrine signalling range, however, do pro-
duce Ihh and undergo hypertrophy. Ihh also leads to hypertrophy independently
of PTHrP [178].

PTHrP functions by activating protein kinase A and C (PKA and PKC) [161] and also
interferes with the calcium pathway by dephosphorylation of calcium/calmodulin-
dependent protein kinase (CaMKII) [163]. Cyclic adenosinemonophosphate (cAMP)-
dependent PKA phosphorylates Sox9 [118] and activates protein phosphatase II
(PP2A), leading to the de-phosphorylation of histone deacetylase 4 (HDAC4) and
the inactivation of MEF2C [152]. PKC inhibits the activity of the mitogen-activated
protein kinase (MAPK) p38 [309] reducing MEF2C phosphorylation [255] and, ul-
timately, hypertrophic gene expression.

1.3.4 Hypertrophy inhibition using RNA interference

Next to the application of hypertrophy-suppressive cytokines, the use of RNA inter-
ference (RNAi) presents a more directed approach [105]. The ancient defense mech-
anism of cells against parasitic nucleic acids has, since its discovery in 1998 [81],
been explored for experimental cell research as well as RNAi therapeutics [61].
Double-stranded small interfering RNA (siRNA) assembles with the RNA-induced
silencing complex (RISC) and after unwinding, gets bound with its antisense strand.
Through binding to the complementary mRNA, its gene expression is suppressed.
This post-transcriptional gene silencing method also been applied as a tool for hy-
pertrophy inhibition. The knock-down of Runx2 and CCAAT/enhancer-binding
protein-β, both transcription factors involved in the regulation of endochondral os-
sification, led to decreased collagen 10, MMP-13 and VEGFA [116]. Wei et al. [288]
further demonstrated the effectiveness of using siRNA to inhibit Ihh for decreased
hypertrophy. Another target is the family of metalloproteinases involved in the
degradation of the extracellular matrix. ADAMTS-4 siRNA could successfully re-
duce aggrecan degradation [250].
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1.3. Engineering phenotypically stable cartilage

1.3.5 Lessons learnt from epigenetics

Histone (de)acetylation, DNA methylation, and microRNAs are epigenetic approa-
ches strongly involved in chondro-specific differentiation [23, 89] (see Figure 1.10).
When DNA is present in the nucleus in a highly packed form, wrapped around
histones, access of transcription factors is restricted and transcription downregu-
lated. Histone deactylases (HDACs) keep the chromatin in this form, whereas hi-
stone acetyl transferases (HATs) decrease the association of the histone with the
DNA strand allowing the access of transcription factors. The release of HDACs
from the histone complex is performed through kinase-induced phosphorylation,
which creates chaperone (such as 14-3-3) docking sites that, once bound, transport
HDACs out of the nucleus. Phosphatases dephosphorylate HDACs to activate and
relocate them into the nucleus. Another epigenetic control is the introduction of
methylation sites on cytosine-guanine dinucleotides (CpG) by DNA methyltrans-
ferases [47]. CpG islands (areas with high concentration of CpGs) are mostly found
in the promoter region of genes where methylation causes gene silencing. MicroR-
NAs are post-transcriptional regulators of messenger RNAs (mRNAs), that by bind-
ing to their complementary sequence, can repress translation or lead to the degra-
dation of mRNAs [291].

silent chromatin

HDAC

TF

active chromatin

Me
Me

mRNA

protein

Ac

Ac
Ac

Deacetylation

Acetylation

HDAC

HDAC

Ac
microRNA

3’ 5’

Figure 1.10.: The epigenetic regulation of hypertrophy involves histone deacetylases (HDACs),
which act inside the nucleus to compact the chromatin into a silent structure. The acetylation (Ac)
of histones opens up the chromatin for transcription of DNA by transcription factors (TF). Methy-
lation (Me) of the DNA inhibits its transcription to messenger RNA (mRNA), whereas the post-
transcriptional regulation of microRNAs inhibits the translation of mRNA by binding to its 3’ un-
translated region.
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Many strategies have been proposed using histone (de)acetylation, (reviewed in
[262]). The role of gene silencing through DNA methylation during chondrogenesis
and hypertrophy is, in comparison, still in its infancy. Runx2 and Sox9 were shown
to keep their methylation status during in vitro chondrogenesis of synovium-derived
MSCs [76] whereas COL10A1, the gene encoding collagen 10α1, was found to be
methylated in articular chondrocytes, in contrast to mesenchymal stem cells which
were de-methylated during chondrogenesis [312]. This difference might explains
why hypertrophy is less likely in chondrocyte pellet cultures compared to MSC pel-
lets. The epigenetic regulation occurring during maturation of cartilage might be a
benefit for using immature cartilage versus undifferentiated progenitor cells.
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2 Scope
Cartilage regeneration has been an medical obstacle for decades. The developments
in tissue engineering have allowed the progress from mainly pain-reducing inter-
ventions to treatments with the promise of regenerating cartilage in its native form.
The current cell-based strategies focus on the expansion of chondrocytes obtained
from the patient’s own tissue. Autologous cartilage implantation (ACI) requires
a two step procedure with the initial biopsy harvest, 2-12 weeks process time for
isolation and expansion, and the final transplantation of cells. The need for two
surgical interventions together with an external GMP-compliant laboratory for cell
isolation and expansion makes ACI a time and cost intensive treatment, and low
cell yields of autologous chondrocytes (ACs) hinder the development of a simpler
and faster process. The establishment of abundant, chondrogenic cell sources is
therefore one of the major challenges in cartilage research. This thesis focuses on
possible alternative cell sources and their potential to produce phenotypically stable
cartilage.

In the first part of this thesis, the potential of adult mesenchymal stromal cells
(MSCs) for cartilage engineering was explored. MSCs are a promising candidate for
treating cartilage lesions due to their presence in many tissues of the human body
as well as their multipotent nature. In Chapter 4, the classical pellet culture system
applied to induce MSCs towards chondrogenesis is presented. The stimulation of
MSCs through cell condensation and the application of transforming growth fac-
tor beta (TGF-β) led to the expression of chondrogenic genes (collagen 2, aggrecan,
Sox9) as well as markers associated with the progression of cartilage towards a calci-
fied tissue (collagen 10, Ihh, MMP-13), so called hypertrophy. This process mimics
the events naturally occurring during the formation of long bones. Articular carti-
lage, the tissue lining the surface of the bones, is developmentally different in that it
does not progress towards endochondral ossification. The phenotypic instability of
chondrogenically-induced MSCs is a major hurdle to their clinical application.

Chapter 5 presents the application of parathyroid hormone-related protein (PTHrP)
as a possible drug to control the hypertrophy of MSCs. PTHrP is involved in the
regulation of hypertrophy in the growth plate, where together with Ihh, it orches-
trates the proliferation of chondrocytes and their progression towards calcification.
Cells in close proximity to PTHrP secreting cells at the end of long bones, suppress
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2. Scope

Ihh whereas further away, PTHrP levels drop and calcification starts. Its potent
anti-hypertrophic action in vivo led to the assumption that its application during
MSC chondro-differentiation would produce phenotypically stable cartilage. The
effect of concentration and time point of application of PTHrP on MSC pellet cul-
ture was assessed by RT-PCR. The results clearly showed that PTHrP is not only
a potent inhibitor of hypertrophic genes such as collagen 10 but also reduces col-
lagen 2 expression. This adverse effect could not be reversed under hypoxia nor
upon change from PTHrP fragement 1-86 to 1-34.

The unspecific effect of PTHrP prompted the focus to shift to the development of
siRNA-based therapeutics which allowed the sequence-specific inhibition of tar-
get genes. The research group of Prof. Akashi at University Osaka has developed
biodegradable γ-PGA-Phe nanoparticles (NPs) with broad applications in drug de-
livery. In a collaborative project described in Chapter 6, the use of these NPs for
siRNA delivery was investigated. Incorporating the siRNA into the core of the par-
ticles resulted in a low loading efficiency. However, the use of polycation coatings
on the surface of the negatively charged γ-PGA-Phe NPs produced siRNA carriers
with efficient cell uptake. Chitosan-coated NPs showed superior biocompatibility
to commercially available siRNA transfection reagents and could successfully in-
hibit the LPS-stimulated maturation of dendritic cells.

Despite the advances in MSC research, the undefined phenotype of their de-novo
cartilage remains a hurdle to clinical application. Thus, research a ention has re-
cently shifted towards cell sources with a more defined composition, such as chon-
drocytes derived from immature cartilage. Chapter 7 presents the potential of fetal
epiphyseal chondrocytes (ECPs) as an off-the-shelf solution for the future treatment
of cartilage lesions. A comparison of fetal ECPs with adult MSCs and ACs in a col-
lagen scaffold showed that ECPs are, in their genetic fingerprint, much closer to ma-
ture chondrocytes than MSCs. ECPs were able to produce an extracellular matrix
rich in collagen 2 and proteoglycans with minor collagen 10 production. The ab-
sence of hypertrophy in ECP-derived tissues suggests that they have an epigenetic
pre-programming similar to ACs which allows for the formation of phenotypically
stable cartilage. Furthermore, ECPs used as an allogenic cell source allowed a more
reproducible cartilage formation compared to ACs suffering from high donor-to-
donor variability. This discovery is of great importance for future clinical applica-
tions aiming towards a one-step procedure.

Chapter 8 concludes this thesis by providing an overview of the most important
findings, together with an outlook on future cartilage regeneration strategies.
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3. Materials and methods

This chapter describes the materials, protocols and experimental techniques used
throughout this thesis. In addition, particular experimental techniques or alterna-
tive protocols are given in experimental (sub-)sections in Chapters 5 to 7

3.1 Reagents and solutions

Table 3.1.: Common reagents and solutions

Component Storage Supplier

Agarose RT Lonza #50004L

EDTA RT AppliChem #A2937

Formaldehyde RT Sigma #F15587

PBS 4 °C Gibco® #10010-015

BSA 4 °C Sigma #A7906

Trypsin-EDTA -20 °C Gibco® #25200-056

Recovery™ cell culture freezing media -20 °C Gibco® #12648-010

3.2 Media compositions

3.2.1 Proliferation media

Mesenchymal stromal cell - proliferation medium

Table 3.2.: MSC proliferation medium

Component Volume Stock conc Final conc Reconstitution Storage Supplier

alpha-MEM 445 ml 4 °C Gibco® #22561

FBS 50 ml 100% 10% v/v -20 °C Gibco® #10270-106

Pen Strep 5 ml 100% 1% v/v -20 °C Gibco® #15140-122

FGF-2 10 µl 50 µg/ml 1 ng/ml 100 µl 5 mM Tris -80 °C Peprotech #100-18B

+ 900 µl 0.1% BSA in PBS
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3.2. Media compositions

Articular chondrocytes - proliferation medium

Table 3.3.: AC proliferation medium

Component Volume Stock conc Final conc Reconstitution Storage Supplier

DMEM 450 ml 4 °C Gibco® #32430-027

FBS 50 ml 100% 10% v/v -20 °C Gibco® #10270-106

Gentamycin 500 µl 50 mg/ml 10 µg/ml RT Gibco® #15710-049

Ascorbic Acid 1 ml 25 mg/ml 50 µg/ml DMEM -80 °C Sigma

Epiphyseal chondroprogenitors - proliferation medium

Table 3.4.: ECP proliferation medium

Component Volume Stock conc Final conc Reconstitution Storage Supplier

DMEM 500 ml 4 °C Gibco® #41966-029

FBS 50 ml 100% -20 °C Gibco® #10270-106

L-Glutamine 5 ml -20 °C Gibco® #25030-024

Gentamycin 500 µl 50 mg/ml 10 µg/ml RT Gibco® #15710-049

3.2.2 Chondrogenic differentiation

Table 3.5.: Chondrogenic differentiation medium

Component Volume Stock conc Final conc Reconstitution Storage Supplier

DMEM 49 ml 4 °C Gibco® #31966-021

ITS+ 500 µl 100% 1% v/v 4 °C Corning #354352

Pen Strep 250 µl 100% 0.5% v/v -20 °C Gibco® #15140-122

Sodium pyruvate 50 µl 100 mg/ml 100 µg/ml water -20 °C Fluka #15990

L-proline 50 µl 40 mg/ml 40 µg/ml water -20 °C Fluka #81709

L-ascorbate-2-phosphate 50 µl 50 mg/ml 50 µg/ml water -20 °C Sigma #A8960

Dexamethasone 50 µl 100 µM 100 nM 96% ethanol 4 °C 2 weeks Sigma #D4902

TGF-β3 500 µl 1 µg/ml 10 ng/ml 10 mM citric acid -20 °C Peprotech #100-36E

0.1% BSA in PBS

Media stable for 2 weeks at 4°C. Grey shading: only to be added immediately before use. For a control, TGF-β3 is omi ed.
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3. Materials and methods

3.3 Cell isolation and culture

3.3.1 Mesenchymal stromal cells

The mesenchymal stromal cells (MSCs) were isolated from femur-derived bone
marrow samples that were obtained during surgical hip replacement of otherwise
healthy patients after having received informed consent. The protocol was ap-
proved by the ethical board of the Kantonspital St.Gallen, Swi erland (ethical com-
mi ee approval number EKSG08/014/1B). The bone marrow samples were incu-
bated in 20 ml isolation medium (25 mM HEPES (Fluka, #54459), 128.5 mM NaCl
(Fluka, 71380), 5.4 mM KCl (Fluka, #60130), 5.5 mM D(+)-glucose (Sigma, #G7528),
51.8 mM D(+)-saccharose (Sigma, 84097), 0.1% BSA (Sigma, #A6003)) overnight at
4°C. Afterwards, the sample was centrifuged at 110 g for 15 minutes at 4°C to re-
move fat tissue. The remaining pieces of trabecular bone were rinsed several times
with isolation medium that was collected and filtered through a 200 µm filter. The
filtered cell solution was centrifuged, the resulting cell pellet resuspended in MSC-
proliferation medium (see Section 3.2.1) and seeded at a density of 1×107 cells in a
T75 culture flask containing proliferation medium.

3.3.2 Articular chondrocytes

Human articular chondrocytes were isolated from cartilage pieces obtained dur-
ing surgical knee operations performed at the Schulthess Clinic, Zürich, Swi er-
land (ethical commi ee approval number KEK-ZH 2013-0097). The pieces were
minced into 1-3 mm3 pieces using a scalpel and digested in 0.1% collagenase solu-
tion (DMEM Gibco® #32430-027, 1 mg/ml collagenase from Clostridium histolytic
Sigma #C6885, 10% v/v FBS) overnight with gentle stirring at 30 °C. The resulting
cell suspension was passed through a 100 µm and subsequently 40 µm strainer.
By centrifugation at 500×g for 8 minutes, the cell pellet was collected and the su-
pernatant aspirated. This step was repeated twice to remove the remaining col-
lagenase. Further, the cell number was determined and the cells treated accord-
ing to the experimental needs. For cryopreservation, 0.5-1×106 cells/ml were sus-
pended into recovery™ cell culture freezing media (Gibco® #12648-010) and placed
in a Mr. Frosty™ Freezing Container (Thermo Scientific™ #5100-0001) at -80 °C. For
tissue culture expansion, cell are resuspended in AC proliferation medium (see Sec-
tion 3.2.1) and seeded at a density of 3’000 cells/cm2.
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3.3.3 Epiphyseal chondroprogenitors

The biopsy was collected and processed as described by Darwiche et al. [59]. From
one vial of the parental cell bank, a working cell bank was developed for the project.
These cells were expanded to passage 5 in ECP proliferationmedium (see Table 3.4).

3.4 Chondrogenic differentiation assays

3.4.1 Pellet culture

Chondrogenic differentiation of MSCs was induced by pellet culture for which
200’000 - 250’000 cells/well were placed in 96-well V-bo om plates (Thermo Scienti-
fic™, Nunc #249946) and centrifuged at 250×g for 5 minutes. The pellet was cul-
tured at 37°C with 5% CO2 in 250 µl of chondrogenic or control medium (see Sec-
tion 3.2.2). The medium was replaced every 3-4 days for 21 days. As a control,
pellets were cultivated in chondrogenic medium lacking TGF-β3.

Note: Plates for pellet culture are required to be made out of polypropylene as this
material, compared to common polystyrene, does not lead to cell a achment.

3.4.2 Scaffold culture

Different collagen scaffolds were used in this thesis:

Table 3.6.: Collagen scaffold specifications

Name Composition Thickness Clinically used Supplier

Optimaix 3D porcine collagen I/III 1.5 mm no Matricel, Germany

Novocart® Basic porcine collagen, chondroitin-sulfate 2 mm yes TeTeC, Germany

Chondro-Gide® porcine collagen I/III 1 mm yes Geistlich, Swi erland

With the help of a biopsy puncher with plunger (Polymed, #8511616), punches of
2 mm diameter were taken from the scaffolds and transferred into a 96-well plate
pre-coated with agarose (40 µl per well, UV-sterilized for 30 minutes) to inhibit cell
a achment to the well plate. Cells were seeded at the indicated density (between
10’000 to 50’000 cells/mm3 in a total volume of 5 µl per punch and left at RT for
15 minutes before adding 250 µl of chondrogenic medium or the control medium
(see Section 3.2.2). The medium was replaced every 3-4 days. After completion
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3. Materials and methods

of the experiment, scaffolds are washed once in PBS, transferred into eppendorf
tubes, excess PBS removed and stored at -80°C until the qPCR (see Section 3.5) or
GAG/DNA (see Section 3.6) analysis. For cryosectioning, scaffolds are transferred
with a spatula into cryomolds, covered with O.C.T., frozen on dry ice and stored at
-80°C until processing (subsequent steps described in Section 3.7)

3.5 Real-time quantitative RT-PCR assay

3.5.1 RNA isolation and quantification

The RNA isolation protocol was changed over the course of the PhD project. Data
presented in Chapter 4 and Chapter 5 up to Section 5.4 are performed using a
collagenase-based procedure: Chondrogenic pellets were digested in 3 mg/ml col-
lagenase II (Sigma, #C6885) for 2 h to break down the abundant negatively charged
extracellular matrix and thereby increasing the RNA yield using affinity column-
based extraction. Afterwards, the pellet was washed in PBS, and total RNA pre-
pared using the RNeasy® Micro Kit (Qiagen, Hombrechtikon, CH, #74004) accord-
ing to the manufacturer’s protocol.

All data presented in the above mentioned chapters was done with a new proto-
col using mechanical disruption of the tissue: Cartilage pellets and scaffolds were
washed in PBS, shock-frozen in liquid nitrogen and crushed using Kimble-Chase
Kontes™ Pellet Pestle™ (Thomas Scientific, United States, #3411D50). Total RNA
was prepared using NucleoSpin® miRNA kit from Macherey Nagel #740971.

The RNA concentration was determined using Take3 Micro-Volume Plate on a Mi-
croplate reader Synergy H1™ (BioTek, Instruments) or on a Nanodrop™ ND-1000
Spectrophotometer (Nanodrop, Wilmington, DE). Only RNA with an OD 260/280
ratio between 1.9-2.1 was used for PCR analysis. RNA was stored at -80°C until
further use.

3.5.2 RT-PCR

RT-PCR was performed on the StepOnePlus™ Real Time PCR system (Applied Bio-
systems®). Reverse transcription of 200 - 500 ng total RNA to cDNA was done with
oligo(dT)20 Primer (Invitrogen™, #18418-020) and 10mM dNTP Mix (Invitrogen™,
#18427-013) using SuperScript® III Reverse Transcriptase (Invitrogen™, #18080-044)
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3.5. Real-time quantitative RT-PCR assay

in a total reaction volume of 20 µl. A temperature program of 5 minutes prim-
ing at 65°C followed by the reverse transcription at 50°C for 30 minutes and the
reverse transcription inactivation at 70°C for 15 minutes was run. After a final
cool-down to 4°C, the cDNA was stored at -80°C for subsequent use. The oligonu-
cleotides (purchased from Microsynth AG, Balgach, Swi erland) displayed in Ta-
ble 3.7 were reconstituted at a concentration of 100 µM and stored at -20°C for fur-
ther use. All primers are designed over exon-exon junctions using the Real Time
PCR Design Tool from Integrated DNA Technologies to avoid the amplification of
genomic DNA. Only primer pairs with efficiency between 90-110% were used. A
final concentration of 150 nM forward and reverse primer, respectively, was used
for each qPCR reaction.

Table 3.7.: Primer specifications (Species: Homo sapiens)

Gene Name Accession n° bp Primer sequence (5’-3’)

RPL13a Ribosomal protein L13a NM_012423 100 F - AAGTACCAGGCAGTGACAG

R - CCTGTTTCCGTAGCCTCATG

GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_002046.3 98 F - AGTCAGCCGCATCTTCTTTT

R - CCAATACGACCAAATCCGTTG

Collagen 1 Collagen, type I, alpha 1 NM_000088 83 F - CAGCCGCTTCACCTACAGC

R - TTTTGTATTCAATCACTGTCGCC

Collagen 2 Collagen, type II, alpha 1 NM_001844 92 F - GGAATTCGGTGTGGACATAGG

R - ACTTGGGTCCTTTGGGTTTG

Collagen 10 collagen, type X, alpha 1 NM_000493 108 F - ATTCCTAGTGGCTCCAATGTG

R - GCCTACCTCCATATGCATTTT

AGG Aggrecan NM_001135 98 F - GAATGGGAACCAGCCTATACC

R - TCTGTACTTTCCTCTGTTGCTG

Sox9 SRY (sex determining region Y)-box 9 NM_000346.3 93 F - TCTGGAGACTTCTGAACGAGAGC

R - TGTAATCCGGGTGGTCCTTC

Runx2 Runt-related transcription factor 2 NM_001015051.3 100 F - CGCATTTCAGGTGCTTCAGA

R - GCATTCGTGGGTTGGAGAA

MMP13 Matrix metallopeptidase 13 NM_002427.3 115 F - CCTTCAAAGTTTGGTCCGATG

R - TCAAATGGGTAGAAGTCGCC

Ihh Indian hedgehog NM_002181.3 119 F - GGAGGGTGTGCATTGGTAC

R - CAGCGGTGGAGTCCTTTC

PTH1R Parathyroid hormone 1 receptor NM_000316.2 119 F - ATGCTCTTCAACTCCTTCCAG

R - TTGAAGTCCAGTGCCAGTG

TGFBR1 Transforming growth factor, beta receptor 1 NM_004612.2 116 F - TGCTCCAAACCACAGAGTG

R - AGCCCATTGCATAGATGTCAG

TGFBR3 Transforming growth factor, beta receptor 3 NM_003243.4 109 F - TGGTGTGGCATCTGAAGAC

R - GCTGTCAAGGAGAAGTTTGC

AnnexinV Annexin A5 NM_001154.3 108 F - CGAAGTATACCTGCCTACCTTG

R - ATCAATCTCACTCCTGGAAACC

The Fast SYBR® Green Master Mix (Applied Biosystems®, #4385614) was used to
perform the qPCR amplification from the cDNA in a final volume of 20 µl with 5 µl
of 1:5 diluted cDNA. The cycling conditions were as follows: an initial 95°C for 3
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minutes, followed by 40 cycles of 95°C for 10 seconds, 60°C for 30 seconds. Then, a
melting curve was constructed by heating from 65°C to 95°C in temperature steps
of 0.5°C.

All RT-PCR data was analyzed using the 2-ΔΔ Cq method [167] (assuming that the
amplification efficiency equals 100%) and normalized against the reference gene
RPL13a (established as the most stable reference gene for MSC chondrogenesis, see
Appendix Chapter C. Each gene was evaluated in independent PCR runs including
the complete set of samples.

3.6 Biochemical analysis

3.6.1 Sample preparation

Pellets or scaffolds wereweighedwet (using a microbalance), lyophilised and weigh-
ed dry (only possible for scaffolds as pellets are below the range of microbalance)
and digested in 100 µl papain digestion buffer at 60°C with 1000 rpm shaking (and
several vortexing steps) overnight. Papain digestion solution consisted of 25 µl/ml
papain from papaya latex Sigma #P4762 in 5 mM L-cysteine HCl Sigma #C7477, 50
mM sodium phosphate Sigma #342483, 2 mM EDTA in water. pH was adjusted be-
tween 6.3-6.5 and the solution sterile filtered. The solution is stable at 4 °C for 10
days. The digested samples are used for the analysis of amount of glycosaminogly-
cans (GAGs) using the cationic dye 1,9-Dimethyl-Methylene Blue (see Section 3.6.2)
that selectively binds to GAGs as well as for the amount of DNA determined by a
Pico green assay (see Section 3.6.3).

3.6.2 Dimethylmethylene blue assay (DMMB)

The sGAG content was determined using the dimethylethylene blue (DMMB) assay.
Chondroitin 4-sulfate sodium salt from bovine trachea (C4S, Fluka #27042) was used
to create a standard curve (1-5 µg, above 5 µg assay isn’t linear anymore). 25 µl of
digested sample (if necessary diluted between 1:5 and 1:20 in papain solution to
yield values within the linear range) was transferred into a 96-well plate and 100
µl of DMMB solution (preparation see below) added. The absorbance at 595 nm
was measured on the plate reader and the corresponding amount calculated using
a linear regression for the standard curve of C4S. The GAG contents were reported
per sample or normalized to the DNA amount measured (see Section 3.6.3)
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3.7. Histological and immunohistochemical analyses

Preparation of DMMB solution:

• dissolve 21 mg of DMMB (1,9-Dimethyl-Methylene Blue zinc chloride double
salt, Sigma #341088) in 5 ml absolute ethanol with 2 g of sodium formate
(Sigma #71539)

• stir thoroughly in 800 ml double distilled water
• titrate concentrated formic acid (Fluka #06440) into the dye solution to adjust

pH to 3
• add double distilled water to complete to 1 l of total volume

3.6.3 Pico green assay (DNA)

The Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen™, #P7589) was applied
to quantify the DNA content of the constructs using Deoxyribonucleic acid sodium
salt from calf thymus (Sigma #D3664, 1 ng/ml - 1 µg/ml) as standard. 2-5 µl of
digested sample was diluted in 45-48 µl of TE-Buffer and transferred into a black
96-well plate (Sigma #CLS3603) and 50 µl of Pico green solution added. The samples
were analyzed in a Microplate reader Synergy H1™ (BioTek, Instruments), with an
excitation wavelength of 480 nm and the emission measured at 520 nm. The DNA
content was reported as weight per sample or normalised to day 1.

3.7 Histological and immunohistochemical analyses

Note: All samples were processed without fixation (except for EdU-stained tissue
pieces).

3.7.1 Cryosectioning

Sampleswere transferred directly from the culture plate into a cryomold (Cryomold®

Intermediate 15×15×5 mm, Sysmex #4566), excess media was removed, samples
coveredwith O.C.T (Tissue-Tek® O.C.T™ CompoundBlue, Sysmex #4530) and frozen
on dry ice. Samples were stored at -80 °C until processing employing the cryotome.
Sections were cut 4 µm-thick using a CryoStar™ NX70 Cryostat (Thermo Scientific™)
and microtome blades (ACCU-Edge® LOW CRYO SECT Sysmex #4810). The sec-
tions were collected on a Polysine™ Microscope Adhesion Slide (Menzel-Gläser,
Thermo Scientific™ #P4981) or a Superfrost™ Plus Adhesion Slides (Menzel-Gläser,
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Thermo Scientific™ #P10143352), left at room temperature to dry and stored at -20
°C until processed for stainings.

3.7.2 Alcian blue staining

Cryosections were postfixed in 4% formaldehyde for 7 minutes, washed 3× in PBS
and hydrated in double distilled water for 2 minutes (crucial to avoid unspecific
staining). Further, alcian blue solution (Sigma #B8438) was added for 30 minutes
and washed under running water. Nuclear fast red (Sigma #N3020) counterstain
was incubated for 5minutes. The slideswere dehydrated sequentially in 95% ethanol
and 100% ethanol, allowed to dry before mounting with Richard-Allan Scientific™

Mounting Medium (Thermo Scientific™ #4112).

3.7.3 Immunohistological staining

Antibody stainings of collagen 1, 2 and 10 were performed on cryosections. First,
O.C.T was removed in PBS for 5 minutes and sections were left to dry in order to
outline the sections with a PAP pen (Sigma #Z672548). Further, 5% BSA in PBS
was applied for 1 hour to block unspecific staining. For collagen 1 staining, no
epitope retrieval was required and anti-collagen 1 antibody (Abcam #ab6308, clone
COL-1) was applied at 1:200 dilution. Collagen 2 staining was performed after 30
minutes of 0.2% w/v hyaluronidase (Sigma #H3506) digestion at 37 °C, applying 1:20
diluted anti-collagen 2 antibody (Developmental Studies Hybridoma Band, clone II-
II6B3). One hour of 0.2% w/v hyaluronidase digestion was required for collagen 10
staining before antibody (Abcam ab49945, clone COL-10, 1:50 dilution) incubation.
All primary antibodies were diluted in 1% BSA in PBS and incubated overnight at
4 °C. After three washing steps with PBS, secondary antibody (Alexa Fluor® 594
Goat Anti-Mouse IgG (H+L) Antibody, Molecular Probes®, Invitrogen™, #A-11005)
was applied at 1:200 dilution in 1% BSA in PBS for 1 hour at RT. Another three
PBS washes were performed before incubation of nuclear stain DAPI (Molecular
Probes®, Invitrogen™, #D1306) and the subsequent mounting with VectaMount™

AQ Mounting Medium (Vector Laboratories #H5501).
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3.8. Image acquisition and analysis

3.7.4 EdU - proliferation labeling and staining

AClick-iT® EdU (5-ethynyl-2’-deoxyuridine) Imaging Kit (Invitrogen™#C10086)was
used to examine cell proliferation in pellets and scaffolds. Samples cultured in
chondrogenic medium (see Section 3.2.2) were incubated with 10 µM EdU for 24-48
hours prior to harvesting. Samples were processed as described in Section 3.7.1,
with an additional step of fixation in 1% formaldehyde for 10 minutes prior to
O.C.T embedding. Sections were permeabilized with 0.1% Triton for 10 minutes
and stained for EdU with Alexa 488 according to the provider’s protocol.

3.7.5 Phalloidin/DAPI staining

F-actin and cell nuclei were visualized on cryosections using rhodamine-labelled
phalloidin and DAPI respectively. Sections were post-fixed with 4% formaldehyde
for 10 minutes and permeabilized in 0.1% Triton X-100 for 10 minutes. F-actin fibers
were stained for 30 minutes followed by 10 minutes of DAPI (Molecular Probes®,
Invitrogen) incubation. After completion, slides were washed in PBS and mounted
with VectaMount AQ Mounting Medium (Vector Laboratories).

3.8 Image acquisition and analysis

Histological images were acquired with a Axio Vert.A1 microscope (Zeiss). Fluo-
rescent images were taken with a ApoTome.2 microscope (Zeiss).

3.9 Statistical analysis

All box plots used in this thesis have the following structure: The central line repre-
sents the median, the circle the mean, the box delimits the 25th and 75th percentiles
and the whiskers extent to the minimum and maximum values (not considered out-
liers). Outliers were defined as an observation 1.5 times larger than the interquartile
range.

Statistical evaluation was performed using Prism (Graphpad Software Inc., Version
6.0d) unless otherwise stated. P-values below 0.05 were considered statistically sig-
nificant and if p<0.001 noted with an asterix (*) or otherwise with their exact num-
ber.
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4. Characterization of MSC hypertrophy by gene and protein expression

Adult mesenchymal stromal cells (MSCs) are a promising cell source for cartilage
regeneration due to their high proliferation potential and their capacity to undergo
chondrogenic differentiation [21,215,239]. The chondrogenic induction of MSCs has
been shown in many culture systems, pellet cultures being the oldest and most ex-
tensively studied. Yoo et al. [301] first introduced the pellet system as an in vitro tool
to study MSC chondrogenesis. In this procedure, condensation occurring during
in vivo mesenchymal chondrogenesis is mimicked by the centrifugation of MSCs
which results in a dense cell aggregate. Thereby, N-cadherin is transiently unregu-
lated, indicating the onset of cell-cell interaction and condensation [271]. Pellets cul-
tured in a chemically defined TGF-β-containing media upregulate cartilage-specific
and hypertrophic genes in parallel [195,213]. To characterize the chondrogenic and
hypertrophic induction in pellets a wide array of chondrogenic and hypertrophic
markers was analyzed in MSC pellet culture in a 2-4 day interval, over a total of 22
days and stainings were performed for the key markers, collagen 2 and 10, as well
as for proteoglycan production.

4.1 Gene expression analysis

During TGF-beta induced pellet culture, the multitude of genes affected can be clas-
sified into: 1) change from the early start of pellet culture (see light grey boxes in
Figure 4.1), 2) from day 6 onwards (marked in light blue) and 3) starting in the
second week of culture (dark blue boxes). The main extracellular components of
cartilage, aggrecan, and collagen 2 are both strongly upregulated. Aggrecan is one
of the early markers, whereas collagen 2 shows a steep increase in mRNA only af-
ter 9 days. This is interesting as the master chondrogenic transcription factor, Sox9,
is correlated with collagen 2 appearance but aggrecan proceeds it. It must there-
fore be concluded that aggrecan is also induced in a Sox9-independent manner,
which is contrary to the findings of others [48, 103]. In parallel to the induction of
genes responsible for the cartilage matrix production, a whole array of hypertrophic
genes are unregulated. Collagen 10 peaks at day 9, overlapping with an increase
in collagen 2. Ihh, another inducer of endochondral ossification, exhibits an earlier
increase, but an overall similar expression pa ern to collagen 10.
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Figure 4.1.: Gene expression analysis of MSCs in Pellet culture on day 1, 3, 6, 9, 13, 16, 19 and 22
of Aggrecan, Collagen 2, Collagen 10, Collagen 1, Sox9, MMP-13, Ihh, Runx2, Annexin V, PTH1R,
ALK-5 and TGFBR3. All data normalized to day 1. First significant gene expression change indicate
by a grey box for day 3, light blue for day 6 and dark blue for day 9.

It seems clear that after one week of chondrogenic culture, a strong change occurs,
initiated by a peak in MMP13, which indicates the catabolic break-down of colla-
gen 2 [124] and the initiation of endochondral ossification [57]. The same trend is
reported by Sekiya et al. [239] with a peak of MMP13 at day 7. In contrast to Sox9,
Runx2 (the transcription factor involved in hypertrophy) slightly decreases during
culture.
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Annexin V, that had been shown to be involved in calcification by promoting Ca2+

influx into matrix vesicles [146] as well as to initiate apoptosis [286], only showed
minor fluctuations over 22 days of chondrogenic differentiation. TGF-β, the growth
factor applied during MSC chondrogenesis, signals via its three receptors in an or-
chestrated sequence: TGF-β gets activated by TGF type 3 receptor (TGFBR3), sub-
sequently binding to, and activating TGFBR2 which then forms a complex with the
type 1 receptor (TGFBR1) [122]. It has been shown that TGF-β can signal through
two subtypes of TGFBR1, known as activin receptor-like kinase type 1 (ALK1) and
type 5 (ALK5) [276]. The activation of ALK5 results in Smad 2/3 phosphorylation,
inhibiting chondrocyte hypertrophy [300]. Signalling through ALK1, on the other
hand, leads to Smad 1/5/8 phosphorylation, a process involved in hypertrophy [34].
The analysis shows a steady up regulation of ALK5 over the 3 weeks of culture
whereas TGFBR3 was subjected to downregulation. PTH1R expression level, the
receptor for endocrine PTH and paracrine PTHrP signalling [233], also increased
over time.

4.2 Protein expression analysis

The Alcian blue staining of pellets reveals, similar to the gene expression, the ap-
pearance of proteoglycans on day 5. Collagen 2 and 10 stainings, on the other hand,
are only visible after 10 days and further increase up to 20 days of culture.
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Figure 4.2.: Alcian blue and collagen 2 and 10 immunostaining on day 1, 3 (only for Alcian blue)
as well as day 5, 10, 20 for all stainings. Scale bars 500 µm.
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4.3. Chapter summary

Interestingly, collagen 2 staining is located in collagen 10 positive areas. This shows
that the cells undergo chondrogenic induction differently than in the growth plate,
where the chondrogenic phenotype is first induced and only afterwards progesses
towards endochondral ossification. In pellets, MSCs from the beginning are steered
towards hypertrophic phenotype. The size of the pellets decrease from day 1 to
day 3. This contraction leads to condensation similar to the process observed in
the earliest phase of embryonic limb development. The resulting high cell den-
sity favours the production of extracellular matrix with aggrecan being the earliest
marker. Through the deposition of matrix, the cells are pushed further apart and
the cell pellet increases in size.

4.3 Chapter summary

Overall, a variety of chondrogenic, as well as hypertrophic genes are increased
in MSC chondrogenic pellets. This confirms that the TGF-beta induction of stem
cells does not lead to a phenotypically stable cartilage formation, but rather an ill-
orchestrated, instable de-novo cartilage with a tendency towards endochondral os-
sification.
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5. Inhibitory function of PTHrP on MSC chondrogenesis and hypertrophy

As presented in Section 1.3.3, parathyroid hormone-related protein (PTHrP) is a
main regulator of hypertrophy in the growth plate and has been studied by several
groups as a hypertrophy-inhibiting drug for MSC chondrogenesis.

PTHrP is part of the parathyroid hormone family together with PTH and the more
recently discovered tuberoinfundibular peptide 39 (termed TIP39 or PTH2) [274].
PTHrP is involved in many physiological processes, ranging from skeletal develop-
ment [153] to placental calcium transport [151].

Circulating PTHrP levels are elevated during fetal development and pregnancy,
as well as during breast feeding. [150] Later in development as well as in adults,
its levels become undetectable. PTHrP is then acting via paracrine and autocrine
pathways. Alternative splicing of 9 exons leads to PTHrP translation into three
initial products: PTHrP (1-139), PTHrP (1-141), and PTHrP (1-173) that are all ho-
mologue in their 1-139 sequence but differ in their carboxyl terminus. During the
secretory trafficking, post-translational changes occur that account for the secre-
tion of several mature peptides: 1) N-terminal, 2) mid-region, and 3) C-terminal
fragments. [25, 295, 296]. The N-terminus (1-36) contains the PTH-homologous do-
main (1-13) which is involved in binding to the parathyroid hormone receptor 1
(PTH1R) [91]. The other secretory forms of PTHrP likely signal through their own
receptor. The mid-region contains a nuclear localisation sequence (87-106) [181] re-
sponsible for the survival of chondrocytes in an apoptotic environment [114]. Fur-
ther, the sequence 67-137 has been shown to affect Runx2 and Sox9 levels important
during skeletal development [269]. C-terminal PTHrP (107-139), called osteostatin,
is involved in bone resorption [79] and bone regeneration [171].

Based on the knowledge of the highly varying effects of the different PTHrP pep-
tides, a distinct action is expected upon their exogenous application during MSC
chondrogenesis. Lee et al. [159] has supplemented MSC pellets with 100 nM of
PTHrP (1-34), (1-86), (7-34) and (107-139). Their results showed an inhibition of
chondrogenesis in the presence of a C-terminal fragment (107-139) as well as with
the peptide (7-34) missing part of the N-terminus. Isoforms (1-34) and (1-86) inhib-
ited collagen 10 expression without affecting chondrogenesis. This suggests that
the receptor binding domain needs to be present in order to selectively address hy-
pertrophic genes. In all other studies presented in Table 5.1, PTHrP (1-34), (1-40)
or (1-86) were used which all contain the full N-terminus. Despite this fact, the
reported effect on chondrogenesis and hypertrophy are inconsistent.
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Themajor question to address in PTHrP treatments is if it selectively down-regulates
hypertrophy, or whether an overall chondrogenic inhibition occurs. The current
literature is divided on this topic; several groups [17, 134, 145, 159] reported an in-
creased collagen 2 expression, others observed a down regulation [83,194,289]. The
reason behind this fundamental difference is difficult to establish, as all publications
were performed under disparate conditions. One of the main differences might
arise from the concentration range and the different time point of application. Fur-
ther, MSCs induced in pellets might not react in the same way to PTHrP as cells in
hydrogels and scaffolds.

Table 5.1.: Literature overview of PTHrP publications for MSC hypertrophy inhibition.

Citation System Type Concentration Treatment Effect

[83] Pellets 1-34 (Bachem) 2.5 nM continuous decreased Col2

6h pulses increased Col2, stable Col10

reduced ALP & Ihh

day 21 (48 h) decreased Col2 and Col10

[194] Pellets 1-40 (Sigma) 10 and 100 pM day 0 stable Col2 and 10, ALP decrease

1 nM decreased Col2, Col10 stable

[159] Pellets 1-34 (Bachem) 100 nM day 14 increased Col2, decreased Col10

1-86 (BioVision) stable Col2, decreased Col10

7-34 (Bachem) Col2 decrease

107-139 (Bachem) Col2 decrease

[31] HA-H 1-86 (Peprotech) 50 ng/disc day 0 decreased calcification

[17] PEGDA-H 1-34 (Sigma) 300 nM day 0 increased Col2, decreased Col10

[289] Pellets 1-34 (Bachem) 2.5 nM day 0 decreased Col2 and 10

2.5 nM day 21 decreased Col2 and 10

[145] Pellets 1-86 (Sigma) 1, 10 nM day 14 Col2 increase, Col10 not significant

[135] PEG-S 1-86 (Sigma) 1, 10 µM day 7 Col2 stable, Col10 decrease

Abbreviations: hydrogel (H), scaffold (S) hyaluronic acid (HA), polyglycolic acid (PEG), polyethy-
lene glycol diacrylate (PEGDA)

The aim of this chapter was to address these differences by testing the effect of con-
centration, time point of administration, oxygen pressure, fragment type, as well
as culture system, to determine the required conditions for a selective hypertrophy
inhibition of PTHrP.
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5. Inhibitory function of PTHrP on MSC chondrogenesis and hypertrophy

5.1 Materials and methods

5.1.1 PTHrP administration

The effect of PTHrP was studied using the fragment 1-34 (Hypercalcemia of malig-
nancy factor fragment 1-34 amide human, Sigma #H9148) and 1-86 (Sigma #SRP4651
or Peprotech#100-09) at concentrations ranging from 1 nM to 1 µM. PTHrP was
added to the chondrogenic medium (see Section 3.2.2) at day 0 or after chondro-
genic induction for 7, 14, or 21 days in 3% or 20% O2 (Hypoxia or Normoxia).

5.2 PTHrP application at different concentrations

To start, we studied the effect of PTHrP 1-86 concentration on MSC chondrogenesis.
PTHrP was applied on day 7 of pellet culture based on the previous established gene
expression profile (see Chapter 4 on page 39) where collagen 10 upregulation started
on day 9. The hypothesis was, that chondrogenesis had to be pre-induced before
PTHrP was added. A later time point of application seemed counter-intuitive as
hypertrophic genes were already high on day 9.

The analysis of the gene expression showed that PTHrP had a dose-dependent ef-
fect on all analysed genes with the strongest difference between 0 and 10 nM. At 1
nM a slight reduction in collagen 10 and Ihh was observed, accompanied by a de-
crease in collagen 2. 10 nM of PTHrP suppressed collagen 10, but also collagen 2.
Interestingly, MMP-13, a gene induced during chondrocyte hypertrophy [57] and
associated with collagen 2 degradation [267], was upregulated in a concentration-
dependent manner. 10 and 100 nM showed the most effective hypertrophy inhibi-
tion and were therefore used in all subsequent experiments. These concentrations
lie in the range applied by Weiss et al. [145] but 10 to 100-fold higher concentrations
are reported by others [135,159].
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5.2. PTHrP application at different concentrations

Experimental setup
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Figure 5.1.: PTHrP 1-86 (Peprotech) application of 1 nM, 10 nM, and 1 µM on day 7, analyzed for
gene expression after 2 and 14 days of treatment (total of 9 and 21 days of culture).
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5. Inhibitory function of PTHrP on MSC chondrogenesis and hypertrophy

5.3 Time point of administration

Based on the negative influence of PTHrP on day 7, we tested whether the differen-
tiation state of cells might influence the treatment (Figures 5.2 and 5.3). The more
advanced pre-induction of MSCs previous to PTHrP administration might allow
the stabilization of the chondrogenic gene expression as the work of Lee et al. [159]
and Kim et al. [145] indicates.
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Figure 5.2.: PTHrP 1-86 (Peprotech) administration of 10 nm PTHrP on day 9, or 16; analysed for
gene expression on day 16 or 23, respectively.

The assessment of PTHrP application over 7 days started on day 7 or 14 of pre-
differentiation (Figure 5.2), revealed a beneficial collagen 2/10 ratio for late-stage
administration. A decrease in collagen 2 was nevertheless observed in both situ-
ations with an unknown long term trend. We therefore further analysed how the
gene expression evolves with PTHrP administration continued over 28 days (Fig-
ure 5.3).
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Figure 5.3.: PTHrP 1-86 (Peprotech) administration of 5 and 10 nM PTHrP on day 7, 14, or 21
analysed for gene expression on day 7, 14, 22, and 28. Note: samples with PTHrP application from
day 7 onwards yielded too li le RNA on day 22 and 28 for PCR analysis.

The decrease in collagen 2, observed above, further progressed with continued
PTHrP application until a completely diminished level at day 28. The same ten-
dency can be seen for PTHrP application starting on day 22, which showed a dra-
matic decline after 6 days. It appears that the collagen 10 decrease happens over a
shorter time period than collagen 2. This difference might explain the observation
by Fischer et al. [83] where a pulsed application reduced ALP and Ihh without loss
of collagen 2.
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5. Inhibitory function of PTHrP on MSC chondrogenesis and hypertrophy

An interesting observation was the decrease of parathyroid hormone receptor 1
(PTH1R), the receptor activated by the amino-terminal region of PTHrP [295]. The
down regulation of PTH1R upon exogenous PTHrP application indicates a PTH1R-
independent pathway which might be the source of adverse effects. Kim et al. [145]
performed a similar experiment with 10 nM PTHrP 1-86 applied on day 14 of pellet
culture, and reported an increase in collagen 2 as well as decreased Runx2 while col-
lagen 10 remained stable. In an a empt to discern the origin of our fundamentally
different results, we tested whether the source of PTHrP (Sigma versus Peprotech)
could change the outcome. Both types of PTHrP were applied in 10 nM concen-
tration on day 7 of chondrogenic culture, and analyzed after an additional 4 days.
The analysis showed that collagen 2 gene expression was reduced upon PTHrP,
independent of the source (Figure 5.4).
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Figure 5.4.: Effect of 10 nM PTHrP 1-86 purchased from Peprotech or Sigma applied on day 7,
analyzed on day 11.

5.4 PTHrP application under hypoxia

Based on the above described results it became apparent that hypertrophic and
chondrogenic genes were equally inhibited by PTHrP. In an a empt to stabilize the
chondrogenic phenotype, we analyzed the effect of hypoxia on the PTHrP treat-
ment. Low oxygen pressure induces collagen 2 and aggrecan via the p38 MAPK
pathway [115], as well as Sox9 via the hypoxia-inducible factor 1 alpha (HIF-1α)
[137]. Hypoxia was further shown to increase MSC resistance to apoptosis, with
a resulting decrease in endochondral ossification [158]. In contrast, Meretoja et
al. [188] observed higher amounts of ALP and calcium after 42 days of culture in
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5.4. PTHrP application under hypoxia

electrospun nonwoven poly(ϵ-caprolactone) (PCL) scaffolds under hypoxia com-
pared to normoxia. Pelosi et al. [211] could prove a direct relationship of PTHrP
production in human articular chondrocytes under hypoxic culture (1% O2). PTHrP
thereby acts through its receptor PTH1R and HIF-1α as well as HIF-2α.
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Figure 5.5.: Effect of 10 nM PTHrP 1-86 (Peprotech) under 3 or 20% O2 (Hypoxia or Normoxia) on
day 14 for two hBMC donors.

The assessment of the effects of 3% versus 20% O2 revealed a donor-dependent col-
lagen 2 increase along with a 30-35% reduction of collagen 10. In PTHrP treated
pellets, collagen 2 was downregulated, regardless of the oxygen concentration. Hy-
poxia could only slightly recover its loss, however, with a high variance between
donor 1 and 2. The inhibition of collagen 10 on the other hand was equally efficient
for both oxygen concentrations. In conclusion, hypoxia shows a beneficial trend
improving collagen 2 expression under PTHrP treatment, but its level nevertheless
remains low.
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5. Inhibitory function of PTHrP on MSC chondrogenesis and hypertrophy

5.5 The effects of PTHrP 1-34 versus 1-86 on pellet and scaffold
culture

The combination of concentration, timing, or oxygen concentration did not yield the
desired hypertrophy reduction with stable or induced chondrogenesis when using
PTHrP 1-86. The question thus arose, whether the shorter amino-terminal fragment
(1-34), which only contains the N-terminus without the mid-region, would be a
be er choice. PTHrP 1-34 and 1-86 were therefore applied at 10 and 100 nM starting
at the first day of culture (Figure 5.6).
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Figure 5.6.: The effect of 10 or 100 nM PTHrP (1-34 or 1-86 fragment, Sigma) on hBMC chondro-
genesis in Pellets was analyzed on day 21 by gene expression of collagen 2, collagen 10, Ihh, PTH1R,
Sox9, and MMP13.
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5.5. The effects of PTHrP 1-34 versus 1-86 on pellet and scaffold culture

Gene expression analysis confirms the trend observed in previous experiments with
a general downregulation of chondrogenic genes (Collagen 2, Sox9), as well as genes
related to endochondral ossification (Collagen 10, Ihh) notwithstanding the PTHrP
isoform applied. The 1-34 fragment showed a stronger decrease than 1-86, with a
total elimination of collagen 2 and 10 at just 10 nM. It remains to be tested whether
a lower concentration range could be more beneficial as proposed by Mueller et
al. [194]. We observed that both isoforms downregulate the PTHrP receptor along
with increasing MMP-13, with an even stronger effect for PTHrP 1-34.
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Figure 5.7.: Alcian blue, Collagen 2 and 10 staining of Pellets treated with PTHrP 1-34 or 1-86.
Scale bars 500 µm.

The trend of the mRNA expression profiles was confirmed with immunostaining
(Figure 5.7). Except for 10 nM PTHrP 1-86, no pellet revealed a collagen 2 or 10
staining after 21 days of culture. Interestingly, in the 10 nM PTHrP 1-86 sample,
collagen 2 is observed on the outer edge of the pellet whereas the remaining colla-
gen 10 staining was in the centre. This inverse location might indicate to a diffusion
dependent effect, where the concentration of PTHrP gradually decreases towards
the centre and eventually drops below a certain threshold necessary to inhibit hy-
pertrophy. On the edge of the pellet, no collagen 2 suppression is observed, contrary
to all other tested conditions. The reason for this effect remains elusive. Another
striking result is the unaffected alcian blue staining. There is a strong indication
that PTHrP acts through a pathway that specifically targets collagen 2 without in-
terfering with the proteoglycan synthesis. This is even more surprising as mRNA
levels of Sox9, the master regulator of chondrogenesis, also dropped strongly with
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5. Inhibitory function of PTHrP on MSC chondrogenesis and hypertrophy

PTHrP treatment. Aggrecan, the major proteoglycan in cartilage, was shown to be
regulated by a Sox9-dependent pathway [48, 103]. Despite the evidence in litera-
ture, results presented in this thesis point towards a Sox9-independent regulation
of proteoglycan production. This is not only supported by the unchanged alcian
blue staining after PTHrP treatment, but also by the aggrecan induction in pellet
culture prior to an increase in Sox9 (see Figure 4.1)

In a final experiment, PTHrP was added to MSCs cultured in Optimaix scaffolds
(Figure 5.8) to test whether the culture system might influence the outcome. This
testwasmotivated by the beneficial effect observed in hyaluronic acid [31] or PEGDA
hydrogels [17] as well as PEG scaffolds [135] where PTHrP treatment led to a spe-
cific reduction of collagen 10.
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Figure 5.8.: Collagen 2 expression decrease is directly proportional to the collagen 10 in scaffolds
cultured for 21 days in chondrogenic media supplemented with 10 nM or 100 nM PTHrP 1-34 (left)
or 1-86 (right).

The analysis showed once again the trend of chondrogenic inhibition in parallel to
the hypertrophic decrease. This is evident in the linear dependency of collagen 2
and 10 for both PTHrP 1-34 as well as 1-86.
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5.6. Chapter summary

5.6 Chapter summary

The premature induction of hypertrophy of chondrogenically induced MSCs is a
major hurdle for their clinical application. PTHrP, with its reported anti-hypertro-
phic properties (see Table 5.1), is a key molecule to investigate for improved MSC
chondrogenesis. However, our results showed that PTHrP, notwithstanding the
application scheme (concentration, time point, oxygen concentration), leads to a
general suppression of differentiation rather than a specific down regulation of hy-
pertrophy. This result is in contrast with others [17,135,159] that report a decrease of
collagen 10 as response to PTHrP without the adverse effect on collagen 2. The ori-
gin of this discrepancy is not possible to discern as our results under the same con-
ditions led to an opposing outcome. A report by Weiss et al. [289], on the other hand
supports the observation of a generally suppressed differentiation. In a follow-up
work performed by the same group [83], the constant PTHrP application was identi-
fied as the source of the catabolic effect whereas an intermi ent exposure allowed to
switch to an anabolic action with increased collagen 2 production and reduced ALP
activity. The same switch has been observed for PTH which under a constant ap-
plication regime leads to bone loss whereas a short time exposure allows for bone
formation [74]. The molecular regulation behind this fundamental change is un-
known, the cAMP/PKA pathway has though been identified to take part in both
anabolic as well as catabolic processes induced by PTHrP [83]. The intermi ent
application might well be the solution for a PTHrP-based treatment of chondrocyte
hypertrophy, its clinical relevance is though questionable as it would require a cost-
intensive multiple injection regime or a complex engineered construct that releases
PTHrP by an external trigger (such as a magnetic field or heat). Another route to be
taken for an improved effect of PTHrP is its endogenous application via overexpres-
sion, which would allow to study its nuclear targeting, a pathway totally ignored
by exogenous supplementation.

The current literature does not only debate on the benefit of PTHrP for cartilage
regeneration but also on the general definition of hypertrophy. While collagen 10
has been for a long time considered as a key marker for endochondral ossification,
recent publications have shown that its upregulation does not necessarily lead to
ossification and vascularization [65]. When evaluating the effect of PTHrP, an un-
affected high collagen 10 but a decreased ALP level was therefore considered as
a positive outcome [83, 194]. Follow-up experiments will have to be performed to
evaluate whether a reduction in ALP is enough for the suppression of endochon-
dral ossification. Overall, a be er understanding of the complex action of PTHrP
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5. Inhibitory function of PTHrP on MSC chondrogenesis and hypertrophy

on MSC differentiation will be required to make it a viable option for cartilage re-
generation strategies.
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6 Application of amphiphilic poly(γ-glutamic
acid) nanoparticles as siRNA carriers

Note: Part of this chapter is in preparation for submission to Macromolecular
Bioscience
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6. γ-PGA-Phe nanoparticles as siRNA carriers

Small interfering RNA (siRNA) is a naturally occurring double stranded RNA mole-
cule (19-23 base pairs) that can be used to reduce the expression of proteins through
sequence-specific degradation of target mRNA [30]. Because of its ability to silence
genes in a sequence-specific manner, RNA interference (RNAi)-based therapeutics
carry great promise in treating many chronic diseases or cancers thereby presenting
an a ractive approach over traditional drugs (such as PTHrP) which suffer from
unwanted side effects [37]. Despite its great therapeutic potential, clinical appli-
cations of siRNA-based treatments are limited by inefficient delivery to the extra-
cellular and intracellular target sites. siRNA cannot diffuse efficiently across cel-
lular membranes due to its water-soluble polyanionic nature and relatively large
molecular weight. Furthermore, siRNA is unstable under in vivo conditions; if not
broken down by serum nucleases [192,313], it is degraded in the endocytotic path-
way [68, 164]. Thus, safe and effective delivery systems capable of transporting
siRNA through extracellular and intracellular barriers, to reach the target site in
the cytosol, are required for further development of siRNA therapeutics.

Both viral and non-viral vectors have been developed for siRNA delivery. In partic-
ular, non-viral siRNA delivery systems such as cationic polymers and lipids have
been intensively studied. The most common non-viral carriers involve complexes
formed between polycations and siRNA via electrostatic interactions. The practi-
cal application of such polyplexes, however, suffers from several problems such
as induced toxicity, low serum stability, and non-specific immune responses [230].
Many alternatives with respect to the safety of cationic polymers and lipids com-
monly used to form polyplexes/lipoplexes have been explored for in vivo gene de-
livery carriers. Polymeric micelles composed of poly(ethylene glycol) (PEG)-block-
cationic poly(amino acid) derivatives have been widely investigated as carriers for
DNA and oligonucleotides due to their small particle size and favorable safety pro-
file [18]. Another system based on nanoparticles (NPs) composed of poly(lactide-
co-glycolide) (PLGA) has also recently shown promise for the delivery of siRNA
both in vitro and in vivo [54]. Even though significant advances have been made in
the field, the development of carriers that can efficiently deliver RNAi therapeutics
both in vitro and in vivo remains a major challenge.

In a previous study [7], the group of Prof. Akashi in Osaka has prepared biodegrad-
able NPs composed of poly(γ-glutamic acid) (γ-PGA) conjugated with L-phenylala-
nine (Phe) as the hydrophobic segment. The γ-PGA-graft-Phe copolymer (γ-PGA-
Phe) self-assembles into monodispersed NPs in water due to their amphiphilic na-
ture [7, 183]. The formed NPs exhibit a core-corona structure with a hydrophobic
inner core and a hydrophilic outer shell (see Figure 6.1). The 200 nm-sized NPs
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could stably encapsulate various types of proteins, and were efficiently taken up
by antigen-presenting cells (APCs), such as dendritic cells (DCs) and macrophages
[9, 275]. Interestingly, protein-encapsulated γ-PGA-Phe NPs efficiently delivered
loaded proteins from the endosomes to the cytoplasm in DCs [8]. Both active cellu-
lar entry and endosomal escape are essential for siRNA delivery.

Figure 6.1.: Molecular structure of γ-PGA-Phe co-polymer composed of L-phenylalanine (Phe)
grafted onto a poly(γ-glutamic acid) backbone. Hydrophobic phenyl groups marked in yellow and
hydrophilic carboxyl groups in blue. The amphiphilic co-polymer forms core-corona nanoparticles
in water with an inner hydrophobic core and an outer hydrophilic shell. Image adapted from Akagi
et al. [7].

In this chapter we present several strategies to developγ-PGA-Phe siRNA nanopar-
ticles with the following properties:

• colloidal stability

• effective loading of siRNA

• efficient cellular uptake

• intracellular release of siRNA resulting in subsequent gene knock-down

In the first half of this chapter, the potential of siRNA encapsulation intoγ-PGA-Phe
NPs was evaluated. The second part of the chapter is dedicated to polycation-coated
NPs and their potential for siRNA delivery.
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6. γ-PGA-Phe nanoparticles as siRNA carriers

6.1 Materials and methods

Note: The work described in this chapter has been performed both in the Carti-
lage Engineering + Regeneration Laboratory in Zürich, Swi erland as well as in
the laboratory of Professor Akashi at Department of Applied Chemistry, Graduate
School of Engineering, Osaka University, Japan. This resulted in different protocols
used for the siRNA-NP preparation as outlined in this section. The establishment
of the chitosan-coated NPs as well as the polyplex approach was started during a
research stay at Osaka University, Japan, and its development continued thereafter.
DEAE-dextran and PEI-coated NPs were developed at the ETH, Zürich Swi erland.
Cholesterol-modified siRNA NPs were tested in Osaka and Zürich.

Table 6.1.: siRNA sequences. GAPDH was used as a model siRNA and non-targeting (NT) se-
quence as a control. Cholesterol modifications indicated by ’Chol’

Name Sense sequence 5’-3’ Modification 3’ Modification 5’ Provider

Zü
ri

ch

NT GAACGACGCCGTACTCATT-dTdT - - Microsynth

NT-Cy3 GAACGACGCCGTACTCATT-dTdT Cy3 Microsynth

NT-Chol-Cy3 GAACGACGCCGTACTCATT-dTdT Chol Cy3 Microsynth

GAPDH GGUCAUCCAUGACAACUUU-dTdT - - Microsynth

GAPDH-Chol-Cy3 GGUCAUCCAUGACAACUUU-dTdT Chol Cy3 Microsynth

O
sa

ka

NT n/a - - Sigma

IKKβ n/a - - Sigma

IKKβ-FAM n/a - FAM Sigma

6.1.1 Preparation of γ-PGA-Phe nanoparticles

γ-PGA was hydrophobically modified by Phe in the presence of EDC, as previously
described by Matsusaki et al. [183]. γ-PGA-graft-Phe (γ-PGA-Phe) with a 55% Phe
grafting degree was used in this study. Nanoparticles composed of γ-PGA-Phe (γ-
PGA-Phe NPs) were prepared by a precipitation method. γ-PGA-Phe dissolved in
DMSO (10 mg/ml) was added to 100-150 mM NaCl in a 1:1 volume ratio. The NaCl
concentration allows the precise tuning of nanoparticle size [143]. Depending on
the protocol, the NPs were directly used for siRNA loading experiments or freeze-
dried (after dialysis).
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6.1. Materials and methods

6.1.2 Preparation of siRNA carriers through encapsulation

Encapsulation of siRNA/protamine polyplex

First, 25 µl of 100 µg/ml protamine (MW 4.3 kDa, in pure water) was mixed with
25 µl NaCl (0.5 M) solution. Next, 50 µl of 2 µM siRNA (in 10 mM Tris-HCl buffer,
pH 8) was added and a polyplex formed after vortexing. The siRNA/protamine
polyplex was subsequently encapsulated in γ-PGA-Phe by the addition of 100 µl
polymer solution (10 mg/ml). The resulting siRNA-polyplex NPs (PP-NPs) were
washed twice in pure water and finally resuspended in PBS (by first adding 90 µl
pure water and then 10 µl of 10× PBS to prevent aggregation).

Preparation of NPs with encapsulated cholesterol-modified siRNA

Cholesterol-siRNA (Chol-siRNA) was encapsulated in γ-PGA-Phe NPs by mixing
Chol-siRNA (in pure water) with 10mg/mlγ-PGA-Phe inDMSO. After twowashes,
the Chol-siRNA encapsulated NPs (Chol-enNPs) were resuspended at 10 mg/ml in
PBS. To test the siRNA loading efficiency, the NPs were dissolved in a solution of
1% Triton-X100 and 0.4 M NaOH and analysed by a fluorometer.

6.1.3 Preparation of nanoparticles with siRNA adsorbed outside

DEAE-dextran or PEI coated nanoparticles

DEAE-dextran or PEI-coated NPswere produced using freshly prepared NPswashed
by two centrifugation steps at 15’000 rpm for 15 minutes. NPs were then re-suspended
at 10 mg/ml and subsequently coated with 10 mg/ml DEAE-dextran, or PEI (1:1 vol-
ume ratio). Finally, the coated NPs were washed in two subsequent centrifugation
steps at 15’000 rpm for 15 minutes.

The adsorption of siRNA was performed by mixing 0.5, or 10 mg/ml coated NPs
with 600 nM siRNA. The siRNA-NPs were incubated for one hour before transfec-
tion. The adsorption efficiency of Cy3-siRNA onto the coated NPs was determined
by measuring the fluorescence remaining in the supernatant after adsorption.
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6. γ-PGA-Phe nanoparticles as siRNA carriers

Chitosan-coated nanoparticles

Chitosan-coated NPs (CT-NPs) were prepared using freeze-dried NPs. Chitosan
(CT) was dissolved in a 10 mM acetate buffer (pH 5.5) (10 mg/ml) and added into the
NP solution (1.25 - 10 mg/ml in PBS) at the same volume. After 2 hours of incubation
at RT, the resulting solution was centrifuged at 15’000 rpm for 10 minutes, rinsed
with PBS twice, and re-suspended in PBS at a concentration of 2 mg/ml.

To prepare the siRNA adsorbed CT-NPs (siRNA-CT-NPs), CT-NPs (2 mg/ml) were
mixed with siRNA (both FAM and unlabelled) solution dissolved in 10 mM Tris-
HCl (pH = 8.0) at various concentrations (125 - 1000 nM) in a 1:1 volume ratio. After
incubating for 1 hour, the NPs were isolated by centrifugation, washed twice with
water, and resuspended at 10 mg/ml in PBS. FAM-siRNA-CT-NPs were dissolved
in 2% SDS and the fluorescence intensity of the lysates measured by a fluorescence
microplate reader (Fluoroskan Ascent FL, Thermo Fisher Scientific Inc., USA). The
adsorption efficiency of siRNA onto the CT-NPs was calculated as (adsorbed siRNA
amount onto the NPs / initial amount of siRNA) × 100.

The release experiment was carried out in vitro as follows: FAM-siRNA-CT-NPs
(100 nM FAM-siRNA, 1 mg/ml CT-NPs) were suspended in PBS, and placed in a
microtube at 37°C. At different time intervals, 100 µl of the sample was withdrawn
and centrifuged at 15’000 rpm for 10 minutes. The amount of siRNA released into
the supernatant was then determined by the fluorescence measurements.

6.1.4 Characterization of nanoparticles

The size distribution (dynamic light sca ering (DLS) method) and zeta potential
of the NPs were measured by a using a Zetasizer Nano ZS (Malvern Instruments,
UK).

6.1.5 Cellular transfection

Mesenchymal stromal cells (MSCs)
Human MSCs were seeded 24 hours prior to transfection in 24-well plates at a den-
sity of 35’000 cells/well. Freshly prepared siRNA-NPs were added in 600 µl of
medium. 6 hours after transfection, cells were washed twice in PBS and 1 ml of
culture medium added. As a positive control, INTERFERin (Polyplus) was used
according to the manufacturer’s instruction.
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6.1. Materials and methods

Dendritic cells (DCs)
1×106 cells/ml of mouse bone marrow-derived dendritic cells (DCs) were incubated
with 50 nM siRNA (FAM-siRNA alone, FAM-siRNA mixed with Lipofectamine
(siRNA/LF), FAM-siRNA mixed with CT (siRNA/CT) or FAM-siRNA-CT-NPs) for
1 hour at 37°C. The cell uptake was determined by measuring the cell-associated
siRNA fluorescence using flow cytometry (FCM) (Cytomics FC500, Beckman Coul-
ter, US).

6.1.6 RT-PCR

After the indicated siRNA transfection time, cells were washed with PBS and lysed
in RLT-buffer containing β-mercaptoethanol. Gene expression analysis was per-
formed as previously described (see Section 3.5).

Table 6.2.: Primer sequences

Primer Forward sequence 5’-3’ Reverse sequence 5’-3’ Product length

GAPDH CAGCCCCAGCAAGAGCACAAG TTCAAGGGGTCTACATGGCAACTG 121

RPL13a AAGTACCAGGCAGTGACAG CCTGTTTCCGTAGCCTCATG 100

6.1.7 Hemolysis

The pH effect on membrane-disruptive activity of CT-NPs andγ-PGA-Phe NPs was
measured by a hemolysis assay. Sheep red blood cells (RBCs) were washed three
times with PBS and resuspended at 2 × 108 cells/ml. The CT-NPs were dispersed
in a 50 mM MES buffer (pH 5 and 7) containing 0.15 M NaCl, at a concentration of 2
mg/ml. CT-NP were added in a 1:1 volume ratio to the RBC suspensions (final con-
centration: CT-NPs 1 mg/ml, RBC 1 × 108 cells/ml in 25 mM MES, 0.15 M NaCl).
The samples were incubated in an aluminum block bath at 37°C for 1 hour, and
then centrifuged at 5’000 × g for 5 minutes. To determine the hemolytic activity of
the CT-NPs, the hemoglobin absorbance in the supernatant was measured with a
microplate reader at 570 nm. To obtain 100% hemolysis, the RBCs (1× 108 cells/ml)
were lysed by dispersion in water. In the controls, the RBCs were separately incu-
bated in each buffer.
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6. γ-PGA-Phe nanoparticles as siRNA carriers

6.1.8 TNFα ELISA

To evaluate the RNAi of siRNA-CT-NPs for IκB kinase β (IKKb), DCs (5 × 105

cells/500µl/well) were incubated with IKKb-siRNA (50 nM) with LF or CT-NPs for
4 hours at 37°C, before pulsing the DCs with 100 ng/ml LPS. After 24 hours of in-
cubation, the culture supernatants were collected, and the concentrations of TNF-α
measured by ELISA (Invitrogen Co., Carlsbad, CA).

6.1.9 Cytotoxicity

Cytotoxicity was determined by measuring lactate dehydrogenase (LDH) activity in
the supernatant (obtained as described above) using a LDH kit (Cayman Chemical
Co., Ann Arbor, MI).

6.2 Encapsulation of siRNA

The encapsulation of siRNA into the core-corona γ-PGA-Phe nanoparticles was at-
tempted using two techniques:

1. siRNA pre-complexation with protamine prior to encapsulation

2. self-assembly through cholesterol-modification of siRNA

6.2.1 Encapsulation of siRNA by polyplex formation with protamine

Protamine is a highly positively charged peptide that stabilizes DNA through ionic
and hydrogen bonds in sperm [33,281]. Protamine has shown promising results in
siRNA complexation for in vivo delivery [50, 108, 129]. In addition, previous work
performed by Kim et al. [144] complexed CpG oligodeoxynucleotides (CpG ODN),
immunostimulants composed of short (20 base pairs) single stranded DNA, with
protamine and subsequently encapsulated in γ-PGA-Phe. Based on this knowl-
edge, protamine was used to form a polyplex with siRNA which was further en-
capsulated in γ-PGA-Phe (PP-NPs). The siRNA/protamine polyplex was formed
at increasing N/P ratios (the ratio of amino groups on protamine versus phosphate
groups of siRNA) to analyze its effect on the NP characteristics was well as the
siRNA loading capacity.

66



6.2. Encapsulation of siRNA

0 2 4 6 8 10
140

150

160

170

180

190

200

N/P ratio

D
ia

m
et

er
 [n

m
]

0 2 4 6 8 10
−35

−30

−25

−20

−15

N/P ratio

Ze
ta

 P
ot

en
tia

l [
m

V]

0 2 4 6 8 10
0

20

40

60

80

100

N/P ratio

si
R

N
A 

lo
ad

in
g 

ef
fic

ie
nc

y 
[%

]

0 2 4 6 8 10
−28

−27

−26

−25

−24

−23

N/P ratio

Ze
ta

 P
ot

en
tia

l

Particle size [nm]
10 100 1000 10000

5

10

15

20
In

te
ns

ity
 [%

]

0 2 4 6 8 10
140

150

160

170

180

190

200

N/P ratio

D
ia

m
et

er
 [n

m
]

0 2 4 6 8 10
−35

−30

−25

−20

−15

N/P ratio

Ze
ta

 P
ot

en
tia

l [
m

V]

0 2 4 6 8 10
0

20

40

60

80

100

N/P ratio

si
R

N
A 

lo
ad

in
g 

ef
fic

ie
nc

y 
[%

]

0 2 4 6 8 10
−28

−27

−26

−25

−24

−23

N/P ratio

Ze
ta

 P
ot

en
tia

l

0 2 4 6 8 10
140

150

160

170

180

190

200

N/P ratio

D
ia

m
et

er
 [n

m
]

0 2 4 6 8 10
−35

−30

−25

−20

−15

N/P ratio

Ze
ta

 P
ot

en
tia

l [
m

V]

0 2 4 6 8 10
0

20

40

60

80

100

N/P ratio

si
R

N
A 

lo
ad

in
g 

ef
fic

ie
nc

y 
[%

]

0 2 4 6 8 10
−28

−27

−26

−25

−24

−23

N/P ratio

Ze
ta

 P
ot

en
tia

l

Figure 6.2.: Size-distribution, Zeta potential, and siRNA loading capacity analyzed at different
N/P ratios of protamine/siRNA polyplexes encapsulated in γ-PGA-Phe nanoparticles in 125 mM
NaCl. Size distribution represented for an N/P ratio of 2.5.

PP-NPs showed a narrow-width size-distribution with a mean diameter of 170-180
nm. The N/P ratio had li le effect on the diameter and the zeta potential of the
formed NPs. Generally, all PP-NPs exhibited a zeta potential of -25 mV indica-
tive of a stable colloidal suspension with li le aggregation. Despite the beneficial
NP characteristics, siRNA loading was not efficient. Even though an increased N/P
ratio led to higher loading, less than 20% of the applied siRNA could be encapsu-
lated.

Further analysis revealed that the NaCl concentration used for the NP formation
destabilized the polyplex. The addition of NaCl is required to form NPs of 55%
grafting degree γ-PGA-Phe. A decrease in NaCl concentration is possible to a cer-
tain extent, but under total absence, NPs will no longer form. A titration of NaCl
concentrations from 175 mM down to 100 mM showed an increase in loading ef-
ficiency. At the lowest NaCl concentration (100 mM), 25% of siRNA was loaded
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6. γ-PGA-Phe nanoparticles as siRNA carriers

which did not fulfill our requirement for efficient siRNA complexation.
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Figure 6.3.: Effect of NaCl concentration on siRNA loading efficiency of polyplex NPs (N/P = 5).

6.2.2 Encapsulation of cholesterol-modified siRNA

Cholesterol-modified siRNA (Chol-siRNA) showed higher nuclease resistance in
rats compared to unmodified siRNA [251,313]. Further, the polyplex ofChol-siRNA
and PLL-PEG allowed for efficient gene knock-down in primary breast tumours
[12]. The hydrophobic cholesterol tag is additionally useful in core-corona nanopar-
ticles with a hydrophobic core and hydrophilic shell. We hypothized that Chol-
siRNA could self-assemble during the nanoparticle formation of the amphiphilic
γ-PGA-Phe.
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Figure 6.4.: siRNA release from cholesterol-siRNA NPs in PBS measured over 6 hours.
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6.3. Adsorption of siRNA onto polycation-coated NPs

To form Chol-siRNA NPs, siRNA inwaterwasmixed with the co-polymer inDMSO.
A loading of 36% was observed for Chol-siRNA compared to a negligible encapsula-
tion for unmodified siRNA. The analysis showed that the Chol-siRNA association
with the NPs was highly unstable which led to a loss of 59% of its cargo after 3
hours. Considering that the NP uptake into the cell happens after 1-3 hours [8, 93],
the release kinetics are unfavourable for successful siRNA delivery.

6.3 Adsorption of siRNA onto polycation-coated NPs

Following the unsuccessful encapsulation of siRNA into γ-PGA-Phe NPs, the strat-
egy was changed to adsorption via electrostatic interaction of polycations. The
highly negative zeta potential of γ-PGA-Phe allows for subsequent adherence of
polycations which in turn are able to complex the negatively-charged phosphates
on the backbone of siRNA. Besides their ability to bind oligonucleotides, polyca-
tions are known to favour cell uptake through charge interaction with the cell mem-
brane [92] as well as to induce endosomal escape. In 1995, Behr proposed the so
called ”proton sponge” effect as the escape mechanism of polycations [26]. The ef-
fect is based on amines with a pKa below 7.4 which, once inside the endosome, get
protonated and thereby promote a further influx of protons. The increase in osmotic
pressure together with the incrementing charge repulsion of the protonated amines
leads to the endosomal rupture and release into the cytoplasm. Ever since the de-
scription of this mechanism, doubts of its correctness arose. Recently, it has been
shown [28] that the presence of strong polycations does not raise the endosomal
pH, contrary to what is expected by increasing the proton influx. It was therefore
proposed that polycations might escape due to their membrane-destablizing prop-
erties [28]. Although the escape mechanism of polycations is debated, they are ac-
cepted to be highly efficient delivery vehicles. Polyethyleneimine (PEI) with its high
concentration of positively charged amines, is an a ractive candidate for siRNA
complexation. The high charge density allows for effective cell uptake [304] but
also leads to in vitro toxicity as fast as 30 minutes after administration [82]. Godbye
et al. [94] demonstrated that the immediate toxicity of PEI arises from the presence
of free PEI, whereas bound PEI affects cells only after 7-9 hours. In addition, it has
been demonstrated that PEI coated onto the surface of silica nanoparticles shows
no apparent cytotoxicity [148, 297]. We therefore decided to use PEI adsorbed on
γ-PGA-Phe nanoparticles as a delivery system for siRNA.
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6. γ-PGA-Phe nanoparticles as siRNA carriers

Table 6.3.: Characteristics of polycations

Polycation Molecular weight Order of amines (pKa) Charge/monomer [82]

Chitosan 200 kDa primary (6.5) n/a

DEAE-dextran 20 kDa tertiary (5.7 and 9.5) 0.00278 (for 500 kDa)

quaternary (14)

PEI 10/25 kDa primary (4.5) 0.0233 (for 600-1000 kDa)

secondary (6.7)

tertiary (11.6)

Diethylaminoethyl-dextran (DEAE-dextran) and chitosan were chosen as alterna-
tives due to their reduced charge density and hence lower risk of toxicity [82, 174].
DEAE-dextran has found widespread use in DNA delivery for decades [209, 232],
but its application for siRNA delivery has, surprisingly, never been explored. Chi-
tosan, on the other hand, has already shown promise in siRNA delivery and is,
due to its safety and transfection efficiency, considered one of the candidates for
future in vivo applications [231, 279]. The high transfection efficiency has recently
been associated with an even higher buffering capacity than PEI, based on its molar
ratio [225].
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6.3. Adsorption of siRNA onto polycation-coated NPs

6.3.1 DEAE-dextran and PEI-coated NPs

For the production of DEAE-dextran and PEI-coated NPs, γ-PGA-Phe (55% Phe
grafting degree) was mixed with 100 mM NaCl to produce NPs of around 140 nm
with a highly negative zeta potential (-56 mV). These particles were subsequently
coated with an excess of polycations to avoid aggregation. For polycations, 20 kDa
DEAE-dextran and branched PEI of 10 and 25 kDa were chosen. Low molecular
weight PEI has been associated with decreased cytotoxicity and high transfection
efficiency [32, 154, 290]. The addition of polycations reversed the surface charge
and increased the nanoparticle size to 185 nm (10 kDa PEI), 191 nm (25 kDa PEI)
and 197 nm (20 kDa DEAE-dextran). The formed positive layer was most charged
and hence more compact for 10 kDa PEI. 25 kDa PEI formed a thicker layer likely
due to an increased steric hinderance resulting from the higher molecular weight
(MW). NPs coated with 20kDa DEAE-dextran yielded the biggest particles with the
lowest zeta potential, a result of high MW and low charge density. Generally, the
coated NPs were stable in solution and showed a narrow size distribution with low
polydispersity index (PDI).

no coating 10 kDa PEI

25 kDa PEI 20 kDa DEAE dextran

Figure 6.6.: Size-distribution of PEI and DEAE dextran-coated NPs.
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6. γ-PGA-Phe nanoparticles as siRNA carriers

Table 6.4.: Characterization of PEI and DEAE dextran-coated NPs

Coating material Diameter [nm] PDI Zeta potential [mV]

- 137 0.119 2 -56 ± 0.3

10 kDa PEI 185 0.17 68 ± 0.3

25 kDa PEI 191 0.217 55 ± 0.3

20 kDa DEAE-dextran 197 0.206 44 ± 0.3

The strong positive charge of the polycations allowed for subsequent adsorption
of siRNA. The adsorption efficiency could be calculated by measuring the non-
adsorbed fraction of Cy3-labelled siRNA. Five mg/ml of NPs were able to complex
more than 90% of siRNA whereas 0.25 mg/ml NPs only complexed a third of the
siRNA. At 5 mg/ml, the NPs present an excess of amines which are necessary for
the cell uptake and endosomal release. Based on the high adsorption efficiency,
the following experiments were all performed with 5 mg/ml and the final siRNA
concentration calculated assuming 100% efficient complexation.

Table 6.5.: Adsorption efficiency of Cy3-siRNA by DEAE-dextran and PEI-coated NPs

Coating material NPs [mg/ml] siRNA [nM] Adsorption efficiency

10 kDa PEI 5 600 93.15 %

0.25 600 31.33 %

25 kDa PEI 5 600 94.18 %

0.25 600 27.86 %

20 kDa DEAE-dextran 5 600 91.3 %

For the transfection experiments, cells were seeded and left to adhere overnight be-
fore siRNA-NPs were added for 6 hours at an amount equivalent to 100 nM siRNA.
The uptake could be observed 24 hours post transfection, with a strong perinu-
clear localization of the fluorescently-labelled Cy3-siRNA. INTERFERin, the com-
mercially available transfection reagent, showed a lower transfection efficiency with
less cells exhibiting a fluorescent signal. Cells treated with siRNA-NPs had a similar
morphology compared to INTERFERin and showed no apparent signs of cell death.
Interestingly, 48 hours after transfection, only INTERFERin exhibited a decrease in
the target gene (GAPDH) whereas both PEI and DEAE-dextran coated NPs did not
show any gene knock-down.
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10 kDa PEI 25 kDa PEI 20 kDa DEAE-DextranINTERFERin

100 µm

Figure 6.7.: Cellular uptake of DEAE-dextran and PEI coated NPs loaded with 100 nM Cy3-siRNA.
Cells were incubated with siRNA-NPs for 6 hours and cells imaged after a total of 24 hours. Scale
bar 100 µm.

One factor determining the knock-down efficiency is the N/P ratio of the amines in
PEI and the phosphate groups of siRNA. In the work of Zheng et al. [310] 25 kDa
PEI at an N/P ratio of 2 yielded the best transfection with the lowest cytotoxicity.
Further, Richards Grayson et al. [226] determined an N/P ratio between 6-8 to be
optimal. The N/P ratio in our system was unknown, as an excess of PEI was used
to coat the NPs. A vague estimation based on 25% binding of PEI results in an
approximate N/P ratio of 50. Compared to the literature, this N/P ratio is far too
high. We therefore tested how the N/P ratio affects the RNAi interference of 10
kDA PEI-coated NPs and observed a good knock-down at an estimated ratio of
25. At higher molar ratios of PEI, an assay interference was observed which casts
doubt on the results. Altogether, this preliminary data shows promise for PEI and
DEAE-dextran-coated γ-PGA-Phe NPs as siRNA delivery system although further
evaluation of their safety and efficiency would be required for successful in vitro
and in vivo use.
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Figure 6.8.: Gene knockdown of DEAE-dextran and PEI coated NPs loaded with 100 nM GAPDH-
siRNA. Cells were incubated with siRNA-NPs for 6 hours and RNA isolated after a total of 48 hours.
GAPDH gene expression was normalized to RPL13a and a control sample without siRNA treatment
used as normalizer. Commercially available INTERFERin was used as a positive control.

6.3.2 Chitosan-coated NPs

For the production of chitosan-coated NPs (CT-NPs), 200 nm-sized γ-PGA-Phe
(55% Phe grafting degree) NPs were used. Table 6.6 summarizes the size and zeta
potential of the CT-NPs. Untreated γ-PGA-Phe NPs showed a strongly negative
zeta potential (- 44 mV), a ributed to the presence of carboxyl groups located near
the surface. In contrast, after CT coating, the zeta potential of the NPs changed
from negative to positive (+ 25 mV), indicating that the surface of the NPs was
successfully covered with CT. The size of the CT-NPs increased with decreasing
CT/NP ratio (w/w), and showed a monodispersed size distribution (Figure 6.9).
Upon mixture of γ-PGA-Phe NPs with a low concentration of CT (CT/NP ratio <
1), large-sized aggregations were detected.

Table 6.6.: Characterization of Chitosan-coated NPs

CT/NP [w/w] Chitosan [mg/ml] γ-PGA-Phe NPs [mg/ml] Diameter [nm] Zeta potential [mV]

- - 10 245 ± 2 -44.3 ± 0.3

1 10 10 310 ± 17 26.7 ± 0.3

2 10 5 283 ± 36 24.9 ± 0.3

4 10 2.5 251 ± 9 24.7 ± 0.3

8 10 1.25 230 ± 31 26.0 ± 0.3
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6.3. Adsorption of siRNA onto polycation-coated NPs

Figure 6.9.: Size distribution of γ-PGA-Phe NPs and CT-NPs (CT/NP =1). The size of the NPs was
measured in PBS by DLS.

The molecular weight (MW) of the polyelectrolyte is another parameter affecting
the formation of the polyion complex. CT with a MW of 2×105 was suitable for
preparing monodispersed cationic γ-PGA-Phe NPs. When low molecular weight
CT (MW = 2×103) was used, no charge reverseal was observed. It is likely that
the chain length of CT was not sufficient to cover the NP surface. In contrast,
high molecular weight CT (MW = 2×106) led to particle aggregation, indicating
crosslinking of NPs by CT. For the subsequent experiments, 250 nm-sized CT-NPs
produced with 2 × 105 MW CT at a ratio of CT/NP = 4 were used.

siRNA loaded CT-NPs were prepared in order to study their potential application
as siRNA carriers. siRNA was successfully adsorbed onto CT-NPs by electrostatic
a raction (see Figure 6.10). A high adsorption efficiency of 80-90% was observed on
CT-coated NPs compared to the uncoated control. The siRNA adsorption did not
alter the size of siRNA-CT-NPs particles (250 nm), but the zeta potential deceased
from 25 mV to 11 mV (data not shown).

To evaluate the stability of siRNA-CT-NPs, the siRNA release in PBS was measured
over 24 hours (Figure 6.10). The loss of less than 5% of the adsorbed siRNA after
one day indicates a highly stable complex formation.
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Figure 6.10.: Loading efficiency and release profile of chitosan-coated NPs. Adsorption efficiency
of FAM-siRNA by CT-NPs compared to uncoated NPs at an siRNA concentration ranging from 125
to 1000 nM. Release profile of siRNA on chitosan-coated NPs analyzed over 24 hours in PBS at 37
°C.

To evaluate the uptake behaviour of siRNA-CT-NPs by DCs, the cells were incu-
bated with FAM-tagged siRNA to monitor intracellular localization by FACS anal-
ysis.
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Figure 6.11.: Uptake and cytotoxicity of chitosan-coated NPs compared to lipofectamine. Uptake
in DCs was analyzed using free siRNA or complexed with lipofectamine (LF), CT and CT-NPs. After
1 hour incubation, the cell-associated fluorescence was assessed by FACS. Cytotoxicity of siRNA-CT-
NPs was compared to LF and CT-NPs with/without siRNA after 4 h and the subsequently admin-
istration of 100 ng/ml LPS. After 24 h incubation, the lactate dehydrogenase (LDH) activity in the
supernatant was measured.
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6.3. Adsorption of siRNA onto polycation-coated NPs

An uptake efficiency of 20% was measured for siRNA-CT-NPs, which was slightly
lower than that achieved by siRNA/LF complexes (33%), but significantly higher
than that of siRNA/CT polyplexes and siRNA alone (Figure 6.11) which do exhibit
an overall negative surface charge leading to repulsion with the cell membrane.
The positive zeta potential of the CT-NPs allows electrostatic interaction with the
cell membrane and subsequent internalization. Despite the higher transfection ef-
ficiency of lipofectamine, it is a highly cytotoxic reagent as measured by lactate
dehydrogenase (LDH) activity (Figure 6.11). CT-NPs, on the other hand, show re-
markably low toxicity, most likely due to lower positive charge.

After the successful proof of the uptake of CT-NPs into the cell, the potential of
their capacity to disrupt the endosomal membrane was evaluated. Red blood cells
(RBCs) were used as a model for endosomal membranes. The hemolytic activity
measured in the RBC model has been reported to correlate with the endosomal
disruption capacity [75]. Figure 6.12 shows the hemolytic activity of the uncoated
(NPs) and CT-coated NPs (CT-NPs) as a function of pH.
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Figure 6.12.: Hemolysis and suppression of TNF-α secretion of LPS-stimulated DCs siRNA-CT-
NPs. RBC hemolysis of CT-NPs compared to uncoated NPs at pH 5 and 7. Suppression of TNF-α
secretion of LPS-stimulated DCs by IKKb-siRNA was compared for free siRNA or lipofectamine
(LF) and CT-NPs complexed siRNA. After siRNA administration for 4 hours, 100 ng/ml LPS was
added and the culture supernatants collected after 24 hours to analyze the TNF-αconcentrations by
ELISA. PBS treated samples served as a control.

No hemolytic activity was observed for NPs and CT-NPs at physiological pH. How-
ever, the hemolytic activity of the CT-NPs increased at pH 5, which resembles the
endosomal condition. In a previous study, it was demonstrated that the hemolysis
of γ-PGA-Phe NPs was dependent on the hydrophobicity of γ-PGA. It is therefore
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6. γ-PGA-Phe nanoparticles as siRNA carriers

assumed that due to a partial protonation of γ-PGA, chitosan coverage might be
slightly decreased at the NP surface, allowing the interaction of the hydrophobic
part of γ-PGA-Phe NPs to interacted with the RBC membrane. The membrane-
disruptive activity of CT-NPs at endosomal pH indicates their ability to escape the
endocytotic degradation pathway and to deliver the siRNA into the cytoplasm.

It is well-known that DCs secretes a large amount of inflammatory cytokines, such
as TNF-α and interleukins when stimulated and activated by lipopolysaccharide
(LPS) [1]. NF-κB as transcriptional factors are rapidly activated in response to var-
ious stimuli, including cytokines and infectious agents. In non-stimulated cells,
NF-κB is bound to inhibitory IκB proteins, which blocks the nuclear translocation
signal of NF-κB. The NF-κB signaling pathway involves the enzymatic complex IκB
kinase (IKK), which induces the phosphorylation of IκB. This event allows NF-κB to
translocate to the nucleus and activate the transcription of several pro-inflammatory
cytokines. [138] Therefore, inhibition of IKK by siRNA on DCs is expected to sup-
press TNF-α production in response to LPS stimulation.

To investigate the utility of siRNA-CT-NPs in the delivery of therapeutic siRNAs,
we examined the suppression of TNF-α production in LPS-stimulated DCs by the
knockdown of IKKb. DCs were incubated with IKKb-siRNA adsorbed onto CT-
NPs for 4 h, prior to LPS stimulation. Figure 6.12 shows the suppression effect of
TNF-α secretion by DCs treated with IKKb-siRNA with and without carriers. The
siRNA/LF and siRNA-CT-NPs was able to suppress TNF-α secretion induced by
LPS stimulation. A slight increase in TNF-α secretion by cells treated with siRNA
alone was observed. This is probably due to non-specific stimulation of the siRNA.
The suppression effect of siRNA/LF was higher than that of siRNA-CT-NPs, but
considering the decreased cytotoxicity of CT-NPs compared to lipofectamine, they
present a valuable alternative for siRNA delivery.

6.4 Chapter summary

In this chapter, several methods were presented for the production of siRNA carri-
ers based on γ-PGA-Phe nanoparticles. Both encapsulation strategies were unsuc-
cessful based on the instability of the formed NPs and hence low siRNA loading ca-
pacity. The complexation of siRNA on the outside of the NPs by electrostatic inter-
action with polycations showed promising results. Polycations with high, medium
and low charge density (PEI, DEAE-dextran, and chitosan, respectively) all formed
stable cationic layers on the negatively charged γ-PGA-Phe nanoparticles and al-
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6.4. Chapter summary

lowed the adsorption of siRNA with an efficiency of 80-95%. Further, all coated-
NPs were efficiently taken up by the cells. Preliminary results of siRNA interference
of PEI and DEAE-dextran modified NPs present a potential knock-down at lower
N/P ratio, but further analysis is needed for complete evaluation of their efficiency
and safety. Chitosan-coated NPs, on the other hand, have a proven low cyototox-
icity and were successfully applied in the knock-down of TNF-alpha secretion of
dendritic cells.

Table 6.7.: Key characteristics of γ-PGA-Phe NPs for siRNA delivery

Type Material Colloidal stability siRNA loading Cell uptake Knock-down

En
ca

ps Protamine 3 5 - -

Cholesterol-tagged 5 5 - -

C
oa

tin
g

Chitosan low MW 5 - - -

Chitosan high MW 3 3 3 3

DEAE-dextran 3 3 3 ?

PEI 3 3 3 ?

For clinical application ofγ-PGA-PheNPs, chitosan coating presents the most promis-
ing approach due to the high biocompatibility. PEI and DEAE-dextran, on the other
hand, could both lead to cytotoxic effects once released from the NP surface. To
pave the way for chitosan-coatedγ-PGA-Phe NPs towards their use in disease treat-
ment, specific tissue targeting is indispensable. Future work will therefore need to
address how NPs can be directed to be taken up by chondrocytes. One strategy
presents the immobilisation in a layer-by-layer coating on the cell surface which
brings the NPs into the close proximity of the cells. This approach in addition cir-
cumvents the high diffusion barrier of the dense cartilaginous extracellular matrix
which hinders the NP accumulation in cartilage.
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7 Human epiphyseal chondroprogenitor cells
produce phenotypically stable cartilage:
A new cell source for one-step treatment
of cartilage lesions?

Note: The work in this chapter is in preparation for submission to Osteoarthritis
and Cartilage
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7. Epiphyseal chondroprogenitor cells produce phenotypically stable cartilage

Currently available cell-based treatments for cartilage regeneration are based on
the use of autologous articular chondrocytes (ACs) or mesenchymal stromal cells
(MSCs) recruited from the underlying bone through microfracture. Inter-patient
variability of both cell types leads to an unpredictable tissue quality. MSCs, in ad-
dition, suffer from phenotypical instability, as presented in the previous chapters.
In this part we therefore focus on the use of a novel allogeneic cells source derived
from fetal epiphyseal cartilage.

As cartilage is avascular, and alymphatic and therefore immunoprivileged, allo-
genic adult chondrocytes can be considered and indeed have shown promising re-
sults in clinics [11, 64]. Allogenic cells derived from fetal or juvenile tissue have
the additional benefit of a higher chondrogenic potential compared to adult chon-
drocytes [3] along with a potentially more stable phenotype than pluripotent MSCs
[2, 221]. Further, due to the high cell number and proliferation potential, the cells
from a single donor can be expanded to treat multiple patients with a homogeneous
cell population [59]. The low immunogenicity [4] makes juvenile or fetal chondro-
cytes an allogeneic ready-to-use alternative to autologous MSCs.

This study compares the chondrogenic potential of fetal epiphyseal chondropro-
genitor cells (ECPs) (from a 14-week gestation donor) with adult bone marrow-
derived MSCs (MSCs), and adult articular chondrocytes (ACs) using Optimaix-3D,
a collagen sponge with similar composition as m-ACI scaffolds. 2D expanded ACs
are the cells used for the standard ACI procedure. MSCs from bone marrow were
chosen since they are the most extensively-studied MSC source with superior po-
tential for chondrogenesis using common culture methods [5, 67]. ECPs, on the
other hand, are a newly proposed cell source [59] which we selected because of their
potential off-the shelf availability and immature chondrodifferentiation which has
shown to be beneficial for cartilage matrix production [3]. In the following study,
ECPs, MSCs and ACs were evaluated on the basis of their chondrogenic potential
(glycosaminoglycan content (GAG), collagen 2 to 1 mRNA ratio, mechanical prop-
erties) and phenotypic stability (collagen 10, indian hedgehog (Ihh) and parathy-
roid hormone receptor 1 (PTH1R) gene expression). Furthermore, we evaluated
how scaffold structure influenced cellular distribution and how cell seeding den-
sity affected the balance between proliferation and matrix production in producing
cartilaginous constructs.
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7.1 Materials and methods

7.1.1 Cells

Human ECPs were isolated from the proximal ulnar epiphysis of a 14-week gesta-
tion donor were expanded to passage 5. Human chondrocytes (two female and one
male, aged between 28 and 31) as well as human MSCs (two female and one male,
aged between 34 and 50 years) were used at passage 3.

7.1.2 Effect of alginate on scaffold seeding

To study the effect of alginate in combination with the scaffolds, 2.5 µl of cell sus-
pension was mixed 1:1 with 0.8% w/v sterile alginate (Novamatrix, Pronova, low
viscosity (20-200 mPas) sodium alginate) solution, seeded into the scaffold and im-
mediately placed into 102 mM CaCl2 solution for 10 minutes. The medium was
replaced every 3-4 days for 3 or 6 weeks.

7.1.3 Mechanical testing

Pre-hydrated scaffolds were mechanically tested under unconfined compression
using a standard mechanical testing machine with a 500 g load cell (TA.XTplus Tex-
ture Analyser, Stable Microsystems, UK). A preload of 0.4 g was applied to ensure
that the surfaces of the scaffolds were in direct contact with the cylindrical 2 mm di-
ameter stainless steel probe. Stress-strain testing was performed: the samples were
compressed to a final strain of 10% at a loading rate of 0.01 mm/sec. The compres-
sive modulus (E*) was calculated as the slope in the linear range of the stress-strain
curve.

7.1.4 Scanning electron microscopy

Themorphology of the intact scaffolds was observedby scanning electronmicroscopy
(SEM, Hitachi S-4800) after applying a 8 nm gold/palladium coating. All images
were acquired at a voltage of 2.0 kV and a current of 10 µA.
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7.1.5 Statistical analysis

All experiments were performed with three biological replicates of MSCs and ACs
(with the exception of Figure 7 which has only one donor/repetition). For ECPs, a
single tissue donor was used and grown separately in three replicates. Differences
between scaffolds can therefore be a ributed to both technical and biologic variabil-
ity. All numerical data is presented in boxplot diagrams. The central line represents
the median, the circle the mean, the box delimits the 25th and 75th percentiles and
the whiskers extent to the minimum and maximum values (not considered outliers).
Outliers were defined as an observation 1.5× larger than the interquartile range.
Statistical evaluation was performed using Prism (Graphpad Software Inc., Version
6.0d). The dispersion of data points around the mean is presented as coefficient of
variance (%CV). Differences between cell types and seeding density were assessed
by two-way ANOVA and the effect of culture time and cell type by repeated two-
way ANOVA both with Tukey’s post hoc. P-values below 0.05 were considered
statistically significant and if p<0.001 noted with an asterix (*) or otherwise with
their exact number.

7.2 Scaffold comparison

In a first step, we compared two clinically-applied scaffolds, Chondro-Gide® and
Novocart® Basic were compared with Optimaix-3D, a sponge developed for pre-
clinical tissue engineering studies. Chondro-Gide® (thickness: 0.5 mm) is a low
porosity, bi-layered porcine collagen I/III fleece with an open porous part facing
the defect, and a dense sealing outer layer. The Novocart® Basic scaffold (2mm-
thick porcine) is composed of collagen chondroitin-sulfate structured into an upper
columnar and a lower sponge-like compartment. Optimaix-3D (1.5 mm in height)
is an open-porous porcine collagen I/III sponge (containing <30% w/w elastin) pro-
duced by a zero-length cross-linking procedure using EDC/NHS chemistry.

The evaluation of the three scaffolds was focused on the homogeneity of cell seed-
ing analyzed after 3 weeks of culture. DAPI staining of cryosections (Figure 7.1A)
showed the distribution of nuclei primarily in the top third open-porous layer of
Chondro-Gide® leaving 2/3 of the collagen fleece devoid of cells. In Novocart®

Basic, cells were evenly distributed throughout the columnar part (defect facing
side) with a slightly increased density in top/inner region. The Optimaix-3D scaf-
fold showed the most even cell distribution and hence was used for the rest of the
study.
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7.2. Scaffold comparison

Figure 7.1.: Scaffold comparison. SEM top view images show the porosity of scaffolds. SEM side
views show the bi-layered structure of Chondro-Gide® and the columnar structure of Novocart®

Basic. Bright field images (background exposure adjusted for increased contrast to scaffold) merged
with DAPI (coloured in green) show the localization of nuclei in Optimaix-3D, Chondro-Gide® and
Novocart® Basic scaffolds at day 21 initially seeded with 5×104 cells/mm3. Arrows indicate the
seeding direction. Scale bars 500 µm (SEM and bright field).
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7.3 Evaluation of seeding density

In a second step, we established the relationship between seeding density and chon-
drogenic differentiation, with a clear trend of rounder morphology (closely resem-
bling human cartilage (Figure 7.2D)) and increased GAG at high cell density (5×104

cells/mm3 - Figure 7.2A: AC - 3.5 fold higher than 1×104 cells/mm3, p<0.001; ECP
- 4.7 fold higher, p<0.001). A low initial cell number (1×104 cells/mm3) resulted
in increased proliferation (Figure 7.2C), a spreading phenotype (Figure 7.2D) and
inferior matrix production for ACs and ECPs. This is in accordance with the ob-
servation of Vunjak-Novakovic et al. [284] that an initially higher seeding density
(2.55×104 cells/mm3) of bovine chondrocytes surpasses the GAG production of the
lower density (1×104 cells/mm3) even if they reach the same cell number after two
weeks. A similar result is reported by Roche et al. [227] who used freshly isolated
fetal bovine chondrocytes in collagen sponges that only proliferated at low den-
sity (2.1×103 cells/mm3) but showed higher abundance of collagen at high density
(2.1×104 cells/mm3). A higher initial cell number further resulted in decreased col-
lagen 1 expression of ACs and ECPs (also reported by More i et al. [191] for human
chondrocytes in Hyalograft C), most probably due to the higher cell density where
a single cell is in a local 3-dimensional environment rather than able to grow and
elongate on 2D fibers. Interestingly, MSCs synthesized similar amounts of GAG
for both initial cell densities, concomitantly with the most pronounced increase in
cell proliferation (MSC: 5.4 fold increase from low to high density, p<0.001). Based
on these results, all subsequent experiments were performed using the high cell
density.

Altogether, phenotypic de-novo cartilage is produced at a cell density where prolif-
eration is minimized. The current available clinical m-ACI treatments use low cell
densities (Table 1.1) which is mainly due to the limited number of chondrocytes ob-
tained from adult cartilage. Our results clearly show the importance of adequate
cell seeding, a parameter also considered in the technique of ACI-Cs (cell-seeded
collagen matrix-supported ACI) [257] and in the high density chondrospheres [237].
ECP isolation from fetal cartilage yields highly viable cells [268] which maintain
their strong chondrogenic potential after 2D expansion, an advantage over the use
of ACs that de-differentiate during 2D tissue culture.
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Figure 7.2.: Effect of cell seeding density. Initial cell seeding density of 1×104 cells/mm3 or 5×104

cells/mm3 compared at day 21 based on A GAG production, B representative alcian blue-stained
sections (scale bar 500 µm, donor demographics indicated by ♂ for male and ♀ for female followed
by the age), CDNA content normalized to day 1, andD Phalloidin/DAPI staining (scale bar 50 µm).
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Figure 7.3.: Effect of cell seeding density analyzed by qPCR. Real time PCR analysis of 1×104

or 5×104 cells/mm3 cell-laden scaffolds at day 21. Gene expression was analyzed for A collagen
2 (COL2), B collagen 1 (COL1), C collagen 2/1 ratio (COL2/1), and D collagen 10 (COL10). Gene
expression was normalized to RPL13a and ECP 2D as calibrator sample.
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7.4 Effect of alginate on scaffold seeding

To test whether the presence of a hydrogel could add a benefit to the scaffold culture
system, we seeded cells pre-mixed in 0.4% w/v alginate. The addition of alginate
resulted in increased collagen 2 expression for all cell types (Figure 7.4, MSC: 1.28
fold, p<0.001, AC: 1.96 fold, p=0.005, ECP: 1.62, p=0.0946). This effect might be even
more pronounced at low cell density due to more unfilled space in the scaffold pores
which by the addition of a hydrogel could be filled to reduce cell spreading and to
create an immediate 3D environment. The combination of hydrogels and scaffolds
presents a promising approach which should be further evaluated for its benefit in
cartilage matrix production.
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Figure 7.4.: Effect of alginate in cell seeded scaffolds. Optimaix-3D scaffolds were seeded in pres-
ence or absence of 0.4% w/v alginate and analyzed after 21 days by real time PCR for mRNA expres-
sion of collagen 2. Gene expression was normalized to RPL13a and ECP 2D as calibrator sample.
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7. Epiphyseal chondroprogenitor cells produce phenotypically stable cartilage

7.5 Comparison of chondrogenic potential

Overall, all cell types produced extracellular matrix, as evidenced by the opaque
yellow colour of the constructs after 21 days of culture typical for cartilage (Fig-
ure 7.5A) and the increase in GAG/DNA (Figure 7.5B; increase between day 21 and
42 for MSC: 2.43-fold, p<0.001, AC: 1.94-fold, and ECP: 1.93-fold, all p<0.001) over
the culture period of 6 weeks. The accumulation of matrix further resulted in in-
creased dry weight of the constructs (Figure 7.5C). The high matrix production of
ECPs at higher passage number than MSCs and ACs (ECP: passage 5, MSC and AC:
passage 3) is a demonstration of the superiority of young donors.
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Figure 7.5.: Gross appearance, GAG/DNA and dry weight. Optimaix-3D scaffold at an initial cell
density of 5×104 cells/mm3 were analyzed at day 1, 21, and 42 for A Gross appearance (scale bar 1
mm, donor demographics indicated by ♂ for male and ♀ for female followed by the age) B GAG
normalized by DNA content, and C dry weight.
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7.6. Phenotypic stability

ACs exhibited generally the highest variance in matrix production reflected in the
gross appearance (Figure 7.5A), GAG/DNA (Figure 7.5B: 80.3 %CV in ACs com-
pared to 47.1 in MSCs and 29.6 %CV in ECPs at day 42) as well as collagen 2 gene
expression (Figure 7.6A: 121.5 %CV in ACs compared to 53.8 in MSCs and 68.1
%CV in ECPs at day 42) and collagen 2 staining (Figure 7.6D). Katopodi et al. [140]
reported a 20-fold difference in GAG/DNA content between chondrocyte donors,
which underlies the inherent variability of using adult articular chondrocytes as
a cell source. Similar issues were reported with MSCs [84] as well as in our lab-
oratory where MSCs, mainly from older donors, often do not undergo chondro-
differentiation at all (data not shown).

Another drawback of MSCs is their tendency towards fibrocartilage as evidenced
by a high collagen 1 expression. Fernandes et al. [80] presented the same trend in
a comparison of MSCs and ACs in alginate hydrogels which might indicate that
MSCs are prone to induce collagen 1 independently from the culture system. This
is in contrast to the work by Zhang et al. [307], in which cells produced more col-
lagen 1 in scaffolds than in hydrogels. This study, however, was conducted at a
low cell density (4×103 cells/mm3) which in our comparison (1×104 versus 5×104

cells/mm3) increased proliferation, cell spreading and collagen 1 compared to high
initial cell numbers. An inverse correlation between collagen 1 and 2 protein syn-
thesis was observed in AC donors where the lowest collagen 2 staining was accom-
panied by the highest collagen 1 staining and vice-versa (Figure 7.6D, orange and
green box). MSCs, on the other hand, had high collagen 2 matrix production and
also a higher collagen 1 mRNA expression compared to ACs (Figure 7.6B: MSCs
3.21 times higher than ACs, p<0.001) and ECPs (MSCs 2.69-fold higher, p<0.001) at
day 21 evident also in a stronger collagen 1 staining (Figure 7.6D).

7.6 Phenotypic stability

The most striking result of our study was the absence of hypertrophy markers in
differentiated ECPs (Figure 7.7) positioning this cell type clearly closer to adult
chondrocytes then MSCs. MSCs were the only cell type to express collagen 10 (Fig-
ures 7.7 and 7.8), a key marker of hypertrophy. The endochondral phenotype was
further confirmed by the gene expression of indian hedgehog (Ihh, Figure 7.7C) and
parathyroid hormone 1 receptor (PTH1R, Figure 7.7D) [176] in MSCs compared to
the complete absence of these markers in ECPs and ACs. Ihh has been shown to
be a inducer of hypertrophy [178] triggering a signaling pathway that leads to the
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7. Epiphyseal chondroprogenitor cells produce phenotypically stable cartilage
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7.6. Phenotypic stability

activation of Runx2 (Runt-related transcription factor 2), a key transcription factor
in chondrocyte hypertrophy and osteoblastic differentiation [142].
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Figure 7.7.: Hypertrophic phenotype analyzed by qPCR. Optimaix-3D scaffolds seeded at a den-
sity of 5×104 cells/mm3 were cultured for 21 and 42 days and analyzed by real time PCR for A col-
lagen 10 gene expression, B collagen 2/10 ratio, C Ihh, and D PTHrP receptor (PTH1R) expression
normalized to RPL13a and ECP 2D as calibrator sample.

Based on the phenotypic instability, also shown in vivo [213,282], MSCs are a prob-
lematic cell choice for cartilage regeneration. ECPs, on the other hand, produce a
phenotypically stable cartilage similar to the samples from the best AC donor. This
suggests ECPs might have obtained an epigenetic stability without loss of colla-
gen 10 methylation during their differentiation in vivo as observed for MSCs [312].
However, it needs to be noted that MSCs induced in an improved chondrogenic me-
dia containing growth factors such as leukemia inhibitory factor (LIF) [294] could
potentially result in a stable cartilage phenotype.
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7. Epiphyseal chondroprogenitor cells produce phenotypically stable cartilage

Figure 7.8.: Hypertrophic phenotype analyzed by immunostaining. Optimaix-3D scaffolds were
seeded at a density of 5×104 cells/mm3 were cultured for 21 and 42 days and analyzed by immuno-
histological staining of collagen 10 of MSC (female, 34 years old), AC (male, 28 years old), and ECPs
(14 weeks gestation). Scale bars 200 µm.
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7.7. Mechanical properties

7.7 Mechanical properties

In terms of compressive strength (Figure 7.9), a general increase is observed in all
cell types over time, reaching a modulus of 98.6±23.6 kPa for ACs, 81± 18.6 kPa for
MSCs and 78.8±6.7 for ECPs at day 42 of chondrogenic cultivation. Their values
were all less than that measured for native cartilage (ranging from 288 to 476 kPa,
data not shown).
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Figure 7.9.: Compressive modulus (E*) measured at day 21 and 42 of culture in Optimaix-3D
scaffolds (5×104 cells/mm3). Note: day 1 and empty scaffolds were not possible to be measured
with the chosen se ings.

7.8 Chapter summary

Our data demonstrates that epiphyseal chondroprogenitor cells produce similar
amounts of cartilage matrix proteins compared to articular chondrocytes, the cur-
rent cell type used in clinics, which due to its low cell yield and high donor variabil-
ity makes m-ACI an unpredictable, time and cost intensive procedure. The de-novo
cartilage matrix from epiphyseal chondroprogenitor cells is in addition more resis-
tant to hypertrophy compared to MSC-derived ECM, which stained strongly for
collagen 10. Fetal ECPs also carry a higher potential for matrix production than
adult cell types even after multiple passaging as shown in the comparison of ECPs
at passage 5 compared to passage 3 ACs and MSCs. An important observation
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7. Epiphyseal chondroprogenitor cells produce phenotypically stable cartilage

was the superior matrix production at high cell seeding density (5×104 cells/mm3)
compared to the clinically applied low cell number (1×104 cells/mm3). Collagen 2
expression further increased upon addition of alginate which shows the importance
of a complete pore filling for successful chondrogenesis. Compared to ACs that re-
quire several weeks of expansion for the currently used low cell seeding density,
ECPs, as an allogeneic cell source with high cell yield, allow for adequate seeding
regime also for large defects.

It is possible that commercially-viable cell sources for cartilage repair will eventu-
ally be off-the-shelf allogeneic products with proven regeneration potential. Al-
though the use of allogeneic tissues and cells is controversial, the use of immuno-
engineering and type matching approaches have shown success [306]. Fortunately,
cartilage has several passive and active mechanisms which support the use of allo-
grafts and allogeneic cells. Indeed, cartilage allografts have been used successfully
in the clinics for decades [86,245] and recently there has been a strong academic and
commercial interest in allogeneic tissue fragments and chondrocytes from juvenile
donors due to their superior chondrogenic capacity compared to adult chondro-
cytes [3, 77]. Like other avascular sites in the body without lymphatic drainage
(i.e. cornea, anterior part of the eye and vertebrae [55, 243]), cartilage exists in
immune-isolation which precludes the trafficking of donor antigen presenting cells
(APC) into host secondary lymphoid organs and/or entry of recipient APC into the
graft, two of the pathways by which allografts are rejected. In addition to vas-
cular isolation, however, chondrocytes are also surrounded by large tracks of ex-
tracellular matrix which prevent direct contact between chondrocytes and migra-
tory macrophages and dendritic cells of the joint space. Additionally, the matrix
itself contains glycoproteins, such as chondromodulin 1 [147,189],which have been
shown to be anti-angiogenic and therefore immunosupressive. The chondrocytes
themselves can display surface receptors with immunosuppressive functions. Fu-
jihara found expression of Fas ligand (FasL) on chondrocytes initiated apoptosis of
macrophages bearing the Fas death receptor [88]. The long-term fate of allogeneic
cells in articular cartilage, also during inflammation and disease states, need to be
addressed. However, considering the immune privileged situation of cartilage, the
use of allogeneic epiphyseal chondroprogenitor cells would be a big step towards
a future one-step procedure with a more predictable outcome than ACI.
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8 Conclusion and outlook

Current cell-based approaches for cartilage regeneration suffer from a complicated,
time-, and cost-intensive procedure due to low cell yields of the applied autologous
articular chondrocytes (ACs). The replacement of ACs with a more abundant cell
source would greatly improve the ACI technique. With this in mind, the aim of this
thesis was to establish an alternative cell type with the potential to produce cartilage
ECM with a special focus on its phenotypic stability.

The first part of this work was focused on MSCs which carry great potential in re-
placing ACs due to their occurrence in several body tissues and their ease of pro-
curement. MSCs obtained from bone marrow aspirates or adipose tissue were iso-
lated by adherence to tissue culture plastic, yielding a highly heterogeneous cell
population. We showed that TGF-β-supplemented MSC pellets express cartilage-
specific genes, but at the same time hypertrophic markers. It is clear that the clinical
application of MSCs would require the administration of a drug capable of inhibit-
ing endochondral ossification.

We therefore focused on PTHrP, a potent hypertrophy-inhibiting drug, which un-
fortunately not only suppressed collagen 10 and Ihh, but also the production of
collagen 2, most probably through induction of MMP-13. Contrary to the litera-
ture, neither the application at later time point (day 7, 14, 21), nor the switch from
isoform 1-86 to 1-34 restored cartilage ECM production.

In the quest for a more targeted drug, the use of RNAi therapeutics was explored.
Small interfering RNA (siRNA) sequences specifically bind to target mRNA, thereby
inhibiting protein expression. This system allows to directly target the protein of
interest, rather than broadly inhibit pathways as is the case for PTHrP. Together
with the laboratory of Professor Akashi in Osaka, we were able to successfully pro-
duce γ-PGA-Phe siRNA carriers with high biocompatibility as well as transfection
efficiency. The negatively charged γ-PGA-Phe NPs were coated with polycations
such as DEAE-dextran, PEI, or chitosan to form a positive outer layer capable of
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8. Conclusion and outlook

binding to siRNA. The overall positive charge allowed the NPs to enter the cell as
well as escape the endosomal pathway through membrane destabilization.

While working with MSCs, it became apparent that their clinical use requires the
addition of highly complex systems such as gene therapy, which, from a regulatory
point of view, are a massive hurdle. Furthermore, strategies to inhibit hypertrophy
(Section 1.3) so far show limited improvement compared to stable chondrocytes. It
is clear that the generally accepted chondrogenic induction through TGF-β does not
provide the right trigger for MSCs to produce hyaline cartilage, but rather directs
them towards endochondral ossification. An update of the pellet culture protocol
from 1999 [215] towards a more directed induction would hold more promise than
evaluating strategies to fix the ill-defined procedure. The analysis of the develop-
mental cues involved in the distinction of growth plate and articular chondrocytes
will be key in understanding the culture conditions required for the stable induc-
tion of MSCs. One such approach is presented by Wu et al. [294] who determined
leukemia inhibitory factor (LIF) to be an indispensable growth factor for the forma-
tion of hyaline cartilage. Recent literature further focuses on the development of an
early marker to sort cells according to their chondrogenic or osteogenic tendency
such as the Runx2/Sox9 ratio presented by Loebel et al. [168].

Another strategy to produce phenotypically stable cartilage is to use immature chon-
drocytes, which are more abundant and exhibit a higher chondrogenic potential
than ACs, but more importantly, carry a pre-determined genotype. Such chon-
droprogenitors can be isolated from fetal or juvenile tissue up to the age of thir-
teen when cartilage has a ained its maturity. We compared fetal epiphyseal chon-
droprogenitors (ECPs) with adult ACs and MSCs in a collagen scaffold supple-
mented with TGF-β. After 3-6 weeks of culture, passage 5 ECPs reached similar
levels of collagen 2 production as passage 3 MSCs, but without the undesired in-
duction of collagen 10. ECPs present an allogeneic off-the-shelf solution for carti-
lage regeneration with a more reproducible outcome than the current ACI proce-
dure which suffers from high inter-patient variability. The in vitro experiments are
very promising, and follow-up experiments will show if ECPs can withstand vascu-
larization in vivo. Another interesting topic will be to evaluate the gene expression
after in vitro differentiation (collagen 10, Ihh, MMP-13, ALP) with respect to in vivo
mineralization. The definition of a distinct genotype necessary for the production
of an avascular tissue would provide a future screening tool for vascularization-
resistant tissue engineering.
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Allogeneic cell therapies have been successfully applied for several decades [86,245]
in the regeneration of the immune-privileged cartilage. The unpredictable outcome
of autologous tissue engineered constructs due to inter-patient variability can be
overcome with the use of allogeneic cells. Compared to adult cartilage, immature
tissue offers a higher cell density and superior chondrogenic potential, making ju-
venile and fetal chondrocytes the most promising cell source for future one-step
treatments of cartilage lesions. This is affirmed by two products, DeNovo NT and
DeNovo ET, based on juvenile cartilage, that recently entered the market. Undiffer-
entiated cells such as MSCs, as well as embryonic stem cells and induced pluripo-
tent stem cells might eventually be viable cell sources, but more work is needed to
assess their safety and determine a protocol to produce phenotypically stable carti-
lage.
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P March 2008 – May 2008

L Laboratory of Photonics and Interfaces, EPFL, Lausanne, Swi erland

Investigation of Alizarin/TiO2-film electron recombination dynamics using
Flash Photolysis with Nanosecond Laser Spectrometer.

Stipends and Fellowships

2009 WISH Community Career Investment

2009 EPFL Stipend for Master’s thesis abroad

2006 – 2007 Erasmus Stipend for exchange year in Mexico

Publications
Studer, D., Formica, F., Mumme, M., Salzmann, G., Steinwachs, M.R., Laurent-Applegate, L.A.,
Maniura-Weber, K., Zenobi-Wong, M., Human epiphyseal chondroprogenitor cells produce pheno-
typically stable cartilage: A new cell source for one-step treatment of cartilage lesions?, Manuscript
in preparation

Akagi, T., Shudo, M., Studer, D., Matsusaki, M., Zenobi-Wong, M., Akashi, M., Suppression of den-
dritic cell activation by siRNA-adsorbed amphiphilic poly (γ-glutamic acid) nanoparticles, Manuscript
in preparation

Studer, D., Lischer, S., Jochum, W., Ehrbar, M., Zenobi-Wong, M., Maniura-Weber, K. , RPL13a as
a Reference Gene for Human Bone Marrow-derived Mesenchymal Stem Cells during Expansion,
Adipo-, Chondro-, and Osteogenesis, (2012) Tissue Engineering Part C, 18(10) pp. 761-771

Studer, D., Millan, C., Öztürk, E.,Maniura-Weber, K., Zenobi-Wong, M., Molecular and biophysical
mechanisms regulating hypertrophic differentiation in chondrocytes and mesenchymal stem cells,
(2012) European Cells and Materials, 24 pp. 118-135

Studer, D., Palankar, R., Bédard, M., Winterhalter, M., Springer, M., Retrieval of a Metabolite from
Cells with Polyelectrolyte Microcapsules, (2010) Small, 6(21) pp. 2412-2419
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Curriculum vitae

Oral and Poster presentations

Studer, D, Esteva, T, Shudo, M, Akagi, T, Matsusaki, M, Akashi, M, Maniura-Weber, K, Zenobi-
Wong, M, Coated gamma-PGA-Phe nanoparticles for siRNA delivery, FEBS Workshop - Biological
Surfaces and Interfaces, Sant Feliu de Guixols, Spain. June 30 - July 5, 2013. (poster)

Studer, D, Born, A-K, Müller, M, Maniura-Weber, K, Zenobi-Wong, M, Tools to study co-culture
interactions in cartilage regeneration, SSB, Davos, Swi erland. June 25-26, 2013 (poster)

Studer, D, Zenobi-Wong, M, Maniura-Weber, K, , Empa PhD Symposium, St.Gallen, Swi erland.
Nov 13, 2012 (talk)

Studer, D, Millan, C, Zenobi-Wong, M, Maniura-Weber K, Proliferation rate as an indicator for the
chondrogenic potential of mesenchymal stromal cells in 3D pellet culture, SSB, Zürich, Swi erland.
May 3, 2012. (talk)

Studer, D, Millan, C, Zenobi-Wong, M, Maniura-Weber K, Proliferation rate as an indicator for the
chondrogenic potential of mesenchymal stromal cells in 3D pellet culture, 3D Cell Culture Confer-
ence, Zürich, Mar 14-16, 2012. (poster)

Studer, D, Zenobi-Wong, M, Maniura-Weber, K, Housekeeping Gene Stability in HumanBone Marrow-
derived Mesenchymal Stromal Cells during Adipo-, Chondro- and Osteogenesis, Empa PhD Sym-
posium, St.Gallen, Swi erland. Oct 18, 2011 (best poster price)

Studer, D, Zenobi-Wong, M, Maniura-Weber, K, Housekeeping Gene Stability in HumanBone Marrow-
derived Mesenchymal Stromal Cells during Adipo-, Chondro- and Osteogenesis, World Conference
on Regenerative Medicine, Leipzig, Germany. Nov 2-4, 2011. (poster)

Studer, D, Zenobi-Wong, M, Maniura-Weber, K, Joint Regeneration - Novel 2D Pa erned Co-Culture
System For Investigating Chondrogenesis, Graduate Courses Cellular Systems, Heidelberg, Ger-
many. Aug 24-30 (talk)

Studer, D, Zenobi-Wong, M, Vörös, J, Maniura-Weber, K, Investigating Chondrogenesis of Bone
Marrow-derivedMSCs, ETH - Tokyo Tech Symposium, Lausanne, Swi erland. June 2011 (poster)

Studer, D, Zenobi-Wong, M, Maniura-Weber, K, Novel 2D Pa erned Co-culture System for Investi-
gating Chondrogenesis of Mesenchymal Stem Cells, Empa PhD Symposium, St.Gallen, Swi erland.
Oct 7, 2010 (poster)

Studer, D, Zenobi-Wong, M, Maniura-Weber, K, Joint Regeneration - Novel 2D Pa erned Co-Culture
System For Investigating Chondrogenesis, CCMX Travelling Lab Workshop: Materials for Life Sci-
ences, Swi erland. Nov 8 - 12, 2010 (talk)

Student project supervision

Esteva, Timothée, Gene silencing in human chondrocytes by means of nanoparticle-mediated siRNA
delivery, March-June 2012
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A Pellet culture compared to chondrogene-
sis induced in scaffolds

Clinically, the most applied cell-based system for the treatment of cartilage lesions is
the combination of a scaffold with cells. The question arises whether pellet culture,
the most commonly studied in vitro system, is a predictive model for in vivo use.
To address this question, we compared MSC pellets with cell-laden collagen I/III
scaffolds based on proliferation, matrix production and gene expression profiles.
Pellets were formed using 2×105 cells, and 2 mm punches of Optimaix scaffold
were seeded with 2.35×105 cells.

Generally, chondrogenic extracellular matrix was produced in both culture systems
as evidenced by the increase in s-GAG/DNA as well as the alcian blue staining. In
total amount of GAG/construct, scaffolds are superior. The most striking differ-
ence was observed in the DNA content after 21 days which decreased in pellets
and slightly increased in scaffolds. The same DNA loss in pellet culture has been
reported by Sekiya et al. [239] where only 40% of the initial DNA was left after
21 days. In the work of Wang et al. [285] the decrease in cellularity was associated
with increased Annexin V expression as well as lysosomal integrity, both typical for
apoptosis. This process is not only an in vitro phenomenon but also occurs in the
growth plate where terminally differentiated chondrocytes undergo programmed
cell death [107]. The slight increase in DNA content in scaffolds could indicate an
absence of apoptosis, or possibly the measured proliferation compensates for cell
death. On the other hand, the high cell density in centrifuged pellets might present a
situation where proliferation is completely hindered, and differentiation progresses
in a short time towards endochondral ossification, inducing apoptosis earlier in pel-
lets than scaffolds. The real reasons behind this fundamental difference remains to
be elucidated.
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A. Pellets versus Scaffolds
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Figure A.1.: Pellets and Scaffolds of 3 MSC donors were analysed for GAG/scaffold, DNA nor-
malised to day 1 and GAG/DNA. Further representative images of their gross appearance (scale bar
1mm), alcian blue (scale bar 500 µm), and EdU staining (scale bar 200 µm) are presented.

Except the difference in DNA content, both culture systems yield highly compara-
ble mRNA levels of collagen 1 and 2, as well as the hypertrophic master gene, col-
lagen 10. The same is observed for the immunostaining of the respective proteins.
Overall, pellets are a good approximation for the more clinically-relevant scaffold
system, a conclusion also drawn by Munir et al. [196] who compared adipo MSCs
in pellets and collagen I/III scaffolds.
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Figure A.2.: Gene expression analysis and immunostaining of collagen 1,2, and 10 in pellets and
scaffolds after 21 days of chondrogenic induction. PCR data normalized to 2D. Scale bar 500 µm.
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B IGF-1 to replace TGF-beta for chondro-
genic induction

TGF-β-induced chondrogenesis has been extensively proven to induce hypertro-
phy in MSCs. Insulin-like growth factor 1 (IGF-1), on the other hand, is reported to
stimulate collagen 2 production with minimal collagen 10 [197]. We thus tested the
addition of 50 ng/ml IGF-1 alone and in combination with 10 ng/ml TGF-β3 on scaf-
fold culture of MSCs and ECPs. The alcian blue staining revealed a low degree of
matrix production in IGF-1 treated samples compared to TGF-β. Interestingly, the
combination of both growth factors only induced a strong chondrogenic response
in MSCs whereas in ECPs, a partial inhibition was observed.

IGF-1 + TGF-beta

M
S

C

TGF-betaIGF-1

E
C

P

Figure B.1.: MSCs and ECP-loaded Optimaix scaffolds treated with 50 ng/ml IGF-1, 10 ng/ml
TGF-β, or the combination analysed with alcian blue staining at day 21 of culture. Scale bar 500 µm.

Several publications support the absence of a chondrogenic induction using IGF-
1 [125,182,289]. The discrepancy with other published results [170,272] likely orig-
inates from the use of the serum replacement, ITS+ which contains insulin that binds
to the same receptor as IGF-1 [170]. Mwale et al. [197] present an exception where
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B. IGF-1 for chondrogenic induction

collagen 2 production upon IGF-1 delivery is observed, even in the presence of ITS+.
The effect of IGF-1 in the absence of insulin remains to be tested, although a more
recent publication by Longobardi et al. [169] also reports a strong induction of Ihh
and collagen 10 with IGF-1 stimulation, calling its benefit over TGF-β into question.
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C RPL13a as a reference gene for human
bone marrow-derived mesenchymal stro-
mal cells during expansion, adipo-, chondro-
and osteogenesis

Note: This chapter has been published in RPL13a as a Reference Gene for Human
Bone Marrow-derived Mesenchymal Stromal Cells during Expansion, Adipo-, Chondro-
and Osteogenesis, D. Studer et al., Tissue Engineering Part C Methods (2012), 18(10),
761-71.

The growing field of research on mesenchymal stromal cells (MSCs) for tissue re-
generation and tissue engineering [44,130,215,270] highly depends on reliable, fast
and sensitive methods to accurately detect small changes in gene expression dur-
ing expansion, differentiation or re-differentiation. Real time quantitative reverse
transcription polymerase chain reaction (termed qPCR according to MIQE guide-
lines [43]) is the most popular method due to its ease of use and high sensitivity
so that it can be performed with a small number of cells. qPCR as a quantita-
tive analysis method greatly depends on an appropriate internal data normaliza-
tion [42, 119, 263, 293]. At the moment, so called reference genes (RGs) are the gold
standard to correct for the amount of starting material, sample-to-sample varia-
tions, and amplification efficiencies [63,119,263]. Such RGs should show a constant
expression in different tissues or cells under all experimental conditions. Candi-
date normalization genes are therefore constitutive genes, which are constantly ex-
pressed at abundant levels in cells under different conditions, generally involved
in basic cellular functions. A vast number of possible RGs are used in current re-
search however thorough validation of their presumed stability in mRNA expres-
sion is mostly lacking. Several studies have shown that the expression level of fre-
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C. RPL13a as a reference gene for qPCR normalization

quently used control genes in MSCs studies, such as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and beta actin (ACTB) is notably unstable between dif-
ferent donors [278], differentiation [56, 222] and cell expansion conditions [56]. Al-
though Quiroz et al. [222] conducted a study comparing GAPDH, ribosomal protein
L13a (RPL13) and ACTB for normalization of osteogenic differentiation of MSCs,
there are to our knowledge no comprehensive studies investigating the gene ex-
pression stability of a broad range of RG over all three mesodermal differentiation
lineages: bone, cartilage and adipose tissue. In this study, we aim to establish one
single RG for all three mesodermal differentiation line-ages in human bone marrow-
derived MSCs (hBM-MSCs) as well as other human MSCs and bone progenitor cells.
Seven commonly used RGs (18S ribosomal RNA, β2-microglobulin B2M, eukaryotic
translational elongation factor 1 alpha EF1α, ACTB, GAPDH, RPL13a and tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypep-
tide YWHAZ) were analyzed based on different stability parameters.

Materials and methods

Cells

hBM-MSCs, human primary bone cells (HBCs) and human placenta-derived MSCs
(hPD-MSCs) were freshly isolated (see protocols below) and expanded in MSC-
proliferation medium composed of minimal essential medium (alpha-MEM; Invit-
rogen, 22561) supplementedwith 10% fetal bovine serum (FBS; Lonza), 1%penicillin-
streptomycin-neomycin antibiotic mixture (100X) (PSN; Gibco), 1 ng/ml human ba-
sic fibroblast growth factor (FGF-2; Sigma, F0291) in a humidified incubator at 37°C
with 5% CO2 and 95% air. Bone marrow-derived MSCs were also purchased from
Lonza (Lonza MSCs, Lonza, PT-2501) and the MG-63 human osteosarcoma cell line
from ATTC (CRL-1427). Lonza MSCs were expanded according to manufacturer’s
protocol and MG-63 in the MG-63-proliferation medium composed of dulbecco’s
modified eagle’s medium (DMEM; Gibco, 41965) supplemented with 10% FBS, 1%
PSN, 1% L-glutamine (Gibco, 25030, 100x), and 1% sodium pyruvate (Gibco, 11360,
100×). Cell passaging (split ratio 1 to 5) was performed using trypsin-EDTA (Sigma,
T3924, 1×).
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Isolation of human primary cells

Isolation of human bone marrow-derived mesenchymal stromal cells

The mesenchymal stromal cells (MSCs) were isolated from femur-derived bone
marrow samples that were obtained during surgical hip replacement of otherwise
healthy patients (two female and one male, aged between 44 and 79 years) after
having received informed consent. The protocol was approved by the ethical board
of the Kantonspital St.Gallen, Swi erland (ethical commi ee approval number
EKSG08/014/1B). The bone marrow samples were incubated in 20 ml isolation medium
(25 mM HEPES (Fluka, #54459), 128.5 mM NaCl (Fluka, #71380), 5.4 mM KCl (Fluka,
#60130), 5.5 mM D(+)-glucose (Sigma, #G7528), 51.8 mM D(+)-saccharose (Sigma,
#84097), 0.1% BSA (Sigma, #A6003)) overnight at 4°C. Afterwards, the sample was
centrifuged at 110×g for 15 minutes at 4°C to remove fat tissue. The remaining
pieces of trabecular bone were rinsed several times with isolation medium that was
collected and filtered through a 200 µm filter. The filtered cell solution was cen-
trifuged, the resulting cell pellet resuspended in MSC-proliferation medium for cell
counting (Casy 1 DT, Roche Innovatis AG) and seeded at a density of 1×107 cells
in a T75 culture flask containing proliferation medium.

Isolation of human bone cells

Primary human bone cells (HBCs) were isolated from the same samples as hBM-
MSCs (see above). After the hBM-MSCs were collected, the pieces of trabecular
bone were further cleaned from remaining tissue and cells under microscopic ob-
servation using forceps. Five to ten pieces of bone (∼ 25 mg) were placed in a T75
flask together with 20 ml MSC-proliferation medium, which was changed for the
first time after one week and later biweekly. The bone pieces were left in the culture
flask until the outgrowing cells reached 70% confluency.

Isolation of human placenta-derived mesenchymal stromal cells

The isolation of human placenta-derived mesenchymal stromal cells was performed
according to Semenov et al. [241] following the protocol approved by the ethical
commi ee of the district of Zurich (study Stv22/2006). Placentas were collected
from two donors immediately after elective caesarean section and the isolated cells
suspended in a T75 flask containing 15 ml MSC-proliferation medium.
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C. RPL13a as a reference gene for qPCR normalization

Multilineage differentiation assay

Adipogenic differentiation

For adipogenic induction, MSCs were seeded at an initial density of 26’000 cells/cm2

and were first cultivated in adipo-maintenance medium consisting of α-MEM sup-
plemented with 10% FBS, 1% PSN and 10 µg/ml insulin (dissolved in 0.01 M HCl
(pH2-3); Sigma, #I-6634) for 1 day followedby cultivation in adipo-induction medium
consisting of α-MEM supplemented with 10% FBS, 1% PSN, 1 µM dexamethasone
(Sigma, #D-4902), 10 µg/ml insulin, 0.5 mM isobutyl-1-methylxanthine (Sigma, #I-
5879) and 200 µM indomethacin (Sigma, #I-7378) for 3 days. The alteration of those
two media was repeated over the whole cultivation period of 22 days. Control cul-
tures were performed in MSC-proliferation medium (see above).

Chondrogenic differentiation

Chondrogenic differentiation of MSCs was induced by pellet culture for which
250’000 cells were placed in a 15-ml polypropylene tube and centrifuged at 250×g
for 5 minutes. The pellet was cultured at 37°C with 5% CO2 in 500 µl of chondro-
genic medium that consisted of high-glucose dulbecco’s modified eagle’s medium
(DMEM; Gibco, #41965) supplemented with 100 ng/ml bone morphogenetic pro-
tein 2 (BMP-2; kind gift from F.Weber, University Hospital Zürich, Swi erland),
10 ng/ml transforming growth factor β3 (TGF-β3, Peprotech, #100-36E), 100 nM
dexamethasone, 50 µg/ml ascorbate-2-phosphate (Sigma, #A8960), 40 µg/ml pro-
line (Fluka, #81709), 100 µg/ml sodium pyruvate (Fluka, #15990), and 1% ITS+ Pre-
mix (6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 ng/mL selenious acid, 1.25
mg/mL serum albumin, and 5.35 µg/mL linoleic acid; BD Biosciences, #354352). The
medium was replaced every 3-4 days for 22 days. As a control, pellets were culti-
vated in chondrogenic medium lacking dexamethasone, BMP-2 and TGF-β3.

Osteogenic differentiation

To induce osteogenic differentiation of MSCs and HBCs, the cells were seeded at
an initial density of 2’000 cells/cm2 and cultivated in α-MEM supplemented with
10% FBS, 1% PSN, 10 nM dexamethasone, 50 mM ascorbate-2-phosphate, 2 mM β-
glycerophosphate (Sigma, #G-9891) and 10 nM 1,25-dihydroxyvitamin D3 (Sigma,
#D-1530). MG-63 cells were osteogenically induced in MG-63-proliferation medium
(composition see above) further supplemented with 50 nM 1,25-dihydroxyvitamin
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D3, 50 µg/ml ascorbate-2-phosphate, 10 nM β-glyercolphosphate and 10 nM dex-
amethasone. The differentiation media was replaced every 3-4 days for up to 22
days (for MSCs) or for 7 days (HBCs and MG-63). As a control, cells were cultured
in MSC- respectively MG-63-proliferation medium (composition see above).

RNA isolation and quantification

Cells grown in monolayer were detached using trypsin-EDTA (Sigma, #T3924, 1×)
and centrifuged at 250×g for 5 minutes to form a cell pellet. Cartilage pellets were
digested with 3 mg/ml collagenase II (Sigma, #C6885) for 2 hours to break down the
abundant negatively charged extracellular matrix and thereby increasing the RNA
yield using affinity column-based extraction. Afterwards, the pellet was washed in
PBS, and total RNA was prepared using the RNeasy® Micro Kit (Qiagen, Hom-
brechtikon, CH, #74004) according to the manufacturer’s protocol. All samples
were DNAse I (Qiagen, #79254, 1500 Kuni units) treated. The RNA concentra-
tion was determined using a Nanodrop™ ND-1000 Spectrophotometer (Nanodrop,
Wilmington, DE). Only RNA with an OD 260/280 ratio between 1.9-2.1 was used
for PCR analysis. RNA was stored at -80°C until further use.

Quantitative reverse transcription real time PCR (qPCR)

qPCR was performed on the CFX96™ Real-Time PCR (Biorad Laboratories, #185-
5096). Reverse transcription of 200 ng total RNA to cDNA was done with oligo(dT)
and random primers using iScript™ (Biorad Laboratories, #170-8891) in a total reac-
tion volume of 20 µl. A temperature program of 5 minutes priming at 25°C followed
by the reverse transcription at 42°C for 30 minutes and the reverse transcription in-
activation at 85°C for 5 minutes was run. After a final cool-down to 4°C, the cDNA
was stored at -80°C for subsequent use. The oligonucleotides (purchased from Mi-
crosynth AG, Balgach, Swi erland) displayed in Table C.1 were reconstituted at a
concentration of 100 microM and stored at -20°C for further use. All primers are
designed over exon-exon junctions using PrimerBlast and the Real Time PCR De-
sign Tool from Integrated DNA Technologies to avoid the amplification of genomic
DNA. Only primer pairs with efficiency between 90-110% were used in this study.
A final concentration of 150 nM forward and reverse primer, respectively, was used
for each qPCR reaction.
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C. RPL13a as a reference gene for qPCR normalization

Table C.1.: Primer specifications

Function Gene Name Accession n° BP Primer sequence (5’-3’)

Re
fe

re
nc

e

h18S 18S ribosomal NR_003286 111 F - GGACAGGATTGACAGATTGAT

R - AGTCTCGTTCGTTATCGGAAT

hACTB Beta actin NM_001101.3 83 F - CGAGAAGATGACCCAGATCA

R - CGTACAGGGATAGCACAGC

hB2M beta-2-microglobulin NM_004048.2 90 F - CGTGTGAACCATGTGACTTTG

R - TGCGGCATCTTCAAACCTC

hEF1α Eukaryotic translational NM_001402 98 F - CCCCGACACAGTAGCATTTG

elongation factor 1 alpha R - TGACTTTCCATCCCTTGAACC

hGAPDH Glyceraldehyde-3-phosphate NM_002046.3 98 F - AGTCAGCCGCATCTTCTTTT

dehydrogenase R - CCAATACGACCAAATCCGTTG

hRPL13a Ribosomal protein L13a NM_012423 100 F - AAGTACCAGGCAGTGACAG

R - CCTGTTTCCGTAGCCTCATG

YWHAZ Tyrosine 3-monooxygenase NM_145690.2 94 F - GGTCTGGCCCTTAACTTCTC

/tryp.5 monoox. act. protein, zeta polypeptide R - TGGCTTCATCAAAAGCTGTC

A
di

po

haP2 Fa y acid binding protein 4 NM_001442 128 F - TGAGATTTCCTTCATACTGGG

R - TGGTTGATTTTCCATCCCATT

hPPAR� Peroxisome proliferator-activated NM_015869 124 F - TTGCTGTCATTATTCTCAGTGGAG

receptor gamma R - GAGGACTCAGGGTGGTTCAGC

C
ho

nd
ro

hCollagen 2 Collagen, type II, alpha 1 NM_001844 92 F - GGAATTCGGTGTGGACATAGG

R - ACTTGGGTCCTTTGGGTTTG

hAGG Aggrecan NM_001135 98 F - GAATGGGAACCAGCCTATACC

R - TCTGTACTTTCCTCTGTTGCTG

O
st

eo

hCollagen I Collagen, type I, alpha 1 NM_000088 83 F - CAGCCGCTTCACCTACAGC

R - TTTTGTATTCAATCACTGTCGCC

hOsteocalcin Bone gamma-carboxyglutamate protein NM_199173 70 F - GAAGCCCAGCGGTGCA

R - CACTACCTCGCTGCCCTCC

The iQ SYBR® Green System (Biorad Laboratories, #170-8880) was used to perform
the qPCR amplification from the cDNA in a final volume of 20 µl with 5 µl of 1:5
diluted cDNA. The cycling conditions were as follows: an initial 95°C for 3 min-
utes, followed by 40 cycles of 95°C for 10 sec, 60°C for 30 sec. Then, a melting
curve was constructed by heating from 65°C to 95°C in temperature steps of 0.5°C.
A multivariable, nonlinear regression method was used by the CFX Manager™ Soft-
ware (Version 2.0, Biorad Laboratories) to determine the quantification cycle values
(termed Cq according to MIQE guidelines).

Results were exported to Microsoft Excel for analysis. Results are presented as mean
values from triplicate measurements and variances are calculated according to the
laws of uncertainty propagation [98].
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Expression of differentiation markers

All qPCR data differentiation markers were analyzed using the 2-ΔΔ Cq method
[167] (assuming that the amplification efficiency equals 100%) and normalized against
a reference gene. Day 2 of control culture was designated as the calibrator in each
experiment. Each gene was evaluated in independent PCR runs including the com-
plete set of samples of one donor and passage (i.e. donor 1, passage 1, day 2, 9, 16,
22 of control and differentiation culture).

Immunofluorescent staining

For immunofluorescent staining, the cells were washed twice with phosphate-buff-
ered saline without glucose (PBS w/o glucose, Gibco, #18912-014), treated with 4%
paraformaldehyde (Sigma, #16005) plus 0.2% Triton-X for 8 minutes and then washed
again twice with PBS w/o glucose. Non-specific binding of antibodies was blocked
with PBS w/o glucose containing 5% goat serum (Sigma, #G6767) and 1% FCS for
30 minutes. The osteogenic characterisation was determined using the bone spe-
cific marker anti-collagen 1 (1:1000; Sigma, #C2456) and goat α-mouse IgG Alexa
Fluor 546 (1:400; Molecular Probes, #A11030). The antibody was diluted in 1.5%
skim milk/PBS and incubated for 1 h at RT. The cell nuclei were stained with DAPI
(4’-6-Diamidino-2-phenylindole, 10 mg/ml; Sigma, #D9542) together with the sec-
ondary antibody. Adipogenic differentiation was determined by Oil Red O stain-
ing. Briefly, cellswere fixed with 4% paraformaldehyde (as described above), washed
twice with distilled water, after one washing step with 60% isopropanol, the cells
were incubated in 60% isopropanol for 5 minutes at RT. Further, the cells were in-
cubated in Oil Red O working solution (2 mg/ml Oil Red O in isopropanol and dou-
ble distilled water, ratio 3:2) for 10 minutes at RT. Before fluorescence microscope
(Axio Imager.M1, Carl Zeiss AG, Swi erland) imaging was performed, the cells
were washed with distilled water till optimal contrast of red-stained lipid droplets
was achieved.

Histology

Cell pellets were fixed with 4% formalin, embedded in paraffin, and sectioned at 2
µm. Tissue sections were then deparaffinized using xylene followed by a graded
alcohol series and stained with hematoxylin/eosin to identify histologic features and
alcian blue/periodic acid schiff (PAS) for proteoglycan.
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C. RPL13a as a reference gene for qPCR normalization

Evaluation of reference genes

The expression stability of seven common RGs (18S, ACTB, B2M, EF1a, GAPDH,
RPL13a, YWHAZ) was analyzed based on four different parameters:

1) Interquartile Range (IQR) representing the spreading of the Cq values. The IQR
spans between the 75th and the 25th percentile of the boxplots delimiting with
the whiskers the maximum and minimum values, with the horizontal line the
median and the outliers with a point respectively.

2) Variation between differentiation culture and control culture (p-value) estab-
lished by a unpaired one-way t-test at a 95% confidence level. The null hypothe-
sis (differentiation equals control culture) is rejected if the p-value < 0.05 showed
statistically significant difference between control and differentiation cultures.

3) Average fold changes (AFC) calculated by subtracting the mean Cq value for
each time point in control or differentiation culture from the mean Cq value cor-
responding to the control culture at day 2. ΔCq is further transformed into fold
differences with the formula 2-ΔCq. [62, 222]

4) Maximum fold change (MFC) calculated similarly to the AFC though consider-
ing the maximum/minimum instead of the mean Cq value. [60, 222]

1) & 2) were calculated of the entire dataset of Cq values of three different donors at
two different passages in control as well as in differentiation culture. 3) & 4) were
calculated at each time point, using day 2 of control culture as calibrator. The ob-
tained values of all time points and conditions of the entire dataset are in the case of
AFC averaged, and for MFC the highest one represented in Table C.2. The calcula-
tion of AFC and MFC assumes a primer efficiency of 100%. The perfect RG would
show no variation in Cq value during the process of differentiation and would result
in AFC and MFC values equal to one, p-value > 0.05, of 0% and IQR of zero. The sta-
tistical analysis was performed using the software R Project for Statistical Comput-
ing (h p://www.r-project.org/index.html). In addition to the statistical evaluation
of RG stability using the above described criteria, geNorm [278], Normfinder [13]
and BestKeeper [214] algorithms were applied. Cq values were put into the data
file of the Normfinder and BestKeeper software, whereas AFC values were used for
geNorm analysis.
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Results

Multilineage differentiation potential

TheMSC multilineage differentiationpotential of all donors was confirmed byqPCR
(Figure C.1, Table C.2) as well as immunofluorescent and histochemical stainings
(Figure C.2).

Table C.2.: qPCR gene expression analysis of key differentiation markers. Relative expression
(2-ΔΔCq) of differentiation markers of all donors at passage one and four at day 22 of
induction of adipogenesis (adipo), chondrogenesis (chondro) and osteogenesis (osteo).
RPL13a used as normalizer and control culture day 2 as calibrator of all data

Adipo Chondro Osteo
Donor Passage aP2 PPARΓ Coll II Aggrecan Coll I Osteocalcin

1 1 635 7 1,452,393 228 6 3

4 167 14 643,985 53 6 6

2 1 809 125 875,635 122 9 44

4 6,237 558 374,170 80 4 20

3 1 17,783 48 139,187 12 8 7

4 135,381 14 10,897 13 10 23

Adipogenic differentiation is marked by the appearance of oil droplets stained by
Oil Red O on day 16 (Figure C.2A). The adipogenic markers fa y acid binding pro-
tein 4 (aP2) and peroxisome proliferator-activated receptor gamma
(PPARy) were expressed significantly at day 22 in all donors and were at passage
4 sometimes even more abundant than at passage 1 (Table C.2). Chondrogenic dif-
ferentiation was visualized using alcian blue/PAS staining, revealing a light blue
colour upon the appearance of proteoglycans starting on day 16 (Figure C.2B). Ag-
grecan and collagen 2, the chondrogenicmarker genes, are upregulated in all donors
(Table C.2). In the osteogenically differentiated samples, collagen 1 staining in-
creased during the entire 22 days culture period (Figure C.2C) which goes in line
with the qPCR data (Figure C.1, Table C.2). Osteocalcin, a later marker of osteo-
genesis, was expressed around day 9 and steadily increased thereafter. The qPCR
data shows that all three donors are exhibiting a multilineage differentiation po-
tential (Figure C.1) with a certain interpatient variability typical for MSC studies
(Table C.2). MSC-proliferation medium, containing FGF-2 to preserve the stem cell
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C. RPL13a as a reference gene for qPCR normalization

character 21, was used as the control condition for adipo-, and osteogenesis, exhibit-
ing no Oil Red O or collagen 1 staining on day 21, respectively. The appropriate
control condition for chondrogenesis was confirmed by the absence of alcian blue
staining in pellet cultures after 14 days.

Figure C.1.: Gene expression profile of key differentiation markers Gene expression profile of
donor 2 at passage 1 (triangle) and 4 (circle) duringA adipogenic-,B chondrogenic- andC osteogenic
differentiation over 22 days. RPL13a was used as normalizer and control culture day 2 as calibrator
of all data.
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Figure C.2.: Multilineage differentiation potential of MSCs A Adipogenic (ADIPO) cultures
stained with Oil Red O/DAPI. B Chondrogenic (CHONDRO) pellet culture stained with Alcian
Blue/PAS. Control day 22 too small for analysis. C Osteogenic (OSTEO) cultures stained with col-
lagen 1/DAPI at day 9, 16 and 22 of induction in differentiation or control medium. Scale bars 200
µm
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Evaluation of reference gene expression stability

Expansion and differentiation of hBM-MSCs

To study the expression stability of the seven RGs selected during differentiation,
we analyzed several parameters summarized in Table C.3. The distribution of the
quantification cycle values (Cq) of all donors was graphically depicted in boxplots
(Figure C.3), which delimit the 25th and 75th percentile of the dataset also known
as the interquartile range (IQR - Table C.3). Further, a t-test was performed to assess
the change between control and differentiation cultures represented as side-by-side
boxplots in Figure C.3 A-C right.

The resulting p-value (Table C.3) reflects the probability that the Cq values for dif-
ferentiated samples are statistically different than in control cultures. In addition,
average and maximum fold changes (AFC and respectively MFC) [62, 222] were
calculated (Figure C.4). The selection criteria applied in this work is: IQR < 0.7, p-
value > 0.05, AFC < 2 (Figure C.4) and MFC < 2.2. On the basis of these criteria, 18S
(IQR = 0.43, p-value = 0.35, AFC = 1.6, MFC = 1.92), EF1a (IQR = 0.67, p-value = 0.68,
AFC = 1.39, MFC = 1.48) and RPL13a (IQR = 0.52, p-value = 0.07, AFC = 1.46, MFC
= 1.57) are possible RGs to normalize adipogenic differentiation studies (Figure 3A
and 4A). For chondrogenesis (Figure C.3B and C.4B), RPL13a (IQR = 0.35, p-value
= 0.22, AFC = 1.9, MFC = 2.11) as well as YWHAZ (IQR = 0.43, p-value = 0.42, AFC
= 1.53, MFC = 1.85) fulfilled the selection criteria whereas only RPL13a (IQR = 0.68,
p-value = 0.06, AFC = 1.65, MFC = 1.83) was concluded to be a stably ex-pressed
RG during osteogenic differentiation (Figure C.3C and C.4C). On the other hand,
the two most unstably expressed RGs were ACTB and GAPDH with MFC reaching
up to 8.35 (ACTB during adipogenesis) and 20.05 (GAPDH during chondrogene-
sis). This instability was confirmed in the analysis of all differentiation lineages
together resulting in the two highest IQRs for ACTB (1.21) and GAPDH (1.43) (Fig-
ure C.3D, Table C.3). Taken together, RPL13a shows the lowest variability across
donors, passage numbers, as well as differentiation conditions with an IQR of 0.59,
p-value of 0.56 and MFC smaller than 2. Based on these results, we ranked the
genes according to their IQR (the lower, the more stable). This ranking represented
in Table C.4 places RPL13a in the first place for chondrogenesis and osteogenesis
and on the second place for adipogenesis. The algorithms of geNorm, NormFinder
and Bestkeeper all support the first rank of RPL13a for the analysis of chondrogenic
induction experiments whereas for adipogenesis and osteogenesis always two out
of three show RPL13a in the first rank (Table C.4).
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Figure C.3.: Distribution of Cq values A adipo-, B chondro- and C osteogenesis. Left, values of
all donors /passages in control and differentiation culture. Right, data split up into control (grey)
and differentiation (black) cultures. D all lineages together. E RPL13a values of freshly isolated
(hBM-MSCs), commercial bone marrow- (Lonza MSCs) and placenta-derived MSCs (hPD-MSCs) as
well as HBCs and MG-63.
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C. RPL13a as a reference gene for qPCR normalization

Figure C.4.: Fold changes (2-ΔCq) in reference gene expressionAverage (AFC, columns) and max-
imum fold change (MFC, error bars) of A adipo-, B chondro-, and C osteogenesis on day 9, 15, 22 in
differentiation (diff) and control medium of all donors and passages. Control day 2 used as calibra-
tor. Black line indicates the selection criteria of AFC < 2.
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Table C.3.: Summary of the stability parameters evaluated for all seven reference genes in chon-
dro, adipo and osteogenic differentiation Coefficient of variation (CV [%]) calculated
by the standard deviation divided by the mean, p-value of the t-test showing the vari-
ation between the Ct values of control and differentiation cultures, inter quartile range
(IQR), average (AFC) and maximum fold change (MFC). For AFC and MFC the highest
value of the whole dataset is represented. The reference genes fulfilling the selection
criteria (IQR < 0.7, p-value > 0.05, AFC < 2 and MFC < 2.2) during adipo-, chondro-,
osteogenesis are highlighted in grey. The analysis of all Cq values of adipo-, chondro-
and osteogenesis together (labeled as “all”) resulted in only RPL13a fulfilling the cri-
teria.

Differentiation Primer IQR p-value AFC MFC

adipogenesis 18S 0.43 3.5E-01 1.60 1.92

EF1α 0.67 6.8E-01 1.39 1.48

RPL13a 0.52 7.0E-0.2 1.46 1.57

B2M 0.77 6.9E-15 1.85 2.08

ACTB 1.59 2.2E-16 7.12 8.35

GAPDH 0.95 3.9E-05 1.93 2.35

YWHAZ 1.01 2.2E-16 3.14 3.43

chondrogenesis 18S 0.95 3.7E-02 1.61 1.90

EF1α 1.15 7.5E-01 4.20 5.72

RPL13a 0.35 2.2E-01 1.90 2.11

B2M 0.95 1.3E-14 3.21 3.54

ACTB 0.79 2.6E-01 1.8 2.61

GAPDH 1.82 9.7E-02 14.43 20.05

YWHAZ 0.43 4.2E-01 1.53 1.85

osteogenesis 18S 1.17 5.2E-02 1.47 1.71

EF1α 0.75 2.1E-08 2.35 2.83

RPL13a 0.68 6.0E-02 1.65 1.83

B2M 0.74 4.6E-16 1.73 2.11

ACTB 0.91 2.6E-01 3.09 3.36

GAPDH 1.02 3.0E-16 2.33 2.72

YWHAZ 0.80 1.2E-06 2.65 3.01

all 18S 0.77 8.5E-01 < 2 < 2.2

EF1α 0.95 3.9E-03 > 2 > 2.2

RPL13a 0.59 5.6E-01 < 2 < 2.2

B2M 0.85 2.2E-16 > 2 > 2.2

ACTB 1.21 9.5E-13 > 2 > 2.2

GAPDH 1.43 3.6E-03 > 2 > 2.2

YWHAZ 0.78 2.2E-16 > 2 > 2.2
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Table C.4.: Reference gene ranking based on geNorm, NormFinder and Bestkeeper algorithms
and IQR rating Rating based on different algorithms yielding expression stability val-
ues (shown in parenthesis). Algorithms used: geNorm (M value), NormFinder, Best-
Keeper (SD[±CP]), and IQR rating. Ranking of RPL13a highlighted in gray. SD[±CP],
standard deviation of crossing point

Rank GeNorm NormFinder BestKeeper IQR rating

Adipogenesis

1 EF1α(0.91) GAPDH (0.40) 18S (0.25) 18S (0.43)

2 RPL13a (0.2) B2M (0.48) RPL13a (0.28) RPL13a (0.52)

3 18S (0.21) YWHAZ (0.5) EF1α(0.37) EF1α(0.67)

4 GAPDH (0.27) EF1α(0.58) B2M (0.38) B2M (0.77)

5 B2M (0.3) 18S (0.58) GAPDH (0.51) GAPDH (0.95)

6 YWHAZ (0.36) RPL13a (0.59) YWHAZ (0.58) YWHAZ (1.01)

7 ACTB (0.53) ACTB (1.87) ACTB (1.04) ACTB (1.59)

Chondrogenesis

1 RPL13a (0.14) RPL13a (0.36) RPL13a (0.28) RPL13a (0.35)

2 18S (0.15) 18S (0.44) YWHAZ (0.31) YWHAZ (0.43)

3 YWHAZ (0.16) EF1α(0.58) ACTB (0.42) ACTB (0.79)

4 ACTB (0.28) YWHAZ (0.60) 18S (0.50) B2M (0.95)

5 EF1α(0.37) ACTB (1.00) B2M (0.68) 18S (0.95)

6 B2M (0.51) B2M (1.24) EF1α(0.68) EF1α(1.15)

7 GAPDH (0.7) GAPDH (2.54) GAPDH (1.09) GAPDH (1.82)

Osteogenesis

1 B2M (0.18) RPL13a (0.23) RPL13a (0.35) RPL13a (0.68)

2 EF1α(0.2) 18S (0.25) B2M (0.36) B2M (0.74)

3 GAPDH (0.20) B2M (0.26) EF1α(0.43) EF1α(0.75)

4 18S (0.24) EF1α(0.35) YWHAZ (0.46) YWHAZ (0.80)

5 RPL13a (0.27) YWHAZ (0.35) ACTB (0.53) ACTB (0.91)

6 YWHAZ (0.32) GAPDH (0.39) 18S (0.59) GAPDH (1.02)

7 ACTB (0.38) ACTB (0.45) GAPDH (0.6) 18S (1.17)
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MSCs of different sources and bone cells

Once RPL13a was selected as the RG of choice for bone marrow-derived MSCs
(hBM-MSCs), we further tested its expression stability on commercially available
hBM-MSCs (Lonza MSCs) as well as placenta-derived MSCs (hPD-MSCs) during
adipo-, chondro- and osteogenesis. The differentiation experiments using Lonza
MSCs were performed with purchased cells from one donor and the hPD-MSCs
cells from two donors. RPL13a showed a similar distribution for these two MSCs
(Figure C.3E) as it does for the freshly isolated hBM-MSCs and is therefore consid-
ered stably expressed throughout mesodermal differentiation of MSCs. In a subse-
quent step, we analyzed the RPL13a stability in gene expression during osteogenic
differentiation of bone cells. Primary bone cells (HBCs) as well as the MG-63 (hu-
man osteosarcoma cell line) were therefore induced over 7 days (time points ana-
lyzed: day 1, 4, 7) in induction medium. The HBCs show a comparable Cq distri-
bution to that of MSCs (Figure C.3E) whereas MG-63, the only non-primary cells,
are expressing RPL13a at a higher level. Although exhibiting a lower Cq mean,
the distribution is narrow, indicating a high expression stability of RPL13a during
osteogenic differentiation.

Effect of reference gene expression stability on marker gene expression

The effect of the RG variance on the expression pa ern of the adipo-, chondro-, and
osteo markers was analyzed (Figure C.5). For clarity, only the relative expression of
the marker genes from donor 2 at passage 1 are shown using GAPDH, RPL13a and
ACTB as RGs. The instability of ACTB during adipogenesis leads to an increase
of 281% of the relative expression of aP2 at day 22 compared to RPL13a. GAPDH,
being less variable, only shows an error of 28% (Figure C.5A). The expression of
collagen 2 during the chondrogenic differentiation process is affected by a smaller
degree by ACTB (40%) but more pronounced by GAPDH (222%) (Figure C.5B). This
increase would be even higher when relating to the control cultures of the chon-
drogenic lineage (Figure C.4B). The normalization of the osteogenic-specific genes
shows a resulting error in collagen 1 expression of 186% for ACTB and 55% for
GAPDH (Figure C.5C).
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Figure C.5.: Effect of reference gene stability on marker gene expression Relative gene expres-
sion of A aP2 during adipogenic, B collagen 2 during chondrogenic, and C collagen 1 during os-
teogenic differentiation normalized by GAPDH (white triangle), RPL13a (black circle) and ACTB
(white square). Data of donor 2 passage 1 represented. Control culture day 2 was used as calibrator.
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Discussion

In the present study we have established RPL13a, a member of the L13 riboso-
mal protein family and a structural component of the large 60S ribosomal sub-
unit, as the RG of choice for mesenchymal stromal cell studies. Among the seven
RGs GAPDH, RPL13a, ACTB, YWHAZ, EF1a and B2M, RPL13a showed the lowest
expression variability throughout adipogenic, chondrogenic, osteogenic differen-
tiation of MSCs. We have studied the stability in gene expression of the RGs of
three different donors at passage one and four, proving that RPL13a expression
is not only stable during differentiation but also during expansion to higher pas-
sages. This result is confirmed by at least two out of three algorithms (geNorm,
NormFinder, BestKeeper) known for gene expression stability analysis. The dis-
crepancy in the resulting stability ranking shows the difficulty of reference gene
stability analysis, which are based on different arbitrarily chosen parameters. The
majority of three out of four analysis methods supporting RPL13a as the reference
gene of choice is a striking evidence for its stability. Next to freshly isolated hBM-
MSCs, we applied RPL13a to studies with commercially available and placenta-
derived MSCs, where its suitability for comparison studies between different MSCs
was confirmed. These findings are in agreement with several studies on qPCR nor-
malization. DeJonge et al. [60] performed a meta-analysis on 13’629 human gene
array samples (including stem cells) and identified RPL13a as one of the top 15
candidate RGs. The ranking based on the CV, placed ACTB on position 57 and
GAPDH on 139. Vandesompele et al. [278] studied different human tissues and
cells (including bone marrow) and concluded that RPL13a together with Ubiqui-
tin C are the RGs with the smallest variation in bone marrow samples. These two
publications, studying the stability of RGs in a wide variety of tissues, are lacking
the analysis of their variance during differentiation events. The work of Curtis et
al. [56] focused on endothelial differentiation of bone marrow-derived MSCs as well
as their expansion under different conditions. They have shown EF1a and RPL13a
expression to be stable under all studied experimental conditions, however missing
the differentiation into the common mesodermal lineages. Quiroz et al. [217, 222]
demonstrated the stability of RPL13a expression for osteogenic differentiation of
bone marrow-derived MSCs, applying the selection criteria of AFC and MFC < 2.
Their study was performed using cells from one donor at passage five, thereby ne-
glecting interpatient variability. We decided, in the present work, to use cells from
three patients, to address this variability. Our results show that the gene expres-
sion stability of RPL13a in the osteogenically induced cultures fulfills the criteria
proposed by Quiroz et al., including not only one but three donors at different pas-
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sages. Osteogenesis though showed to be the mesodermal differentiation lineage
the least affected by changes that result in RG expression instability. Taking adi-
pogenesis and chondrogenesis in consideration as well, the selection criteria had to
be slightly alleviated to AFC < 2 and MFC < 2.2. Additionally, our data confirms
the use of RPL13a as a RG in bone research, showing its stability not only under
osteogenic differentiation of MSCs but also of MG-63 and primary bone cells. The
higher abundance of RPL13a in the osteosarcoma cell line MG-63, most probably
originates in the immortalization process, which is known to affect cellular pro-
cesses [139, 208]. GAPDH and ACTB, the two most widely used RGs in MSC stud-
ies [56,264], showed the highest expression variability of all seven RGs analyzed in
bone marrow-derived MSCs. GAPDH has been shown to play a role in many cellu-
lar processes such as nuclear RNA export, DNA replication, DNA repair, exocytotic
membrane fusion, cytoskeletal organisation and phosphotransferase activity [247]
and therefore its mRNA level is prone to be affected by events such as differentia-
tion. The expression level of ACTB, a structural protein associated with cell shape
and motility, is expected to be altered during adipo-, chondro- and osteogenesis,
three processes involving a major change in cell morphology [38,185,203,228]. The
use of ribosomal RNA genes such as 18S, on the other hand, is not only problem-
atic due to their proven instability [119, 249, 266] but also due to their high abun-
dance and the different transcription mechanism which, compared to mRNA, is not
carried out by RNA polymerase II but RNA polymerase I [223, 249]. We therefore
highly recommend abandoning the normalization based on these RGs in the field of
human mesenchymal stromal cell research. The expression variability of RGs used
in the MSC community hinders a conclusive comparison between different studies
and therefore puts their value into question. Our work showing the instability in
gene expression of commonly used RGs under expansion, adipo-, chondro- and os-
teogenic differentiation as well as between different MSCs further demonstrates the
necessity of establishing a common RG to be used by all investigators working on
mesenchymal stromal cells. We propose the use of RPL13a as a single RG instead
of the multiple RG approach proposed by others [63] as the stability of RPL13a is
sufficiently high.
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