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General introduction

General introduction

Human life is changing. Life expectancy has increased worldwide and as a way to
improve quality of life, physical exercise is recommended, even at an older age.l® The
positive effects of exercise on reducing cancer, cardiovascular disease, dementia and
also osteoarthritis (OA) have been extensively described in the literature.* Ironically,
mechanical trauma due to exercise is described as the biggest cause of focal articular
cartilage defects.® Therefore, increased exercise can also be detrimental due to the
extra stress we exert on our musculoskeletal system, which may, especially in
combination with increased obesity, result in mechanical and biological joint damage.5’
A great amount of the strength and resilience of the musculoskeletal system is derived
from an interplay of tension and compression in the bones, muscles, ligaments and
cartilage, a phenomenon called tensegrity (Figure 1.1).% Tensegrity seems nature’s aim
to find the balance between loading and loadbearing capacity and is also found as
hydrostatic pressure in the arcade like macromolecular structure of articular cartilage.
As a result, these different parts of the human musculoskeletal system have their own
characteristics. Articular cartilage in particular, has little regenerative capacity and is
prone to continued degeneration.® In the process of articular cartilage damage and
joint degeneration, an important component is the altered expression of biomolecular
factors, amongst others, growth factors and cytokines affecting the homeostasis of
articular cartilage and increasing unfavourable endochondral ossification (EO) of the
cartilage tissue.1012

The work presented in this thesis focusses on understanding alterations in the role of
EO in articular cartilage damage and possibilities to use the active biomolecular
mechanisms in EO for the treatment of articular cartilage damage.

Skeletal development

Bones are developed via two different mechanisms: intramembranous and
endochondral bone formation.!® The flat bones of the skull, most of the cranial bones
and clavicles are the result of intramembranous bone formation. In this cellular
process, immature mesenchymal progenitor cells differentiate directly into bone
forming osteoblasts.!* In contrast, endochondral bone formation occurs by the
development of a cartilaginous template, which is later replaced by bone through EOQ.*
The postnatal process of EO is heavily influenced by at least three different levels of
biomechanical stimuli that reflect the principles of tensegrity (i.e., cell, muscle, and
environmental level).®® In embryonic development, aggregation of mesenchymal
stem cells forms the cartilage anlagen. Mesenchymal cells in the non-vascularized
centre of the condensation differentiate under the influence of the essential Sex
Determining Region Y-Box 9 (SOX9) into chondrocytes and increase the synthesis of,
amongst others, aggrecan and collagens type Il, IX, and X1.2° Simultaneously, cells at the
periphery of the condensations differentiate into perichondrial cells that express
collagen type | and form the bone collar.?
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Figure 1.1 The mechanism of tensegrity depicted in several levels.

A. Tensegrity depicted in a 3D-model. The struts counteract the compressive force applied
by the strings. Vice versa, the tensile force from the struts is counteracted by the strings
resulting in an equilibrium.

B. Tensegrity in the musculoskeletal system of a human. The bones act as struts and
counteract the compressive forces created by tensioning of the muscles, tendons and
ligaments (the cables).

C. Tensegrity in articular cartilage. Osmotic pressure caused by hydration of proteoglycans
pre-tensions the cartilage and counteracts the tensile forces created by a network of
collagen fibres.

D. Tensegrity in the cell. Microfilaments from the cytoskeleton cause tensile forces and pull
the membrane inwards. Microtubules and large bundles of microfilaments act as struts
and counteract the inward forces.
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General introduction

In the resulting cartilage primordium the distinction in growth plate and articular
cartilage formation begins with the emergence of the interzone, a tripartite structure
consisting of a mid-density inner layer (the central intermediate lamina) and two high-
density outer layers (Figure 1.2).2° Hereafter, two distinct processes continue (i.e.,
endochondral bone formation and articular cartilage formation), which will be
explained below.

Growth plate & endochondral bone formation

Directed by bone morphogenetic protein (BMP) signalling, the chondrocytes at the core
of the cartilage primordium proliferate at a high rate.! These chondrocytes
subsequently become hypertrophic. This is regulated mainly by runt-related
transcription factor 2 (Runx2), which drives, amongst others, collagen type X alpha 1
chain (COL10a1) expression.?? Finally, hypertrophic chondrocytes transdifferentiate into
osteoblasts or undergo apoptosis and the surrounding extracellular matrix (ECM)
calcifies, setting the stage for endochondral bone formation by vascular invasion and
osteoblast activity (i.e., the growth plate) (Figure 1.2).232

An important factor in regulating the pace of the growth plate development and
thereby the speed of EO bone formation is the Parathyroid hormone-related protein
(PTHrP) - Indian Hedgehog (Ihh) negative feedback loop.?

Ihh is produced by early hypertrophic chondrocytes in the growth plate and stimulates
the production of PTHrP by perichondrial cells and resting zone chondrocytes.?®?” In a
concentration-dependent manner, PTHrP inhibits chondrocyte hypertrophy and keeps
chondrocytes in a proliferative state.?® The proliferation of chondrocytes increases the
distance between early hypertrophic chondrocytes and the PTHrP-secreting cells in the
resting zone. By this increased distance, the local PTHrP concentration decreases,
chondrocytes become hypertrophic and again produce Ihh.2° This resulting PTHrP-lhh
negative feedback loop is crucial in balancing development of the growth plate, but
there are multiple other pathways that influence the growth plate (e.g., BMPs,
fibroblast growth factor, insulin-like growth factor, Wnt signalling and Runx2) and
potentially interact with the PTHrP-Hedgehog negative feedback mechanism.?:%

Articular cartilage formation

Occurring by a process similar to the endochondral ossification of the ‘true’ growth
plate, articular cartilage temporarily acts as a surface growth plate and is to some
extent responsible for epiphyseal bone growth.3! However, the process of articular
cartilage formation is distinct from growth plate cartilage and subsequent bone
formation.?® As articular cartilage develops within the cartilage anlagen, the anlagen
elongates and approaches the adjacent anlagen. However, the anlagen remain
separated by the interzone, a distinct, non-cartilaginous region.3? Chondrocytes at the
ends of the anlagen differentiate into the articular cartilage under the influence of
Wingless and Int-1 signaling.® The chondrocytes in developing articular cartilage are
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marked by the expression of Sox5, 6, and 9, which regulate the expression of genes
encoding ECM molecules like collagen type Il and the proteoglycan aggrecan. This
supports the development of hyaluronic acid-rich articular cartilage.3® The resulting
hyaline articular cartilage is an avascular and aneural tissue with an arcade-like
macromolecular structure that consists of different zones each with their unique
biomechanical and cellular properties. These unique properties provide an
environment in which the joint can articulate with very little resistance and at the same
time is able to withstand substantial compressive and shear forces.?* In the superficial
articular cartilage zone, collagen fibres are mainly orientated parallel to the joint
surface to withstand shear stress.3* Collagen fibres in the intermediate zone have a
more random orientation.3* In the deep zone the collagen fibres are orientated parallel
to the long axis of the bone to withstand compressional forces and to provide a firm
anchoring of the articular cartilage to the subchondral bone.3>%¢ In close contact to the
subchondral bone is the deepest layer, a zone of calcified cartilage, rich in collagen type
X and alkaline phosphatase (ALP) which is separated from the non-calcified cartilage by
the tidemark (Figure 1.2).13:37-40
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Figure 1.2 Schematic representation of the formation of articular and growth plate cartilage.

(A). Aggregation of mesenchymal cells forms the cartilage anlagen

(B). As the cartilage anlagen elongates, the interzone emerges

(C). The interzone contributes to the formation of the joint cavity and synovial tissue

(D). Bone and joint development continue and the growth plate and articular cartilage arise
(E). The resulting articular cartilage is a highly organized structure of, amongst others,
chondrocytes, proteoglycans and collagen fibres which are oriented differently in the
superficial, transitional and deep zone. Separated from the non-calcified cartilage by the
tidemark is a layer of calcified cartilage which overlies the subchondral bone

(F). A more detailed representation of the growth plate displaying the resting zone,
proliferative zone, hypertrophic zone and below the zone of chondrocyte transdifferentiation
or apoptosis, vascular invasion and osteoblast activity.
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Articular cartilage damage

Articular cartilage has a low cellularity and in addition, a very low number of progenitor
cells, as compared to other tissues.**? Also, the highly organized collagen and
proteoglycan network debilitates chondrocyte motility.*®* These factors are
hypothesized to cause the limited regenerative capacity of articular cartilage.***
Physiological stress on the joint can trigger a beneficial anabolic response for the
articular cartilage composition (i.e., increased glycosaminoglycan (GAG) content).*
However, due to the aforementioned limited regenerative capacity, pathologic (i.e.,
larger and/or iterative) stresses can either cause a focal cartilage defect, or trigger a
catabolic process that disturbs the joint homeostasis and initiate pre-osteoarthritis
(pre-0OA).%>% When not adequately treated, focal cartilage defects, as well as pre-0A,
will inevitably lead to OA.°

Pre-osteoarthritis

The onset of articular cartilage damage can be defined as pre-OA.% At this stage, often
before the stage of early OA,*” a patient has one or more risk factors, but can still be
asymptomatic, and damage is microscopic rather than macroscopic. Because joint
damage is predominantly at the cellular level.* the applied diagnostic modalities have
to be able to detect changes at this level. Therefore, biomarkers focused on changes at
the tissue level (e.g.: serum cartilage oligomeric matrix protein (s-COMP), adiponectin,
matrix metalloproteinases (MMPs), type Il collagen C-telopeptide (UCTX-Il), and
interleukin 6 (IL-6)), and enhanced MRI protocols that can visualize a diminished GAG
content in articular cartilage, are extensively studied topics.***¢ Unfortunately, these
techniques have not yet been implemented clinically.®>%® In addition, when articular
cartilage lesions are still confined to the cellular level and no macroscopic damage can
be observed (International Cartilage Repair Society (ICRS) score grade 0), arthroscopy
has to be enhanced by complementary techniques such as near infrared, ultrasound, or
mechanical probing to be able to detect pre-OA.*

Although diagnosing pre-OA is difficult, in this stage of OA, only minor changes at a
cellular level are present, which might be still reversible (healing without scar
formation),*® or repairable (healing with scar formation but still a functional organ).?’
Therefore, this stage has been proposed as a preferable moment to intervene, rather
than when structural damage is already present.*

Articular cartilage lesions

Articular cartilage lesions are very common in humans. A review of 42 studies
(4322 knees in 3446 asymptomatic adults) reported an overall pooled prevalence of
24%.% A more recent prospective cohort study of 230 knees in asymptomatic adults
using 3.0T MRI showed articular cartilage lesions in even 62% of the knees.>® Causes for
localized articular cartilage lesions are mostly non-contact trauma in either sports or
daily life, but many patients report no history of trauma at all. It is likely that the limit
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of physiological stress is exceeded in these patients at some point in time. Patients with
articular cartilage lesions are often asymptomatic, but otherwise impaired function,
pain, joint effusion, and clicking or locking are most frequently reported.>? Articular
cartilage defects are graded based on the ICRS-score:* (Figure 1.3).

Figure 1.3 ICRS-score (reprint with permission of the International Cartilage Regeneration & Joint
Preservation Society)
Grade 0 — Normal
Grade 1 — Softening or superficial cracks.
Grade 2 — Lesions extending <50% of cartilage depth.
Grade 3 — Lesions extending >50% or into the calcified layer, but not in subchondral bone.
Grade 4 — Lesions extending in the subchondral bone.

Articular cartilage defects not only cause visible changes on MRI or arthroscopy, but
cellular changes are also present.>® In a study of Saris et al., within a few weeks after
the creation of an articular cartilage defect in the knees of 21 adolescent goats,
prostaglandin synthesis increased and GAG content in articular cartilage diminished
when the defects were treated ‘late’ or not at all.>® An association between articular
cartilage defects on MRI and UCTX-Il (a marker for collagen type Il breakdown) with
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only minimal signs of OA was described by Ding et al.>* The amount of inflammation
can differ, but at least some inflammation will be present in the joints of all patients
with articular cartilage defects.> Proinflammatory cytokine levels (e.g., IL-1-beta, IL-6
and tumor necrosis factor alpha (TNF-alpha)) have shown to inhibit all varieties of
tissue repair (including bone and cartilage).>>°® This notion is supported by the study of
Davies-Tuck et al. who used MRI at baseline and 2-year follow-up to show that most
articular cartilage defects tend to increase in severity and only a small percentage of
defects decrease in severity when left untreated.® In the same study, increasing age and
a high volume of involved subchondral bone area were found to be risk factors for
progression of the defects into OA.°

Osteoarthritis

Osteoarthritis (OA) is the most common joint disorder leading to pain and physical
disability and constitutes a large medical healthcare economic burden worldwide.%’
Due to the ageing population and increasing prevalence of obesity, this burden will
increase even more in the near future.”5%>°

Osteoarthritis is a complex and chronic whole joint disease with structural changes in
the articular cartilage, subchondral bone, synovium, ligaments and periarticular muscle.
This is further characterized by amongst others a pathologic micro-environment that
causes cartilage degradation and mineralization,® osteophyte formation,%! subchondral
sclerosis,’? an increased number of tidemarks,%® and low-grade synovial inflammation
with subsequent fibrosis.®* The cause of osteoarthritis is multifactorial, but the
underlying pathogenesis is considered to be an imbalance between degenerative
stimuli and repair capacity of the joint tissues.’® In an OA joint, when the joint
homeostasis is disturbed, chondrocytes show an aberrant phenotype and actively
produce cartilage-degrading enzymes, such as MMP-13 and aggrecanases.>**° Many of
the frequently used markers for OA cartilage (type X collagen, MMP-13, Runx-2, ALP,
and IHH) indicate a substantial role of endochondral ossification of articular cartilage in
OA.%° Terminal differentiation of chondrocytes, endochondral ossification, and often
inflammation, cause alterations that can contribute to the degeneration of cartilage. In
the healthy joint, these alterations do not occur in articular cartilage (except in the
calcified layer and tidemark),® but are found in the osteoarthritic joint.®’” This indicates
that EO contributes to the degenerative process in OA cartilage.®” When left untreated,
pre-OA as well as focal articular cartilage defects disturb the joint homeostasis, almost
certainly induce osteoarthritis and eventually may even lead to joint replacement
surgery.50.68

Treatment of articular cartilage damage

Articular cartilage damage can present as focal articular cartilage defects and diffuse
cartilage damage (OA). However, an important difference between the two is that OA is
a result of long existing and increasing damage and usually encompasses a degenerated
joint as a whole. At present there is no treatment known that is able to restore the joint
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and its anabolic state.>® In contrast, a timely and adequate treatment of focal articular
cartilage defects is thought to be able to slow down or even reverse a catabolic state of
the joint, which prevents deterioration of the joint and subsequent QA>3

As stated earlier, when left untreated, a focal articular cartilage defect is almost certain
to progress into osteoarthritis.®® Therefore, a variety of interventions to treat focal
articular cartilage defects has been developed over the last decades.®® But, although
treatment algorithms have been improved, compared to other areas such as
arthroplasty, articular cartilage repair surgery is a relatively emerging field in
orthopaedic surgery. Long-term clinical follow-up data is often lacking, hampering the
interpretation of clinical efficacy of cartilage repair surgery.®® An overview of currently
available treatments of articular cartilage damage is provided below.

Treatment of focal articular cartilage defects
Tissue Regeneration approaches

Marrow stimulation techniques

Surgery of focal articular cartilage defects in the knee started with reparative
procedures such as abrasion chondroplasty, Pridie drilling, microfracture and other
marrow stimulation techniques.”® A more recent advancement is microdrilling, which is
a combination of Pridie drilling and microfracture. This is a more controllable technique
in which small diameter holes are drilled and no thermal necrosis is found.®>’* The
rationale behind marrow stimulation techniques (MSTs) is to trigger a repair
mechanism which results in a defect filled with fibrocartilaginous tissue. The success
rate of MSTs is higher in younger patients. This is attributed to a decreasing availability
of bone-marrow-derived stem cells in the ageing patient.®® Although short-term results
of MSTs were promising, the resulting tissue lacks durability and the risk of failure on a
longer-term follow-up is high.”2 The consensus is that MSTs should be reserved for well-
contained chondral lesions smaller than 2-3 cm?7® Moreover, the failure rate of
revision surgery by autologous chondrocyte implantation (ACI) is increased after failed
previous marrow stimulating techniques and therefore caution is advised for its use in
larger lesions.”

Tissue engineering and regenerative medicine

The fields of tissue engineering (TE) and regenerative medicine are considered most
promising for the treatment of articular cartilage defects.®® They both aim to create
functional (cartilage) tissue by combining cells, scaffolds, and biologically active
molecules.®® Periosteum- and perichondrium transplantation were early forms of TE.”>
78 |n these techniques, the harvested tissues included both chondroprogenitor cells and
the scaffold.”®”® While this combination was hypothesized to be ideal for cartilage
formation and early results were promising, it was prone to chondrocyte hypertrophy
and is no longer used due to unsatisfactory results.®’ The most well-known cell-based
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example of TE in articular cartilage surgery is ACl which expands chondrocytes for re-
implantation.8® The cell (chondrocyte) based technique ACI was introduced by
Brittberg, Peterson and co-workers in 1994.82 The technique includes two surgical
procedures. During a first surgical procedure, cartilage tissue is harvested from a
healthy, non-weight bearing part of the articular cartilage. From this tissue,
chondrocytes are retrieved and expanded in a laboratory. During a second procedure,
the chondrocytes from the cell culture were injected into the defect beneath a
periosteal flap in the first generation of ACI.2 While ACI has led to good clinical results
since its introduction.®28* the technique has been refined several times over the
years.®® These refinements include substitution of the periosteal flap by a collagen or
hyaluronan matrix (MACI), a selection of chondrocytes with high chondrogenic
potential (ccl)  and the currently used fourth  generation  ACI
(Chondrosphere/Spherox).®® Spherox ACI has been found cost-effective based on
studies comparing ACI to microfracture and is currently recommended by the National
Institute of Health and Care Excellence (NICE) for the treatment of articular cartilage
defects (ICRS-score grade Il and IV) over 2 cm? in patients with minimal OA (i.e.,
Kellgren & Lawrence grade less than 2) and without previous surgery of the defect.8>8¢
Although age is not mentioned as a limiting factor in the NICE guideline, improved
outcomes are often demonstrated in younger patients (age <30) for cell-based
treatment strategies.®’

Other cell types for use in TE are mesenchymal stem cells that can be derived from,
amongst others, adipose tissue, perichondrium, periosteum and bone marrow and
subsequently treated with e.g., growth factors to induce chondrogenic differentiation.8!
Scaffolds can be created from several materials (e.g., collagen, hyaluronan, synthetic)
and are also used to contain chondrocytes or other cell sources such as bone marrow
stem cells derived from microfracture, drilling or other donor sites.® They are designed
to resemble the structure and function of articular cartilage and/or subchondral bone.8®
The enormous diversity of tissue properties of articular cartilage and subchondral bone
complicates the development of a suitable scaffold for cartilage tissue engineering and
to date no engineered construct with acceptable cartilage repair capacity has been
produced.®

Cartilage tissue resurfacing

To avoid the formation of biomechanically less sustainable fibrocartilage,
osteochondral autografting (OATS) and allografting (OCA) were introduced to resurface
a defect with articular cartilage.®® An osteochondral plug is taken from a donor site
(autograft in a low- or non-load-bearing location of the knee or allograft) and driven
press-fit into the prepared receptor site. Another advantage is its concomitant
treatment of the subchondral bone. Both OATS and OCA lead to good results, but a
major drawback of autografting is donor site morbidity making osteochondral
autografting less suitable for larger lesions.?®®! In both autograft and allograft, the
technique causes tissue damage when hammering the plug into place.®® The main
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drawback of allografting is the ever-present risk for disease transmission, and in Europe
its limited availability.5%°? Substitutes of biological tissue resurfacing are biomaterial-
based resurfacing approaches such as focal synthetic implants (e.g., Hemicap and
Episurf).93%* The goal of these synthetic implants is to slow down or stop degeneration
of adjacent cartilage tissue and improve the joint homeostasis. These solutions are
mostly used in patients aged 40-60 years, who have less regenerative capacity but are
deemed too young for joint replacement.®* Short-term follow-up (2-7 years) has
provided significant improvements in knee function and pain after surgery, but the risk
of OA progression remains.”

Treatment of osteoarthritis

When a joint has progressed into OA, there is currently no treatment that has
demonstrated to be able to biologically restore the joint and its homeostasis.*>*® When
OA progression is severe, but patients are still considered too young for joint
arthroplasty, delaying arthroplasty is paramount. In this case, structural changes (e.g.,
joint preserving surgery, life-style advice and weight-loss) should be considered,
supplemented by reducing symptoms (e.g., physical therapy, oral and/or intra-articular
analgesic therapy).>® In order to delay or prevent total joint arthroplasty (which is
considered a ‘last resort’ treatment), alternative treatments can be attempted.®
Examples of alternative treatments in an OA joint used in current practice or clinical
trials are injections (e.g., sprifermin, LNA043),°>% joint re-alignment surgery,’” joint
distraction,®® or focal implants,®® These treatments, which aim to improve the joint
homeostasis by repairing, replacing, or relieving the damaged (part of the) joint, show
good results in clinical trials.!® Creating awareness for the need and further
improvement of these joint-preserving treatments is subject of the goal of the
International Cartilage Regeneration and Joint Preservation Society (ICRS).%®

Finally, to adequately treat focal articular cartilage defects as well as osteoarthritis,
both conditions should be considered as a disease of the whole joint, instead of the
cartilage alone.l® In addition, patient characteristics are expected to be important
factors for the successful outcome of a surgical/biotechnological restoration
technique.1%?
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Aims and outline of this thesis

Articular cartilage repair surgery is still a relatively emerging field in orthopaedic
surgery compared to arthroplasty. To catch-up with knowledge gained in the field of
arthroplasty, clinicians will have to collaborate intensively with scientists in the field of
cartilage repair. This thesis aims to combine the strengths of a basic scientific approach
with the scope of a clinician to contribute to the improvement of articular cartilage
repair treatment.

The first part of this thesis focusses on the analysis of articular cartilage defect
treatments. Chapter 2 describes the influence of patient characteristics in articular
cartilage repair surgery. The outcome of perichondrium transplantation (PT) was
assessed after an average follow-up of 25 years. This long-term follow-up provided the
opportunity to analyse failure of PT (defined as revision surgery in which the transplant
was removed). The functioning of non-failed patients was evaluated using the
International Knee Documentation Committee (IKDC) score. In addition, the influence
of patient characteristics was evaluated.

A comparison between PT and the nowadays widely used autologous chondrocyte
implantation (ACI) technique is made in Chapter 3. Clinical functioning of PT and ACI
patients was assessed using the Knee injury and Osteoarthritis Outcome Score (KOOS)
and IKDC-score and the current state of the knee was analysed by high-field 7T MRI.
The Magnetic Resonance Observation of Cartilage Repair Tissue (MOCART) score was
used to evaluate the MRI-scans and subsequently we assessed the calcifications of the
grafts and the influence of these calcifications on the opposing articular cartilage and
clinical outcome parameters in more detail.

In Chapters 4 and 5, the focus lies on what can be done to improve articular cartilage
repair. A better understanding of possible mechanisms that may cause native and
repaired articular cartilage to undergo undesired endochondral ossification was sought
in Chapter 4. The influence of cyclooxygenase-2 (COX-2) inhibition on the cartilaginous
phase of three different endochondral ossification scenarios was analysed in an animal
model. Fracture healing, growth plate development and the formation of ectopically-
induced cartilaginous tissue were analysed by radiography, micro-CT, histology and
gene expression analysis.

In Chapter 5, we analysed the effect of supplementation of aggrecan and COMP to
optimize in vivo cartilage formation, a technique previously described to create
autologous, cartilaginous tissue for the repair of articular cartilage defects.!®
Supplementation of aggrecan and COMP was studied in vitro during chondrogenic
differentiation of rabbit periosteum cells and periosteum-derived chondrocytes. In
addition, low-melting agarose was supplemented with bovine aggrecan, COMP or
vehicle, and was injected in vivo between the bone and periosteum at the upper medial
side of the tibia of New Zealand white rabbits. In vivo generated subperiosteal cartilage
tissue was analysed for weight, GAG and DNA content.
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In the next part of this thesis, possible treatment options were explored to optimize the
intra-articular environment in order to reduce pain and delay or prevent progression
into OA.

In Chapter 6, a review of the available literature was performed to assess the currently
available ‘non-surgical’, intra-articular drug therapies. In this review we summarized an
overview of candidate drugs for OA treatment and drug delivery systems that are able
to carry and release drugs that are potentially beneficial for the treatment of OA.
Because the ideal combination of a drug and a drug delivery system for the intra-
articular treatment of OA has not yet been described, we explored a potential novel
approach in Chapter 7. We describe the development, and in vitro and in vivo
performance of celecoxib-loaded polyester amide-based microspheres as an auto
regulatory drug-delivery system for intra-articular injection.

In the general discussion (Chapter 8), findings of the previous chapters are placed into
perspective. This provides an overview for implications in future studies on EO in
articular cartilage damage and possibilities to use the biomolecular mechanisms in EO
in the treatment of articular cartilage damage.
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Chapter 2

Abstract

Objective

The main purpose of the present study was to assess the risk for major revision surgery
after perichondrium transplantation (PT) at a minimum of 22 years postoperatively and
to evaluate the influence of patient characteristics.

Design

Primary outcome was treatment success or failure. Failure of PT was defined as revision
surgery in which the transplant was removed, such as (unicondylar) knee arthroplasty
or patellectomy. The functioning of non-failed patients was evaluated using the
International Knee Documentation Committee (IKDC) score. In addition, the influence
of patient characteristics was evaluated.

Results

Ninety knees in 88 patients, aged 16 to 55 years with symptomatic cartilage defects
were treated by PT. Eighty knees in 78 patients were eligible for analysis and 10
patients were lost to follow-up. Twenty-eight knees in 26 patients had undergone
major revision surgery. Previous surgery and a longer time of symptoms prior to
perichondrium transplantation were significantly associated with an increased risk for
failure of cartilage repair. Functioning of the remaining 52 patients and influence of
patient characteristics was analysed using their IKDC score. Their median IKDC score
was 39.08, but a relatively young age at transplantation was associated with a higher
IKDC score.

Conclusions

This 22-year follow-up study of PT, with objective outcome parameters next to patient
reported outcome measurements in a unique group of patients, shows that overall,
66% was without major revision surgery and patient characteristics also influence long-
term outcome of cartilage repair surgery.
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Introduction

Articular cartilage is a specialised connective tissue that provides a low-friction surface
in joints, enabling human movement.! However, when damaged, articular cartilage has
poor regenerative capacity. When left untreated, cartilage defects eventually
catabolically predispose the affected joint for the development of osteoarthritis (OA).23
To be able to treat such cartilage defects, several different articular cartilage repair
strategies like microfracture (MF), osteochondral allograft transplantation (OCA),
mosaicplasty (MP), perichondrium transplantation (PT), autologous chondrocyte
implantation (ACI) and scaffolds, have been developed over the past decades.*® The
aim of these techniques is to form hyaline-like cartilage to create a pain-free
functioning of the joint and prevent or postpone the development of OA and
subsequent joint replacement.®®

Various factors are correlated with a positive outcome of cartilage repair surgery.
Examples are younger age, short duration of symptoms,'®! and no history of previous
surgery on the knee.'>!* No consensus can be found in the literature on whether the
defect location influences outcome, but the occurrence of multiple lesions in one joint
is described to impair outcome.'%!* There has been a gain of knowledge over the years
on articular cartilage repair strategies and the importance of adequate patient selection
to improve surgical outcome.!* Therefore, several treatment algorithms were
developed to aid in patient selection for cartilage repair surgery.’>!° However, these
algorithms are mostly based on short- and medium-term clinical outcome of cartilage
repair surgeries. To our knowledge there are no algorithms based on objective outcome
parameters such as major revision surgery on the long term.

From 1986 till 1992, 88 patients with symptomatic cartilage defects in 90 knees were
treated by PT.?° After one-year follow-up Homminga et al. showed that 18 out of
25 patients treated with PT were symptom-free and had resumed their previous work
and activities.?! In 1997, Bouwmeester et al. published the 5-year follow-up results of
this study. They described 48 treatment failures, although it should be noted that they
applied strict criteria to define a failure: being a re-operation, any change in
arthroscopic graft appearance or an HSSS score of <75.2° In 40 out of 88 patients, there
was a fair to good outcome of the procedure (HSSS above 75 and 85 respectively
combined with a good graft appearance on arthroscopy).2° Improved short-term results
were described in patients with a single defect, without previous debridement
operations, a long history of symptoms, age over 40 years and a grade 2 or worse
osteoarthritis.?® A follow-up study was published in 1999, which presented the
histological and biochemical results of these transplants.?? Because the overall results
were found unsatisfactory, PT was only sporadically performed after its introduction.
However, the PT-treated patient group is unique because of the 22-year follow-up
period, enabling us to analyse the outcome based not only on patient reported
outcome measurements but also on objective parameters, such as revision surgery,
over-time. The aim of this study was to chart the long-term clinical outcome after
22 years of follow-up after PT and to examine whether patient selection also influences
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objective outcome parameters such as major revision surgery next to patient reported
outcome measurements (PROMS) in this type of cartilage repair surgery.

Methods

Perichondrium transplantation operative technique

Perichondrium transplantation is a single stage open procedure with two operation
sites. Complete study details and early findings were described by Homminga et al. and
Bouwmeester et al. in 1990, 1997, 1999 and 2001.2°2% |n short, as described by
Bouwmeester et al. in 1997,%° the procedure starts with debridement of the articular
cartilage lesion up to the subchondral bone and a sharp vertical edge will be created on
the surrounding cartilage. An oblique incision will be made over the lower part of the
left side of the chest. The fascia of the rectus muscle is split transversely and the muscle
is split in the line of its fibers. A piece of perichondrium will be dissected from the
cartilaginous part of one of the lower ribs and removed together with its chondrogenic
layer. The graft will be cut to match the size of the lesion. The perichondrial graft is
then placed into the lesion with the chondral side facing up and will be attached with
human fibrin glue.?*

Patients

From September 1986 until December 1992, 90 knees with articular cartilage defects in
88 patients were enrolled in the study. Eligible patients included men and women aged
16 to 55 years with symptomatic cartilage defects of the femoral condyles, patella or
trochlea, who were treated by perichondrium transplantation. No exclusion criteria
other than age >55 years were used for surgery.

Patient information on pre-operative and short-term postoperative pain and function
was retrieved from previous studies for 88 patients (90 knees). Based on these data, we
were able to contact 78 patients (80 knees). Five patients were deceased and five
patients were unable or unwilling to cooperate. Other than those lost-to-follow-up
(n=10), no patients were excluded in this long-term study.

Outcome assessment

Adequately defining the outcome of cartilage repair surgery is hard because no
consensus exists on what is successful or non-successful. In previous literature, failure
of cartilage repair surgery has been described ranging from no improvement on
functional outcome scores to re-intervention in which the graft is removed.?*%’

For the present study, two different groups were specified. The first group contained
the patients who underwent major revision surgery in which the graft was removed
and/or arthroplasty was performed. This group that underwent major revision surgery
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was defined as treatment failure. Shaving of the transplant was not classified as major
revision surgery. Patients who underwent major revision surgery were not asked to
complete any questionnaires because their results would reflect the effect of the major
revision surgery rather than the effect of the perichondrium transplantation. The time
of the perichondrium transplantation and the time of major revision surgery was
known and thus the time to failure of the treatment could be calculated. A survival
analysis was performed on this data and the influence of patient characteristics on the
time to failure was assessed.

Unfortunately, data on pre-operative pain and function was incomplete and could not
be used reliably for comparison with our long-term follow-up IKDC-score. Patient
characteristics at time of surgery we assessed that might be of influence were based on
available literature and those found by Bouwmeester et al. at 52 months
follow-up.10-1420.25.26 patient age, sex, number of lesions, lesion size, previous surgery,
duration of symptoms, location in the knee and grade of osteoarthritis were described.
Preoperative degree of osteoarthritis, location in the knee and type of previous surgery
were not included in the cox and linear regression analyses. Only six people had an
arthroscopically graded Outerbridge OA score higher than grade 2 in other parts of the
knee in this cohort at the time of surgery. Also, group sizes of location in the knee and
type of previous surgery were too small for statistical analysis. To identify predictors of
outcome, univariate cox regression was performed on possibly important pre-operative
factors with the outcome being treatment failure. Parameters with a p-value <0.100
were subsequently analysed in a multivariate cox regression analysis. Because a
maximum of 2.8 (n=28/10) characteristics may simultaneously be analysed, an
explorative analysis was performed and by stepwise regression excluding the factor
with the highest p-value until only characteristics with p-values <0.05 were present.
The second group contained the patients without revision surgery. They were asked to
complete the International Knee Documentation Committee (IKDC) questionnaire. The
IKDC questionnaire is best suitable to depict overall functioning for this ageing patient
population with a long term follow up.? This data was analysed by linear regression in a
similar way. Missing data, caused by patients that failed to complete the questionnaire
was calculated and completed by stochastic regression imputation.

Statistical analysis

Patient characteristics are presented as medians with corresponding interquartile range
(IQR) for numerical variables and as number of patients (n and %) for categorical ones.
A Kaplan Meier survival analysis was performed to provide insight in the time to failure
for these patients. Hazard ratios (HR) were subsequently calculated using univariate
and multivariate cox regression analysis. Patients who did not undergo major revision
surgery were defined as non-failures and their clinical functioning was evaluated using
the IKDC questionnaire. A simple linear regression was calculated to investigate the
association between IKDC score based and different patient characteristics. All analyses
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were conducted using a significance level of 0.05. Statistical analysis was performed
using IBM SPSS statistics for Mac, version 25 (IBM, Armonk, New York).

Ethical approval

This study was approved by the Medical Research Ethics Committee of the Maastricht
University Medical Centre+ (METC 13-4-038). Renewed informed consent was obtained
prior to participation from all patients for this follow-up.

Results

Patient characteristics

Eighty knees in 78 patients were eligible for analysis. The median follow-up time of this
included cohort was 25 years (IQR 25-26 years) with a minimum of 22 years of follow-
up. The median age at time of surgery was 31.5 years (IQR 23-39 years). The median
age at follow-up was 56.5 years (IQR 48-64 years). Knee cartilage lesions were located
on the medial femoral condyle, lateral femoral condyle, patella and trochlea. The
median lesion size was 3.0 cm? (IQR 2.0-4.0 cm?). The median time of symptoms before
index surgery was 36 months (IQR 24-60 months). Forty-four right and 36 left knees
were treated in 47 men and 33 women (Table 2.1).

Table 2.1 Patient characteristics of the 80 knees in 78 patients included in the follow-up cohort. Values
are described as a count and percentage of the total 80 knees or as a median with
subsequent interquartile range.

Patient characteristics n (%) Median (IQR)
Age at surgery [years] 31.5(23-39)
Age at follow-up [years] 56.5 (48-64)
Follow-up time [years] 25 (25-26)
Age <40 years 61 (76%)
Age 240 years 19 (24%)
Male knees 47 (59%)
Female knees 33 (41%)
Defect size (cm?) 3.0 (2.0-4.0)
Defect location

Medial femoral condyle 26 (32.5%)

Lateral femoral condyle 2 (2.5%)

Patella / trochlea 36 (45%)

Multiple 16 (20%)
Time since onset symptoms [months] 36 (24-60)
Knee with previous surgery 61 (76%)
Knee without previous surgery 19 (24%)
Arthroscopic degree of osteoarthritis at surgery (Outerbridge classification)

None (grade 0) 58 (72.5%)

Little (grade 1-2) 16 (20%)

Definite (grade 3-4) 6(7.5%

n = number of knees, IQR = interquartile range.
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Outcome at 22-year follow-up

Twenty-six patients with 28 operated knees (35%) underwent surgery in which the
transplant was removed. In 17 patients a total knee arthroplasty was performed,
2 patients underwent a patellofemoral arthroplasty and 1 patient received a
unicondylar arthroplasty. Also 6 patients underwent a patellectomy, which was used
more frequently at that time as a salvage procedure. Finally, in 1 patient the transplant
was removed. These surgeries were defined as major revision surgery and the
treatment was classified as a failure. These failures occurred throughout the follow-up
period of the study. A Kaplan-Meier survival analysis revealed that 95.0% was still
without major revision surgery at one year (SE 2.4%), 83.8% at ten years (SE 4.1%), and
66.3% at twenty years (SE 5.3%) (Figure 2.1).

Figure 2.1 A Kaplan-Meier curve depicting graft survival (i.e., patients with no major revision surgery
performed) up until the end of our current follow-up time of at least 22 years.
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Influence of patient factors on time-to-failure of treatment

In a higher percentage (56%) of patients with multiple lesions treatment failed
compared to patients with a single lesion (42%), HR 0.471 (0.213-1.043) p=0.064.
Treatment failed in 42% of the female patients and in 30% of the male patients, HR
1.602 (0.763-3.363) p=0.213. In only 30% of patients younger than 40 years at the
moment of primary surgery treatment failed versus 53% of patients older than 40 years
at the moment of primary surgery, HR 0.487 (0.225-1.058) p=0.069. In patients with a
lesion size smaller than 3 cm? 33% failed versus 38% in patients with a lesion size
greater than 3 c¢cm? HR 1.166 (0.999-1.361) p=0.051. In patients without previous
surgery only 11% of treatments failed versus 43% in patients with previous surgery, HR
4.894 (1.161-20.642) p=0.031 and in patients with symptoms shorter than 24 months
there were less treatment failures compared to patients with symptoms longer than 24
months (15% versus 45% respectively), HR 1.011 (1.004-1.018) p=0.001 (Table 2.2). This
data was analysed by univariate cox regression analysis and subsequently explorative in
a multivariate cox regression analysis for characteristics with a p-value <0.100 (duration
of symptoms, previous surgery, size of the lesion, age at surgery and surgery on
multiple lesions) with the outcome being treatment failure and subsequent major
revision surgery. Definite multivariate cox regression was carried out with the
characteristics ‘previous surgery’ and ‘time of symptoms’. This definite multivariate cox
regression analysis showed that patients who were without previous knee surgery were
significantly less at risk for treatment failure, HR 4.390 (95%Cl 1.036-18.598; p=0.045).
Subsequently, people with a shorter time from onset of symptoms until PT were
significantly less at risk for major revision surgery, HR 1.010 (95%Cl 1.003-1.017;
p=0.003). No significant differences were found for; size of the lesion, age at surgery
and number of lesions (Table 2.2).

Influence of patient factors on performance of non-failed grafts at 22
years follow up

Fifty-two PT patients (52 knees) were still without major revision surgery after a
minimum follow up of 22 years. To determine their functioning, these remaining
patients were analysed using the IKDC score. Their median IKDC score was 39.08 (IQR
25.57 — 53.74). Simple linear regression showed a significant relationship between IKDC
and age at surgery (p=0.012). No p-values of <0.100 were found for other factors;
number of lesions, previous surgery, time of symptoms and size of the lesion.
Therefore, no multivariate testing was performed on these data. (Table 2.3).
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Table 2.2 Overview of the percentage of failure of perichondrium transplantation in different patient
groups. Parameters with a p-value <0.100 in univariate cox regression analysis were
subsequently analysed in an explorative multivariate cox regression analysis (italic text),
stepwise excluding characteristics with the highest p-value and definite multivariate cox
regression analysis was performed on the characteristics, ‘previous surgery’ and ‘time of
symptoms’ (plain text).

Number of Fail Univariate Multivariate
knees
n (%) HR (95% Cl) p-value HR(95%CI) p-value

Total 80 28 (35%)
Number of lesions
Single lesion 64 19 (42%) 0.471 0.064 N.A. N.A.

(0.213-1.043)
Multiple lesions” 16 9(56%)
Patient age at time of surgery
Age <40 61 18 (30%) 0.487 0.069 N.A. N.A.

(0.225-1.058)
Age >40* 19 10 (53%)
Lesion size
Size of the lesion <3 cm?* 51 17 (33%)
Size of the lesion 23 cm? 29 11 (38%) 1.166 0.051 N.A. N.A.

(0.999-1.361)
Previous surgery

Without previous surgery* 19 2 (11%)

With previous surgery 61 26 (43%) 4.894 0.031* 4.390 0.045*
(1.161-20.642) (1.036-18.598)

Duration of symptoms

Duration of symptoms <24 27 4 (15%)

months*

Duration of symptoms 224 53 24 (45%) 1.011 0.001* 1.010 0.003*

months (1.004-1.018) (1.003-1.017)

n: total number and %: percentage of the subgroup that failed, Cl: Confidence interval, HR: Hazard ratio *:
significant influence, N.A.: not applicable, #: reference group.

Table 2.3 Univariate linear regression of pre-operative factors that possibly correlate with the IKDC
score at 22 years of follow up.

B 95% Cl p-value
Number of lesions 8.163 (-8.887 —25.213) 0.341
Age at surgery -0.808 (-1.428 —-0.187) 0.012*
Size of the lesion -2.496 (-5.674 - 0.682) 0.121
Previous surgery -6.238 (-18.632 - 6.156) 0.317
Time of symptoms -0.066 (-0.257 -0.126) 0.494

Cl: Confidence interval, *: significant correlation.

Discussion
The most important finding of this study was that after 22-years of follow-up of
cartilage repair surgery in the knee by PT, 66% was still without major revision surgery.

Duration of symptoms prior to surgery and previous surgery of the knee are predictors
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for undergoing major revision surgery and a younger age at primary cartilage repair
surgery is associated with a better functioning as measured by IKDC. In current
literature, only limited studies are available with a long-term follow-up of cartilage
repair surgery of the knee. Consequently, the outcome on the long-term is mainly
available by extrapolating short-term results,?*? or in studies with relatively small
group sizes.3031

On a shorter follow-up term, Moradi et al., Krishnan et al. and de Windt et al. reported
a higher patient age and a longer time of symptoms prior to cartilage repair surgery as
a negative factor for successful outcome.%1132 Fyrthermore, Krishnan et al., Minas et
al. and Pestka et al. found previous surgery of the knee as a negative factor for
successful outcome.1®1213 The follow-up time of many studies is too short for patients
to reach an objective endpoint that defines treatment failure (i.e., OA, knee
arthroplasty), therefore published results are often based on patient reported outcome
measurements, this can however lead to different forms of bias. Knee function
deteriorates with increasing age and PROMS, when not corrected for age, can
underestimate the outcome.3*3* Exceptions are the studies of Gobbi et al. who report
increased osteoarthritic changes in older patients at 15 years of follow-up and the
study of Minas et al. which did include knee arthroplasty, but with a 10-year follow-up
period n=210, and 20-year, but with little patients left n=23.133%35 Qur survival rate of
84% at 10-year follow-up is lower than the survival rate of 89% found by Gobbi et al.
after MF.3 In contrast to this study, we did not apply exclusion criteria (e.g., lesion size)
other than age >55. The 79% survival rate reported of ACl by Minas et al. is even lower,
but this study treated patients with a larger average lesion size.!* The only comparison
at 20-year follow-up can be made with the study of Ogura et al. who reported a survival
rate of 63% which is similar to our survival rate of 66%.% Interestingly, this survival is
already reported at their 10-year follow-up, but maintained in their 20-year follow-up.
In general, our study has a comparable survival rate and confirms important patient
characteristics, but after a longer-term follow-up, in a large patient group and with
objective outcome measurements next to patient reported outcome measurements.

A challenging aspect in cartilage surgery remains to define what treatment failure is.
Definitions of failure in current literature range from total knee arthroplasty or removal
of the implant to a lack of improvement on questionnaires or Visual Analog Scales (VAS)
for pain.?® This wide variety of definitions complicates an adequate comparison of
different studies and can be a cause of the great differences in described predictors for
success. 101425273637 (linjcal functioning and quality of life is an important outcome
factor, and therefore clinical questionnaires were included. However, with increasing
age, knee function decreases. A deterioration of the IKDC score as described by
Anderson et al.?® should therefore not be ignored. This is especially important in studies
like this with a very long-term follow-up with an ageing population.3* Ideally a
correction for age like the z-score would be calculated and used for a more valid
comparison amongst individuals, but unfortunately the z-score can only be calculated
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up to the age of 65.3 When comparing the individuals younger than 65 in this study,
the Z-score did not differ between the different age groups 35-50 and 51-65 (z=-1.5 and
-1.3 respectively, p-value 0.27). Thus, in this study, when corrected for age, the IKDC
score is not worsened in the older patient age group (51-65) compared to the age
group 35-50. Furthermore, age was also not found as a confounding factor in the
multivariate regression analyses. Still, caution is advised in its interpretation.3

We conducted a longitudinal cohort study with 22 years of follow-up. However, a
limitation of the present study was that some clinical data has been retrieved
retrospectively, especially pre-operative data and questionnaires were incomplete.
Without complete pre-operative scores, we considered a comparison with the VAS and
HSS Knee Scores at a follow-up of 24 months not reliable and it was not the aim of this
article.

Conclusion

We present the long-term survival results of PT. In line with literature presenting mid-
term follow-up, a smaller risk of total knee arthroplasty or other major revision
surgeries was found in patients with a shorter time of symptoms prior to PT and
without previous surgery of the knee. Subsequently a better functional outcome of the
knee was found in patients operated at a relatively young age.
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Chapter 3

Abstract

Objective

To evaluate the morphological and biochemical quality of cartilage transplants and
surrounding articular cartilage of patients 25 years after perichondrium transplantation
(PT) and autologous chondrocyte transplantation (ACT) as measured by ultra-high field
7 Tesla (7T) magnetic resonance imaging (MRI) and to present these findings next to
clinical outcome.

Design

Seven PT patients and five ACT patients who underwent surgery on the femoral condyle
between 1986 and 1996 were included. Patient reported outcome measures (PROMs)
were assessed by the clinical questionnaires: Knee injury and Osteoarthritis Outcome
Score (KOOS), International Knee Documentation Committee (IKDC), and Visual
Analogue Scale (VAS) for knee pain). The morphological (MOCART score) and
biochemical quality (glycosaminoglycans [GAGs] content and collagen integrity) of
cartilage transplants and surrounding articular cartilage were analyzed by 7T MRI. The
results of the PT and ACT patients were compared. Finally, a detailed morphological
analysis of the grafts alone was performed.

Results

No statistically significant difference was found for the PROMs and MOCART scores of
PT and ACT patients. Evaluation of the graft alone showed poor repair tissue quality
and high prevalence of intralesional osteophyte formation in both the PT and ACT
patients. Penetration of the graft surface by the intralesional osteophyte was related to
biochemically damaged opposing tibial cartilage; GAG content was significantly lower in
patients with an osteophyte penetrating the graft surface.

Conclusions

Both PT and ACT patients have a high incidence of intralesional osteophyte formation
25 vyears after surgery. The resulting biochemical damage to the opposing tibial
cartilage might be dependent on osteophyte morphology.
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Introduction

Knee injuries are very common and often seen in otherwise healthy, active patients.!
Several surgical treatments for focal cartilage defects have been developed aiming to
prevent further deterioration of the knee joint, provide pain relief, and increase
functional outcomes.? Two of these techniques are perichondrium transplantation (PT)
and autologous chondrocyte transplantation (ACT), which aimed at restoring the
hyaline cartilage tissue using a perichondrium flap or cultured chondrocytes combined
with a periosteum flap respectively.?”

Short-term follow-up results of PT were reported by Homminga et al. and
Bouwmeester et al. who concluded that the outcome of the surgery was poor.>’ Long-
term results of PT were described by Janssen et al., who found that patient
characteristics (i.e., time of symptoms prior to surgery, previous surgery in the index
knee, and patient age) influence the outcome of PT at a follow-up of 22 years.® The
previous results of ACT were described by Peterson et al., who found that after
10-20 years of follow-up, 92% of the patients were satisfied and would have the
surgery again.® Intralesional osteophytes occurred frequently after both PT and
ACT.1011 The cause of the frequent occurrence of intralesional osteophytes was not
specifically investigated, but previous marrow stimulation techniques and the
osteogenic potential of perichondrial and periosteal tissue are described to increase
their occurrence.’®® Increased calcification of cartilage repair tissue is known to impair
the outcome of the surgery on a short-term follow-up.!* This impaired outcome is
expected to persist at the long-term follow-up, but long-term results of cartilage repair
surgery are scarce in literature. However, they are of great value to assess whether the
initial goals of surgery were achieved.

Postoperative evaluation of cartilage repair tissue is important to assess the
performance of cartilage repair procedures and to evaluate the different phases of
repair, function and degradation over time. Close insights in these phases will lead to
better understanding of the process and improve cartilage repair strategies.
Conventional modalities to follow patients after cartilage repair surgery include plain
radiography and magnetic resonance imaging (MRI). Conventional radiography can
sometimes visualize intralesional osteophytes and is helpful in grading the degree of
late osteoarthritis (OA) as it visualizes joint space narrowing, osteophytes, sclerosis and
bony remodeling as a result of cartilage loss. MRI provides direct visualization of
articular cartilage and surrounding soft-tissue structures as well as bone marrow edema
that can be involved in the OA disease process,” and allows for a comprehensive
evaluation of repair tissue from the articular joint surface to the bone-cartilage
interface and the subchondral bone.

In 2017 the first 7 Tesla (7T) MR scanner (TERRA, Siemens Healthineers, Erlangen,
Germany) was approved by the U.S. Food and Drug administration (FDA) and
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Conformité Eurpoéenne (CE) certified in Europe, thus translating the so far
experimental ultra-high field MR (7 Tesla) into clinical routine examinations of the knee
joint. With 7T MR significantly higher signal-to-noise ratios can be achieved compared
to 3 Tesla which provides higher spatial resolution in morphological imaging by a mean
factor of 2.1 The higher signal-to-noise ratio allows depiction of small fissures and
incomplete cartilage repair tissue integration!’ and the detection of smaller
physiological effects. On the downside, challenges of scanning at higher field strength
include faster heating of tissue (specific absorption rate [SAR] limits), more intense
metallic artifacts and more susceptibility artifacts at the transition between tissues with
different densities caused by more field heterogeneities.!® The added value of 7T MRI
lies within dedicated quantitative MR techniques that allow measurement of the
biochemical properties of cartilage. Healthy cartilage is characterized by a high
concentration of glycosaminoglycans (GAGs) and a well-organized collagen network.
Both the GAG content and the organization of the collagen network are important
indicators for repair tissue quality after treatment.’> GAGs carry protons that are in
constant chemical exchange with surrounding bulk water protons. Using high-field MRI
and a dedicated GAG Chemical Exchange Saturation Transfer (gagCEST) imaging
sequence, these protons bound to GAG can be selectively labeled by saturation with a
radiofrequency pulse. The label will then be transferred to the bulk water by chemical
exchange which results in a reduction of the bulk water signal. This reduction in signal is
a measure for the ratio of protons bound to GAG and the bulk water protons and is
thereby an indirect measure for the GAG content.!® An advantage of gagCEST is that it
can be performed without a contrast agent and using a regular proton coil, as opposed
to dGEMRIC which requires a contrast agent and sodium imaging which requires a
sodium coil to assess the GAG content. On the downside, the acquisition and post-
processing steps of gagCEST are complex and scanning on high-field MRI is required to
be able to detect the small difference between the signal of bulk water protons and
GAG bound protons.?

Collagen network integrity is measured by T2 mapping. Disruption of the collagen
structure increases the mobility of protons and therefore produces higher T2 relaxation
times. Furthermore, the well-organized structure of collagen matrix in healthy cartilage
gives rise to a zonal difference in T2 relaxation times between the deep layer and the
superficial layer which is absent in degenerated cartilage.?*

The first aim of this study was to evaluate the morphological and biochemical quality of
cartilage transplants and the status of the articular cartilage of patients 25 years after
PT and ACT as measured by ultra-high field 7T MRI and to present these findings next to
clinical outcome. The second aim was to assess intralesional osteophyte formation of
the transplants and evaluate its effect on the quality of opposing tibial cartilage, as
measured by 7T MRI.
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Materials and methods

Patient population

Perichondrium transplantation patients and ACT patients who underwent surgery
between 1986 and 1996 were included from two different databases. The PT database
consisted of 88 Dutch patients and the ACT database consisted of 400 Swedish patients.
To optimize the comparison of the cartilage tissue, only patients with a repaired
cartilage defect on the femoral condyle were included. Furthermore, for Dutch PT
patients specifically: they needed to be willing to visit the outpatient clinic and undergo
a 7T MRI scan in Maastricht; for Swedish ACT patients specifically: they needed to be
willing to travel to the Netherlands and undergo a 7T MRI scan in Maastricht. All
participants had to approve that coincidental findings would be reported to their
general practitioner and approve storing and use of their data for research purposes.
Exclusion criteria were knee arthroplasty in the area of the transplant (i.e., total-, hemi-
knee arthroplasty); major surgery of transplant in the knee (e.g., patellectomy and
microfracture); severe OA (e.g., grade 4 Kellgren and Lawrence classification); contra-
indications for 7T MRI scanning. The in- and exclusion criteria, combined with our very
long-term follow-up in which a considerable number of patients developed severe OA
caused eligibility for only 12 patients to be enrolled in our study.

Perichondrium transplantation patients were notified of plans to perform 7T MRI
scanning of the transplants for research purposes at the time of participation in the
long-term follow-up study of PT.2 An information letter to explain the study was sent to
eligible patients. A week thereafter the patients were contacted by phone by the
research physician (M.J.) to answer questions if any and to ask whether they were
willing to participate in the study. Eligible ACT patients were contacted by phone by
their surgeon (L.P.) to explain the study and to ask whether they were willing to
participate.

This study was performed in accordance with the Helsinki Declaration of 1975, as
revised in 2013, and the protocol was accepted by the medical ethical committee of the
Maastricht University Medical Center (NL48277.068.14/METC 142039) in which
patients gave their written informed consent. Participants from Sweden signed a
certified, translated version of the written informed consent, translated by
Metamorfose Vertalingen, Utrecht, the Netherlands.

Surgical procedures

A comprehensive description of the surgical procedures has been reported before by
Homminga et al., Bouwmeester et al. for PT, and by Peterson et al. for ACT.>7%10:22 |
short, PT is a one-stage procedure. A piece of perichondrium was dissected from the
cartilaginous part of one of the lower ribs and removed together with its cambium
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layer. The graft was cut to match the size of the defect. Subsequently the perichondral
graft was placed in the defect with the chondral side facing up and attached with fibrin
glue.>10

Autologous chondrocyte transplantation includes two surgical procedures. During the
first surgical procedure, cartilage tissue was harvested from a healthy, non-weight
bearing part of the cartilage. From this tissue, chondrocytes were retrieved and
cultured in a laboratory for several weeks. During the second surgical procedure, the
chondrocytes from the cell culture were injected into the defect under a periosteal
flap.®

Clinical questionnaires / Patient reported outcome measures

Patients were asked to complete three clinical questionnaires at the time of MRI
acquisition: the International Knee Documentation Committee (IKDC),?3 the Knee injury
and Osteoarthritis Outcome Score (KOOS)** (Validated Swedish version),” and the
Visual Analogue Scale (VAS) for knee pain.

MRI acquisition

Morphological and biochemical MRl measurements were performed on a 7T MR whole
body system (Magnetom, Siemens Healthcare, Erlangen, Germany) using a 28-channel
proton knee coil (QED, Electrodynamics LLC, Cleveland, OH). Before acquiring MRI data,
the homogeneity of the main magnetic field (Bo) was optimized by a By shim. The
radiofrequency pulse (B:1) was optimized by acquiring a B; map. To avoid motion
artifacts, the leg was stabilized using a vacuum cushion underneath the lower leg.

The morphological protocol included a three-dimensional (3D) T2 dual echo steady
state (DESS) sequence. The T2 DESS sequence was obtained for the complete knee in
sagittal plane. Furthermore, a two-dimensional (2D) sagittal proton-density (PD)
weighted fast spin-echo (FSE) sequence with fat suppression (fatsat) was obtained. The
biochemical protocol included T2 mapping and gagCEST sequences.

The T2 relaxation times were obtained from T2 maps that were reconstructed using a
multi-echo, spin-echo technique, using a custom written Matlab script.?® The T2
mapping protocol was obtained in sagittal direction. Due to SAR restrictions, only the
femoral condyle containing the cartilage repair tissue region was acquired. The
obtained T2 relaxation times are a measure for collagen integrity: the higher the T2
relaxation time, the lower the integrity of the collagen network.?

For gagCEST imaging, a 3D radiofrequency (RF) spoiled gradient echo (GRE) sequence
including 19 saturation RF pulses was acquired. One additional measurement without
the presaturation pulses was acquired. Residual transversal magnetization signal was
spoiled by gradient spoiling. The applied B; amplitude of the saturation pulses was set
to a minimum of 0.8 uT and adapted for each individual to the maximum value possible
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in relation to SAR, to achieve optimal saturation. The separate saturation
measurements were post-processed into colored GAG maps using a custom made
Matlab script which determined the magnetization transfer ratio asymmetry
(MTRasym) in the calculated z-spectra.?’ The MTRasym value is a measure for GAG
content: the higher the MTRasym value, the higher the GAG content.’ Imaging
parameters for the morphological and biochemical sequences are presented in Table
3.1.

Table 3.1 Imaging parameters for morphological sequences T2 DESS and PD fatsat FSE and for
biochemical sequences T2mapping and gagCEST.

T2 DESS PD fatsat FSE T2mapping gagCEST
Repetition time (ms) 8.90 7440 2200 6.90
Echo time (ms) 2.63 36 13.8,27.6,41.4,55.2, 2.84

69.0, 82.8

Flip angle (°) 18 180 180 9
Field of view (mm? 160 x 160 160 x 160 136 x 160 157 x 180
Matrix size 320x320 864 x 864 320x272 192 x 168
Voxel size (mm3) 0.5x0.5x0.5 0.4x0.4x2.5 0.5x0.5x3.0 09x0.9x2.2
Acceleration factor (GRAPPA) 3 3 2 2
Acquisition time (min) 05:00 08:42 10:57 20:04

DESS = dual echo steady state; PD = proton-density; FSE = fast spin-echo; gagCEST = glycosaminoglycan
Chemical Exchange Saturation Transfer.

MRI analysis

The morphological MR data sets were transferred to a freeware JiveX imaging viewer
(VISUS Technology Transfer GmbH, Bochum, Germany). The Magnetic Resonance
Observation of Cartilage Repair Tissue (MOCART)?” was used to assess the cartilage
transplant tissue and was scored together with the cartilage quality in the rest of the
joint by the senior author (S.T.; radiologist with over 25 years of experience in
musculoskeletal imaging), in consensus with a resident orthopedic surgeon (M.J.). In
case of any uncertainties, an experienced orthopedic surgeon with over 10 years of
experience in cartilage repair of the knee (P.E.) was consulted.

The morphological MR data sets as well as the post-processed biochemical T2 maps and
GAG maps were transferred to OsiriX imaging software (v.9.0.2, Pixmeo, Switzerland)
and analyzed based on a region of interest (ROI) approach. The resolution of the
biochemical T2 maps and GAG maps were adapted to the resolution of the
morphological DESS images by linear interpolation. As the images were acquired in the
same plane, only translation according to their DICOM tags was necessary to register
the images. No motion correction was applied, however, the overlay was manually
checked by comparing anatomical landmarks in both sequences and adjusted when
deemed necessary. Regions of interest were manually drawn in the DESS morphological
image of each patient by two independent readers (M.J. and M.P.), the ROIs were
finalized after consensus. The inclusion of cartilage pixels only was ensured; no bone
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pixels or joint fluid pixels were included in the ROIs. Per patient, regions were selected
in a slice showing the defect clearly (Figure 3.1) and regions were selected in a control
slice (Figure 3.2). Six ROIs were drawn per patient; a defect ROI (referred to as defect)
with anterior and posterior adjacent ROlIs in the femur (referred to as adj_A and adj_P
respectively); an ROI in the tibia cartilage opposite to the defect between the area
covered by the meniscus (referred to as tibia); a control ROI in the posterior part of the
femur (referred to as ¢_femur); and a control tibia ROI (referred to as c_tibia). The ROls
were subsequently transferred to the coregistered GAG maps and T2 maps. In case of
the GAG maps, the mean MTRasym value within each ROl was extracted (see Figure
3.1B and Figure 3.2B) as a measure of GAG content. In case of the T2 maps, the mean
T2 relaxation time within each ROl as a whole (global T2 relaxation time) as well as
within the deep zone and the superficial zone specifically (deep zone T2 relaxation time
and superficial zone T2 relaxation time respectively) were extracted (see Figure 3.1C
and Figure 3.2C), as a measure for the collagen integrity.

Figure 3.1 Example of ROIs in a slice with defect. A: Original image, T2 DESS. B: Image with ROIs to
obtain MTRasym and global T2 relaxation times: defect ROI in red (defect); anterior adjacent
ROl in yellow (adj_A); posterior adjacent ROl in orange (adj_P); tibia ROl in blue (tibia). C:
Image with ROIs divided in a deep zone (dark colors) and a superficial zone (light colors) to
obtain zonal T2 relaxation times.
ROI = region of interest; DESS = dual echo steady state; MTRasym = magnetization transfer
ratio asymmetry.
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Figure 3.2 Example of ROIs in a control slice. A: Original T2 DESS image. B: Image with control ROIs to
obtain MTRasym and global T2 relaxation times. Control region in the femur is presented in
green (c_femur), control region for the tibia from meniscus to meniscus is presented in blue
(c_tibia). C: Image with control ROIs divided in a deep zone (dark colors) and a superficial
zone (light colors) to obtain zonal T2 relaxation times.

ROI = region of interest; DESS = dual echo steady state; MTRasym = magnetization transfer
ratio asymmetry.

Calcification thickness

Calcification was scored in the T2 DESS morphological image of each patient by two
independent readers (M.J. and M.P.), the ROls were finalized after consensus. The used
technique is an adaptation from the technique used by Demange and colleagues.’® An
ROl was drawn that included the calcified area of the graft. The percentage of
calcification was calculated by dividing the number of calcified pixels within the graft by
the number of pixels in the total graft. Subsequently, patients with a calcification
percentage of less than 50% were given calcification percentage score 0, patients with a
calcification percentage of more than 50% were given calcification percentage score 1.
Furthermore, the thickness of the calcification was scored. Patients with a calcification
penetrating the surface of the cartilage layer, thus with the calcification being in direct
contact with the opposing tibial cartilage, were given a calcification thickness score of
1. Patients with a calcification that was still covered by a layer of cartilage (regardless of
the thickness of that layer of cartilage) preventing direct contact between the
calcification and the opposing tibial cartilage were given a calcification thickness score
of 0. Examples of the calcification scores are provided in Figure 3.3. Subsequently, the
influence of the calcification of the cartilage grafts was compared to the quality of the
opposing cartilage tissue.
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Figure 3.3 Examples of the calcification scoring with the calcification presented in white. A: a
calcification covering 18% of the defect with a substantial layer of cartilage between the
calcification and the opposing tibial cartilage; B: a calcification covering less than half of the
defect with contact of the calcification with the opposing tibial cartilage; C: a calcification
covering more than half of the defect with no layer of cartilage between the calcification and
the opposing tibial cartilage.

ACT = autologous chondrocyte transplantation; PT = perichondrium transplantation.

Statistical analysis

Statistical analysis was performed using IBM SPSS statistics, version 25 (IBM, Armonk,
New York). Normality was tested by a Shapiro-Wilk test. Differences between PT and
ACT patients were assessed by an independent t-test in case of normality and a Mann-
Whitney U-test otherwise. Differences between regions were evaluated by a paired
samples t-test in case of normality and a Wilcoxon Signed-Rank test otherwise.
Differences were considered statistically significant when the p-value was below 0.05.

Results

Description of patient population

Seven PT patients and five ACT patients were willing to be included in the study.
Baseline demographics are provided in Table 3.2. Time between surgery and MRI
follow-up was similar for the PT patients and the ACT patients, on average 28.1 years
for PT and 24.0 years for ACT (p-value 0.213). Defect size was larger in the ACT patients
compared to the PT patients (3.9 cm? and 2.1 cm?, respectively, p-value 0.048). No
adverse events or serious adverse events occurred during this study.
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Table 3.2 Patient characteristics for the Dutch PT patients (PT1 — PT7) and the five Swedish ACT patients
(ACT1 — ACT5) including mean values, standard deviation (SD) and p-values for the numeric
characteristics.

Sex Age at BMI Knee Location  Defect size Follow-up
surgery (kg/m?) defect (cm?) duration (years)
(years)
PT1 Male 36 27.5 Right MFC 23 24
PT2 Female 22 23.8 Right MFC 0.5 25
PT3 Male 45 29.4 Right MFC 0.8 30
PT4 Male 35 26.3 Left MFC 23 31
PT5 Female 17 23.0 Left MFC 3.0 29
PT6 Male 23 22.8 Right MFC 3.0 29
PT7 Male 27 29.1 Left MFC 3.1 29
mean - 29.3 26.0 - 2.1 28.1
SD - 9.8 2.8 - 1.1 2.6
ACT1 Male 24 32.1 Left MFC 2.0 30
ACT2 Male 27 24.3 Right LFC 3.0 30
ACT3 Male 32 29.0 Right MFC 5.2 24
ACT4 Male 28 27.5 Right MFC 33 11
ACTS Male 27 27.5 Right MFC 6.0 25
mean - 27.6 28.0 - - 3.9 24.0
SD - 2.9 2.8 - - 1.6 7.8
p-value 0.719 0.235 0.048 0.213

PT = perichondrium transplantation; ACT = autologous chondrocyte transplantation; kg/m? = kilograms per
square meter; cm? = square centimeter; SD = standard deviation; MFC = medial femoral condyle; LFC = lateral
femoral condyle.

Clinical outcome at time of MRI

The IKDC, KOOS and VAS questionnaire scores of each individual patient at the time of
MRI acquisition are presented in Table 3.3. No statistically significant difference was
found between the questionnaire scores of the PT patients and the ACT patients.
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Table 3.3 Individual scoring parameters including the IKDC, KOOS and VAS questionnaire scores were
used to assess clinical outcome.The MRI based MOCART score was used to assess the
cartilage transplant quality and was scored together with the cartilage quality in the rest of
the joint by the senior author (ST). Overall cartilage quality was divided in the categories: no
degeneration, early degeneration, moderate degeneration and severe degeneration. Mean
values with standard deviation (SD) for the PT patients and the ACT patients were included.

Patient IKDC KOOS VAS MOCART Cartilage
number Pain Other Function Functionin Knee- score quality in the
symptoms indaily sportand related rest of the
living recreation Quality joint
of life
PT1 86.2 944 75.0 100.0 100.0 100.0 5 65 Moderate
degeneration
PT2 60.9 844 92.9 95.6 75.0 68.8 20 85 Early
degeneration
PT3 264 16.7 50.0 16.2 0.0 0.0 85 75 Early —
moderate
degeneration
PT4 88.5 100.0 100.0 100.0 100.0 100.0 5 80 Early
degeneration
PTS 73.6 100.0 96.4 100.0 90.0 83.3 0 65 Early
degeneration
PT6 75.9 100.0 82.1 100.0 80.0 75.0 0 85 Early —
moderate
degeneration
PT7 345 250 28.6 22.1 0.0 12.5 80 60 Early —severe
degeneration
mean 63.7 74.4 75.0 76.3 63.6 63.8 27.9 73.6 N.A.
SD 246 37.1 26.6 39.1 44.4 40.5 38.0 10.3 N.A.
ACT1 79.3 889 53.6 97.1 80.0 56.3 10 80 Early —severe
degeneration
ACT2 437 778 39.3 70.6 35.0 50.0 30 55 Early —severe
degeneration
ACT3 747 75.0 60.7 92.6 35.0 87.5 0 80 Early —
moderate
degeneration
ACT4 724 917 78.6 83.8 45.0 62.5 20 65 Early
degeneration
ACTS 80.5 97.2 89.3 100.0 90.0 93.8 30 75 Early —severe
degeneration
mean 70.1 86.1 64.1 88.8 57.0 70.0 18.0 71.0 N.A.
SD 15.1 9.4 19.9 11.9 26.1 19.5 13.8 10.8 N.A.
p-value  0.867 0.639 0.432 0.639 0.639 0.876 0.755  0.639 N.A.

IKDC = International Knee Documentation Committee; KOOS = Knee injury and Osteoarthritis Outcome Score;
VAS = Visual Analogue Scale; MOCART = Magnetic Resonance Observation of Cartilage Repair Tissue; PT =
perichondrium transplantation; N.A. = Not applicable; SD = standard deviation; ACT = autologous
chondrocyte transplantation.

52



7 Tesla MRI evaluation of the knee, 25 years after cartilage repair surgery

Morphological assessment and MOCART score

The morphological MR images of the seven PT patients and the five ACT patients were
available for assessment of the transplant by means of the MOCART score. The
outcome of the ten MOCART criteria per patient are presented in the Supplemental
Table S3.1. The overall MOCART score and the cartilage quality in the rest of the joint
are presented in Table 3.3 for each individual patient. The cartilage quality in the rest of
the joint was varying from no degeneration to severe degeneration. The overall
MOCART score was similar for the PT patients and the ACT patients (mean score 73.6
and 71.0 respectively, p-value = 0.639).

Evaluation of the graft alone showed similar intralesional osteophyte formation in the
perichondrium transplants compared to the autologous chondrocyte transplants (Table
3.4). In five of the twelve patients, the grafts were calcified more than 50% and also in
five of the twelve patients the calcification penetrated the surface of the graft.

Table 3.4 Calcification scores.
Patient Calcification percentage Calcification thickness score
Score

PT1 25.9% 0 0
PT2 47.9% 0 0
PT3 43.4% 0 1
PT4 47.0% 0 0
PT5 57.4% 1 1
PT6 73.6% 1 1
PT7 57.4% 1 0
ACT1 75.1% 1 1
ACT2 31.1% 0 0
ACT3 92.4% 1 1
ACT4 22.0% 0 0
ACT5 18.0% 0 0

PT = perichondrium transplantation; ACT = autologous chondrocyte transplantation.

Biochemical assessment

Figure 3.4 shows an overview of the biochemical values of cartilage in the specified
ROIs. The biochemical values for each of the six regions are presented next to the
overall MOCART score per patient in Supplemental Table S3.2. Paired samples t-test
showed that GAG content in the defect region as well as in the adjacent regions was
significantly lower than the GAG content in the control ROl. The MTRasym value in the
tibia cartilage opposing the defect was similar to the MTRasym value of control tibia
cartilage, suggesting similar GAG content in both regions. Paired samples t-test showed
significantly higher global T2 relaxation times for the defect region and for anterior
adjacent region, compared to the femur control region. The global T2 relaxation times
in the tibia region opposing the defect were similar to global T2 relaxation times in the
control tibia cartilage, suggesting similar collagen integrity for both regions.
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Figure 3.4 MTRasym values (A) and global T2 relaxation times (B) for the 6 different ROIs. The regions in
the femur are displayed on the left side of the dotted line, and regions in the tibia are
presented on the right side of the dotted line. Red asterisks represent statistically significant
differences between regions. MTRasym = magnetization transfer ratio asymmetry.

Table 3.4 presents the calcification scores for the included patients. The influence of
calcification thickness of the transplant on the opposing cartilage is presented in Figure
3.5 for the gagCEST sequence and in Figure 3.6 for T2 mapping. Statistical analysis
showed that the tibial cartilage opposing the defect in patients with a calcification that
is in contact with the opposing cartilage (calcification thickness score of 1) has
significantly lower GAG content (MTRasym value) compared to control tibial cartilage,
while the collagen integrity (global T2 relaxation times) was similar for tibial cartilage
opposing the defect and control tibial cartilage. Figure 3.6 shows that the zonal
variation between the deep layer and the superficial layer of the tibial cartilage
opposing the defect is similar to that of the control tibia cartilage. In other words, the
collagen integrity of the opposing cartilage was not affected by the calcification
thickness of the transplant.

Figure 3.5 MTRasym values for the tibial cartilage opposing the defect (tibia) compared to control tibial
cartilage (c_tibia) for patients with calcification thickness score 0 (A) and for calcification
thickness score 1 (B). The red asterisk represents a statistically significant difference between
regions. MTRasym = magnetization transfer ratio asymmetry.
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Figure 3.6 T2 relaxation times for the tibial cartilage opposing the defect (tibia) compared to control
tibial cartilage (c_tibia) for the calcification thickness score 0 (A) and for the calcification
thickness score 1 (B) in the deep zone and in the superficial zone of the cartilage.

Figure 3.7 illustrates the findings of Figures 3.4, 3.5 and 3.6 in the form of MTR
asymmetry and T2 relaxation time overlays for a patient with calcification thickness
score of 0 and for a patient with calcification thickness score 1. For both patients, the
transplant area shows low MTRasym values and high T2 relaxation times compared to
control regions, indicating a lower GAG content and a disturbed collagen network. For
the patient with cartilage thickness score 0 (Figure 3.7A and 3.7B) the opposing
cartilage is of relatively good quality. The patient with a calcification thickness score of
1 (Figure 3.7C and 3.7D) showed lower GAG content in the opposing cartilage while the
collagen integrity does not seem to be influenced.
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Figure 3.7 Example of a patient with calcification thickness score 0 (A and B) and a patient with
calcification thickness score 1 (C and D). DESS images are presented with an overlay of
MTRasym values and T2 relaxation times. DESS = dual-echo steady state; MTRasym =
magnetization transfer ratio asymmetry.

Discussion

In this study, 12 patients were evaluated about 25 years after cartilage repair surgery of
the knee by means of clinical questionnaires and 7T MRI. The cartilage tissue in general,
the cartilage repair tissue and the opposing tibial cartilage were assessed both
morphologically and biochemically by 7T MRI. The quality of the cartilage tissue
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throughout the joint was variable. For each of the included cartilage repair patients, the
cartilage repair tissue was of poor quality (low GAG content [low MTRasym values] and
low collagen integrity (high T2 relaxation times)), regardless of the performed
procedure. In line with previous research, we found a high incidence of intralesional
osteophytes. The thickness of the calcification in these intralesional osteophytes can
influence the opposing tibial cartilage. It was shown that when the intralesional
osteophyte penetrates the surface of the graft, the opposing tibial cartilage was
biochemically damaged. The damage was more pronounced in the GAG content
reflected by the MTRasym values and less in the collagen integrity represented by the
intact zonal variation in T2 relaxation times, suggesting that tibial cartilage opposing
osteophytes that penetrate the surface showed signs of early OA. A difference in
percentage of calcification of the grafts caused no statistically significant difference of
opposing cartilage tissue quality. Calcified tissue has an increased stiffness compared to
cartilage, which causes higher contact stresses and increased friction.?® This increased
stiffness and friction of a calcification that penetrates the surface of a graft is expected
to exert a larger mechanical strain on the opposing tibial cartilage compared to an
intact surface and thereby causing its deterioration over time. The 10 to 20-year clinical
outcome of cartilage repair surgery has been documented previously by multiple
authors, for example by Minas and co-workers with satisfactory results.?°3! However,
to our knowledge there are no studies that describe the biochemical status of the
articular cartilage of patients after a follow-up of a mean of 25 years as described in this
current paper. Evaluation of articular cartilage by 7T MRI provides the opportunity for
its biochemical assessment and a high spatial resolution for detailed morphological
assessment. So far, the evaluation of the GAG content in repair tissue, an important
marker for the biomechanical properties was restricted to dGEMRIC at lower field
MR,32 which however requires a double dose of intravenous administration of
Gadolinium based contrast agents which considering the ongoing discussions of
Gadolinium depositions in the brain are problematic. In addition, the standard ionic
contrast agent so far used for dGEMRIC, Magnevist, was removed from the European
market by the European Medicine Ageny due to the Gadolinium depositions in the
human body seen with linear Gadolinium based contrast agents.3 High spatial
resolution can be achieved using new 3T MRI techniques and T2 mapping is available at
3T MRI as well as on 7T MRI, but gagCEST is limited to use at ultra-high field such as 7T
MRI.2% Using gagCEST, the GAG content can be quantified using a regular proton coil (no
sodium coil needed) and without the use of a contrast agent (as is the case for
dGEMRIC). On the downside, gagCEST is limited to high-field MRI such as 7T MRI,
because the spectral resolution on 7T is by a factor of 2 higher compared to 3T, which is
needed to separate the small frequency shift between protons bound to GAG and
protons in the water pool.?° Therefore, gagCEST scanning is only feasible at 7T MRI and
provides essential biochemical information not available in studies performed with
lower field MRI (1.5T or 3.0T).
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The occurrence of intralesional osteophytes after cartilage repair surgery has been
described before, the incidence of osteophytes rises when the subchondral bone is
involved in either the defect or the surgery.’®!*3% Intralesional osteophytes occur more
often after ACT procedures with previous marrow stimulation and in periosteal-covered
defects compared to collagen membrane-covered defects,®® but it is still unclear
whether the osteophytes result from a thickening of the subchondral bone or from the
progenitor cells in the cambium layer of the periosteal tissue.® Kreuz et al. propose an
impaired clinical outcome after microfracture caused by a thinner layer of cartilage
overlying damaged subchondral bone and subsequent increased shear stresses.3*
However, calcification of the repair tissue was not a part of the MRI scoring systems at
the time of publication, nor was calcification described separately in their paper.3* In
addition, Pestka et al. describe an increased failure rate after previous marrow
stimulation, but did not directly correlate this to increased intralesional osteophytes.3¢

In a review focusing on the subchondral bone in osteochondral repair, Orth et al.
elucidate on the lack of detailed visualization of subchondral bone architecture of
repaired cartilage due to technical and ethical limitations. Although there is no absolute
lack of studies which assess the repaired cartilage morphologically (often by MRI), a
detailed biochemical assessment of repair tissue and evaluation of intralesional
osteophytes is less common.?” Recently the MOCART score has been updated to
provide a more detailed assessment of morphologic characteristics of the repaired
cartilage resulting in the MOCART 2.0 score,*® however, at this moment it has only been
applied in three clinical cartilage repair studies.>>*! Only Sessa et al. found a correlation
of the MOCART 2.0 score with clinical outcome parameters. However, group sizes in
these studies were relatively small and therefore might lack the statistical power to
detect correlations.3**! Even though our study also assessed a relatively small group of
patients, we did find a correlation of surface penetrating intralesional osteophytes
which led to opposing cartilage damage. Based on our current data, we are not able to
demonstrate an impaired subjective or clinical outcome caused by intralesional
osteophyte formation after cartilage repair surgery.

An important limitation of this study was the small sample size. The small numbers of
patients for the two surgical procedures did not allow for a long-term comparison
between the procedures. The heterogeneity among the included patients was another
limitation. Some patients underwent reconstruction of their anterior cruciate ligament
in combination with cartilage repair of their defect. Furthermore, it was difficult to
select control ROIs in the knees of the patients given that 25 years after surgery the
quality of the knee cartilage was in general relatively low. In addition, 7T MRI has only
been obtained at a long-term follow-up. To demonstrate the value of clinical evaluation
of articular cartilage repair surgery by 7T MRI, larger group sizes and monitoring over
several timepoints should be included in future work. It is important to note that ACT
has been modified since 1996 to stop the intralesional osteophyte formation by careful
removal of the calcified layer down to the subchondral bone plate, release the
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tourniquet to detect and stop any bleeding by fibrin glue. Furthermore, the periosteal
flap has been replaced by synthetical resorbable membranes.

To conclude, PT and ACT patients have a high incidence of intralesional osteophyte

formation 25 years after surgery. The resulting biochemical damage to the opposing
tibial cartilage might be dependent on osteophyte morphology.
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Abstract

Many studies have reported on the effects of cyclooxygenase-2 (COX-2) inhibition on
osteogenesis. However, far less is known about the effects of COX-2 inhibition on
chondrogenic differentiation. Previous studies conducted by our group show that
COX-2 inhibition influences in vitro chondrogenic differentiation. Importantly, this
might have consequences on endochondral ossification processes occurring in vivo,
such as bone fracture healing, growth plate development and ectopic generation of
cartilage. The goal of our study was to investigate, in vivo, the effect of COX-2 inhibition
by celecoxib on the cartilaginous phase of three different endochondral ossification
scenarios. 10 mg/kg/d celecoxib or placebo were orally administered for 25 d to
skeletally-immature New Zealand White rabbits (n=6 per group). Endochondral
ossification during fracture healing of a non-critical size defect in the ulna, femoral
growth plate and ectopically-induced cartilaginous tissue were examined by
radiography, micro-computed tomography (u-CT), histology and gene expression
analysis. Celecoxib treatment resulted in delayed bone fracture healing, alterations in
growth plate development and progression of mineralisation. In addition, chondrogenic
differentiation of ectopically-induced cartilaginous tissue was severely impaired by
celecoxib. In conclusion, we found that celecoxib impaired the chondrogenic phase of
endochondral ossification.
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Introduction

Bone formation occurs following two mechanisms: intramembranous ossification and
endochondral ossification (EO).! During intramembranous ossification, mesenchymal
stem cells directly differentiate into osteocytes to form new bone without formation of
cartilaginous tissue.*® This process mainly takes place during cranial bone formation
and healing of highly-stabilised fractures.? The other important mechanism is EO, which
is responsible for normal long bone formation in the growth plates.® Growth plates are
populated by highly proliferative chondrocytes, which differentiate into mineralising
hypertrophic chondrocytes that either die from apoptosis or transdifferentiate into
osteoblasts.*® The remaining mineralised extracellular matrix (ECM) provides a scaffold
for osteoblasts and osteoclasts to adhere and remodel, setting the stage for bone
apposition and, thus, longitudinal bone growth and limb development.®’ Fracture
healing through EO starts with the formation of a haematoma in which mesenchymal
stem cells condense and subsequently differentiate following the chondrogenic lineage
towards chondrocytes. Then, the chondrocytes become hypertrophic and direct the
formation of mineralised matrix, promote angiogenesis and finally undergo apoptosis.?
Then, in a similar way to the growth plate, the leftover mineralised matrix is invaded by
osteoblasts and osteoclasts, which will remodel the matrix into woven bone. The
woven bone is gradually replaced by lamellar bone and the fracture is united. During
the final phase, the newly-formed bone is remodelled to its original shape.>® In
addition, cartilaginous tissue, ectopically generated for the purpose of cartilage repair,
forms from progenitor cells by an EO process.>!® One of the main problems in many
cartilage repair strategies is the premature hypertrophic differentiation of the
generated cartilage.’'? Impaired endochondral ossification can lead to various
problems. During EO, disturbances of the growth plate might lead to abnormal skeletal
development. Most intensively investigated problems of EO during fracture healing are
delayed union and non-union of fractures.’®** In contrast, too active EO can cause
undesirable effects i.e. heterotopic ossification after joint arthroplasty or trauma?®® and
intralesional ossification in cartilage repair surgery.’®” To date, the exact biomolecular
mechanisms involved in EO are still not fully understood. We only begin to understand
the spatiotemporal roles and effects of morphogens or medications on chondrogenic
differentiation during EO. However, detailed knowledge on timing and (spatiotemporal)
concentration of morphogens and/or medications during chondrogenic differentiation
of progenitor cells is important for correct formation of cartilage and bone tissues.!®
Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used systemic inhibitors of
inflammatory prostaglandin production induced by cyclooxygenases (COX-1 and
COX-2).1® NSAIDs have inhibitory effects on fracture healing, which mainly depends on
the dose and duration of the treatment.?%?! In addition, most studies that ascribed a
role for COX-2 in bone fracture healing, focused on osteogenesis and left
chondrogenesis unstudied.?>? Therefore, the potential effect of COX-2 inhibitors on
the chondrogenic part of EO is incompletely understood. Chondrogenic differentiation
precedes the ossification phase during EO and the limiting effect of COX-2 inhibitors on
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EO may also be ascribed to impaired chondrogenic differentiation of the mesenchymal
progenitor cells. Our previous study shows that specific COX-2 inhibitors decrease
chondrocyte hypertrophic differentiation in the growth plate during the chondrogenic
phase of EQ.%” However, it is still unknown whether this action is specific for the growth
plate or whether it affects the cartilaginous phase of endochondral ossification in a
broader way. To further extend our knowledge on the influence of the COX-2 inhibitor
celecoxib on the cartilaginous phase of EO, we tested it in three different in vivo
compartments of the same rabbit. We studied EO during fracture healing of a non-
critical size defect in the ulnae, in the growth plate and in ectopically-induced
cartilaginous tissue.??°

Materials and methods

Experimental design and animal model

12 female, skeletally-immature (107 days old, ~1.8 kg), specific-pathogen-free (SPF)
New Zealand White (NZW) rabbits were used. The experiment was approved by the
Maastricht University animal ethical committee (DEC 2010-027). Sample size was
calculated according to the formula of L. Sachs;*®

n = (expected standard deviation/expected effect size )2 x 15.7

and 6 animals per group were needed. Animals were randomly assigned to the
treatment or control group. Throughout the experiment, animals were housed in
groups under standard conditions with ad libitum access to water and food and 12 h of
light each day. Animal well-being and behaviour (score in response to stimuli, back
arch, twitch, wincing, posture, self-care, condition of skin, mobility, limb loading,
difficulties in respiration/breathing, dehydration or undernourishment symptoms,
colour of the mucous membranes and extremities, oedema/swelling/cold feeling and
other notable abnormalities) were checked daily. 10 mg/kg celecoxib (Pfizer, New York,
NY, USA) in 1 mL of Critical Care® paste (Oxbow Animal Health, Murdock, NE, USA)
were administered orally to the treatment group (n=6), on a daily basis from day 0.
Control animals (n=6) received exclusively 1 mL of Critical Care® paste. To label tissue
mineralisation, 25 mg/kg calcein green fluorochrome ( Sigma-Aldrich, St. Louis, MO,
USA) was injected subcutaneously. Calcein green is a marker of mineralisation that,
when injected, is incorporated in newly-formed bone for 24-36 h, while the
unincorporated label is excreted by the kidneys within several hours.3! In previous
studies, we show that mineralisation during EO occurs about two weeks after
initialisation of EQ;¥232 therefore, the injection was performed at day 14 of the
experiment (11 days before sacrifice). After 25 d, rabbits were euthanised by an
overdose of intravenous pentobarbital. During further processing, the specimens were
coded and, thus, the researchers were blinded to the treatment received.

70



Impairment of the chondrogenic phase of endochondral ossification in vivo by inhibition of COX-2

Surgery

Non-critical sized defect

At day 0, a 5 mm non-critical size defect was created in the left ulna of all rabbits.33
Animals were anaesthetised by isoflurane inhalation. The skin was opened over the
ulnae and the diaphysis approached. A 5 mm defect was created 25 mm above the
carpal joint in the exposed ulnae using an oscillating saw, which was cooled by
irrigation fluid. Due to the fibro-osseous union of ulna and radius proximal and distal to
the surgical site, no fixation of the bone fragments was required.®* Muscles were
replaced over the defect and the incision was closed layer by layer with Vicryl Rapide™
4-0 absorbable sutures (Ethicon, Kirkton, Scotland). The animals were allowed full
weight bearing directly after surgery.

Growth plates

The growth plate of the distal femur was examined. No surgery involving the growth
plates was performed, no surgery was performed on the femur and the surgery of the
tibia was equal in both groups and distal to the tibial growth plate, therefore, it was
expected that surgery did not influence the growth plate of the distal femur.

Periosteal endochondral ossification

During the same surgical procedure when the non-critical size defect was created, we
used the method described by Emans and colleagues, for ectopically-inducing cartilage
formation, in which a subperiosteal space is created to induce periosteal endochondral
ossification (PEQ).28%° PEO was induced on both tibias, as described in literature, with
minor modifications.?®% The skin was opened over the upper medial side of the tibia,
the pes anserinus was identified and the periosteum was incised just medially of the
pes anserinus, leaving the semitendinosus tendon untouched. The periosteum was
elevated proximally with a probe and 0.2 mL of a 2% (w/v) agarose-based gel were
injected between the bone and periosteum. The 2% (w/v) agarose solution was
prepared by dissolving 2 g of ultra-pure low-melting agarose granules (Cat no:
10975035, Lot No: M091807; Invitrogen, Carlsbad, CA, USA) in 100 mL of 0.9% NaCl,
followed by steam-sterilization. The preparation was warmed to 40 °C in a water bath
to liquefy it prior to use. Next, gelation was accelerated by cooling the PEO location
with 5°C sterile 0.9% NaCl. Finally, the wound was closed in separate layers with Vicryl
Rapide™ 4-0 absorbable sutures (Ethicon, Kirkton, Scotland). This procedure was
repeated on the contra-lateral tibia. %

Prostaglandin E2 levels

To confirm COX-2 inhibition by celecoxib, we determined prostaglandin E2 (PGE2) levels
in blood plasma at day 0 and at sacrifice by standardised enzyme immunoassay (EIA)
analysis (Cayman Chemicals, Ann Arbor, MI, USA). Briefly, blood was drawn at day 0
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and just before sacrifice and centrifuged at 370 xg for 5 min. The blood plasma was
used to perform an EIA for detection of PGE2 levels.

Radiography

Directly after sacrifice, plain radiographs of the ulnae were obtained with a
mammography unit (Philips BV25; Philips, Eindhoven, the Netherlands) to determine
the radiologic stage of fracture healing. Bone healing was scored according to the Lane
and Sandhu radiological scoring system.?® To determine formation and mineralization
of PEO tissue, also plain radiographs of the tibia were obtained, taking care of
positioning the tibia in such way that the site of PEO was visible on the radiograph.

u-CT

After dissection of the leg, high-resolution images of the fracture region of all
12 affected ulnas (6 per group) were taken using a micro-computed tomography (uCT)
scanner (U-CT80; Scanco Medical, Bruettisellen, Switzerland) at 55 kV. In the fracture
region, the scan length was approximately 21 mm and the resolution was set to 36 um.
Based on these images, micro-finite element analyses (FEA) were performed to
quantify fracture consolidation, by using an approach similar to that described by
Shefelbine et al.®® First, the resolution was reduced to 108 um and a section of 14 mm
in length, centred on the defect, was selected. Second, a two-level thresholding
approach was used to identify three different tissue types based on the Hounsfield unit
(HU): cartilaginous tissue (HU: 1000-1999), low-mineralised bone (HU: 2000-2999) and
high-mineralised bone (HU 23000). Material properties were assigned depending on
tissue type, with a Young’s modulus of 1 MPa for cartilaginous tissue, 5 GPa for low-
mineralised bone and 20 GPa for high-mineralised bone. The Poisson’s ratio was set to
0.3 for all tissues. Boundary conditions were applied to represent an axial compression
test, an axial torsion test and bending tests in two orthogonal directions. Then, for each
test the stiffness of the scanned region was determined (units: N/mm for the
compression tests and Nmm/rad for the torsion/bending tests).3738

Histology and image analysis

Non-critical size defect

The left ulnae were isolated and fixed in 4% formalin. After the tissue was fixed, the
ulnae were gradually embedded in poly(methyl methacrylate) (PMMA) (Technovit
9100; Heraeus Kulzer, Hanau, Germany). After complete polymerization, 50 um-sagittal
sections were cut using a saw microtome (SP1600; Leica, Wetzlar, Germany). Prior to
the cutting of each section, a vonKossa/thionine or Masson-Goldner trichrome (Carl
Roth GmbH, Karlsruhe, Germany) staining was performed to visualize different tissue
types.3® Sections were stained for 10 min with 1% silver nitrate (AgNO3 ;VWR Prolabo,
Amsterdam, the Netherlands) and for 30 s with 5% sodium thiosulphate (Na; S; Os;
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VWR Prolabo), rinsed with tap water for 5 min and finally stained for 10 min with a
0.25% thionine solution. The Masson-Goldner trichrome staining was performed
according to the manufacturers’ protocol. Sections were scored using a modified
version of Heiple histologic fracture scoring system.*°

Femoral growth plates

The left distal femora were isolated and fixed in 4% formalin (VWR Prolabo). Next, the
femora were gradually embedded in PMMA (Technovit 9100; Heraeus Kulzer). After
complete polymerization, 50 um-thick sections were cut in the sagittal plane between
the condyles, in the anatomical middle of the femur, using a saw microtome (SP1600;
Leica). Femora were positioned perpendicular to the microtome saw to obtain
reproducible sections and to prevent false measurements due to skewness. Prior to
sectioning, haematoxylin/eosin (H&E; Dako, Troy, MI, USA) or no staining was applied
by adding acid alcohol for 10 min, 0.6% haematoxylin for 10 min, rinsing for 10 min with
tap water and adding 0.2% eosin for 5 min. Then, the H&E-stained sections were
further processed for microscopical analysis, using a Zeiss Axioscope A.1 microscope
(Zeiss, Oberkochen, Germany), with AxioVision 4.8 software. To prevent skew
measurements and improve reproducibility, growth plate sections were placed in a way
that the growth plate was aligned horizontally. Then, image frames were standardised
to a width of 5.0 mm (2.5 mm left and 2.5 mm right of the anatomical middle of the
section). With a custom-written script in MatlLab software (MathWorks, Natick, MA,
USA), the average height of the proliferative and hypertrophic zone of each growth
plate was determined. The unstained sections were processed using a Leica microscope
(DM RD; Leica), taking three images for each section with normal light and with filtered
light, to assess the calcein green injected. Images were obtained and processed with
Leica IM50 software. The three separate colour channels of the RGB images were
combined with Adobe Photoshop CS3 software to create one image. Measurements on
all sections were taken with AxioVision 4.8 software and a custom-written script in
MatLab (the software was calibrated before measurements). The surface area between
the mineralization front at day 14 (calcein green front) and at day 25 (status at
sacrifice) was measured in a box with a standardised width of 8.0 mm. By dividing the
surface area (in um?) by the width of 8.0 mm, the total growth after incorporation was
calculated for both groups.

Periosteal endochondral ossification

Tibiae were isolated, fixed in 4 % formalin and decalcified for 3 weeks in 0.5 M ethylene
diaminetetraacetic acid (EDTA, VWR Prolabo) pH 7.8. An additional brief (20 h)
decalcification step was performed using 1:5 diluted Shandon™ TBD-1™ Decalcifier
(Thermo Fisher Scientific, Waltham, MA, USA). Next, the tibiae showing PEO were
dehydrated with increasing concentration of ethanol and embedded in paraffin wax.
Starting from the centre, where PEO occurred, 5 um-thick sections were cut. Tissue
sections were stained with safranin O/fast green (both from Sigma-Aldrich). Slides were
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deparaffinised and rehydrated using standard protocols. Proteoglycans were stained
with 0.1% safranin O and counterstained with 0.1% fast green. Stained sections were
dehydrated and mounted with Histomount (Thermo Fisher Scientific) for subsequent
microscopic analysis using a Zeiss Axioscope A.1 (with AxioVision 4.8 software).

Gene expression analysis

Cartilage tissue, ectopically-formed on the tibia or fibrous periosteal tissue (on the tibia
where none or little ectopic cartilage was formed), was harvested. Tissue samples
where lysed in TRIzol (Life Technologies|Thermo Fisher Scientific, Carlsbad, CA, USA).
RNA isolation, RNA quantification by ultraviolet (UV) spectrometry (Biodrop; Isogen Life
Sciences, Utrecht, the Netherlands) and cDNA synthesis were performed as described
before.?”#! Real time quantitative PCR (RT-gPCR) was performed using MESAGREEN
gPCR MasterMix Plus for SYBR® Assay (Eurogentec, Seraing, Belgium). A CFX96
RealTime PCR Detection system (Biorad, Hercules, CA, USA) was used for amplification
with the following protocol: initial denaturation 95°C for 10 min, followed by 40 cycles
of amplification (denaturation 15 s at 95°C and annealing 1 min at 60°C). Validated
primer sequences used are listed in Table 4.1. Data were analysed using the 2-AACt
method, mRNA expression was normalised to reference genes (28S rRNA, B-actin and
GAPDH) and gene expression was calculated as fold change compared to control.

Table 4.1 Primer sequences for RT-gPCR.

Oligo sets Forward Reverse

Acan CGGGACACCAACGAGACCTAT CTGGCGACGTTGCGTAAAA

Alpl GGAGGATGTGGCCGTCTTC CTGCGTAAGCCATCACATGAG
Collal CTGACTGGAAGAGCGGAGAGTAC CCATGTCGCAGAAGACCTTGA
Col2al TGGGTGTTCTATTTATTTATTGTCTTCCT GCGTTGGACTCACACCAGTTAGT
Col10a1 AACCTGGACAACAGGGACTTACA CCATATCCTGTTTCCCCTTTCTG
Mmp13 CGATGAAGACCCCAACCCTAA ACTGGTAATGGCATCAAGGGATA
PTHrP AAGGGCAAGTCCATCCAAGA CTCGGCGGTGTGTGGATTTC
Sox9 AGTACCCGCACCTGCACAAC CGCTTCTCGCTCTCGTTCAG
Runx2 TGATGACACTGCCACCTCTGA GCACCTGCCTGGCTCTTCT

Vegfa GTCAGAGAGCAACATCACCA CATCTGCTGTGCTGTAGGAA

28S rRNA GCCATGGTAATCCTGCTCAGTAC GCTCCTCAGCCAAGCACATAC
B-Actin GACAGGATGCAGAAGGAGATTACTG CCACCGATCCACACAGAGTACTT
GAPDH ACTTTGTGAAGCTCATTTCCTGGTA GTGGTTTGAGGGCTCTTACTCCTT

The 5’ to 3’ forward and reverse oligonucleotide sequences used for RT-gPCR are listed in the table.

Statistics

Statistical analysis was performed using IBM SPSS 20.0 software (Chicago, IL, USA).
Because of our group size, Mann Whitney U test was applied for all measurements.
Results with p<0.05 were regarded as significant. Data were presented as mean with
standard error of the mean (SEM).
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Results

Animal well-being and confirmation of COX-2 inhibition by reduced PGE2
levels

To determine the consequences of COX-2 inhibition on endochondral ossification, the
skeletally-immature New Zealand white rabbits were systemically treated with
celecoxib for 25 d (6 animals in control group and 6 animals in celecoxib group).
Analysing blood plasma samples, we confirmed that celecoxib treatment efficiently
inhibited in vivo PGE; synthesis by 80% after 25 d and, thus, systemically inhibited
COX-2 (Figure 4.1A). Throughout the experiment, animal well-being and behaviour
were observed daily. We did not observe any difference between the control and
celecoxib-treated group. In addition, no significant differences were observed in the
body weights during the entire experiment (Figure 4.1B).

A B
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150.0- B Control 4.0 ¢ Control
O Celecoxib = Celecoxib
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pre-operative day 25 0 2 8 14 21 25
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Figure 4.1 Weight and Systemic COX-2 inhibition during the experiment. (A) Systemic COX-2 inhibition
was confirmed by measuring PGE: levels in serum from pre-operative samples and in samples
at day 25, just before sacrifice. PGE: levels were measured using a PGE»-specific EIA. Inhibition
of PGE; synthesis was determined as % decrease as compared to pre-treatment serum
samples. (B) The weight of the rabbits during the experiment in the control (n=6) and
celecoxib group (n=6). Error bars indicate SEM, asterisk (*) p<0.05, ns = not significant.

Ulnar fracture healing and COX-2 inhibition

To determine whether this systemic COX-2 inhibition influenced bone fracture healing,
we employed a noncritical size defect model, which has been described before,*? to
study fracture healing capacity. To evaluate radiographical bone fracture healing in
control and celecoxib-treated rabbits, plain radiographs were taken after 25 d of
follow-up. Overall, these radiographs showed full bony bridging in all but one ulna in
the control group. In the celecoxib-treated group only half of the ulnae showed full
bony bridging, whereas the other half of the ulnae showed only partial bony bridging
(Figure 4.2A). Analysis by the Lane-Sandhu radiologic fracture scoring system, which
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measures bone formation, remodelling and union,*® revealed a significant difference in
the average scores: 8.8 (SEM % 0.8) in the control group vs. 5.7 (SEM % 0.9) in the
celecoxib-treated group (Figure 4.2B). This indicated that fracture healing was indeed
impaired in the celecoxib group. To gain more insight in the newly-formed bone
structure, bone fracture healing in the ulnae was analysed and evaluated by p-CT.
Reconstructed 3D images confirmed the progression in fracture healing for both
groups, as observed in the radiographs (Figure 4.2C). u-CT data were analysed in
greater detail by using a finite element model to predict stiffness of the newly-formed
bone (Figure 4.2D). In both groups, one outlier was excluded from analysis due to a
refracture of the sample, making the FEA unreliable. A significantly higher average
compression stiffness was calculated for the control group as compared to the
celecoxib-treated group [21082 N/mm (SEM £ 1172 N/mm) vs. 14707 N/ mm (SEM +
3101 N/mm), respectively; (p = 0.048)]. However, no significant differences were found
in torsional stiffness [4416 Nmm/rad vs. 3477 Nmm/rad (p=0.12)] and bending stiffness
around the X-axis [3839 N/mm vs. 2564 N/mm (p=0.09)] or bending stiffness around
the Y-axis [2288 N/mm vs. 1949 N/ mm (p=0.13)] (Figure 4.2D). These data supported
the observation of impaired fracture healing in the celecoxib-treated rabbits. After 25 d
of follow-up, von Kossa/thionine and Masson-Goldner trichrome stained histological
samples showed, similar to radiographs and u-CT analyses, a delayed fracture healing in
the celecoxibtreated rabbits (Figure 4.3A-C). The control group showed bony bridging in
all sections and reorganisation in most of the sections, only little callus tissue was still
present and the cortices reorganised (Figure 4.3A). In the celecoxib-treated group, full
bony bridging was only observed in half of the sections. In the other half, more callus
tissue was still retained in the fracture region and less remodelling towards woven
bone occurred (Figure 4.3A). Furthermore, new bone formation and areas with
retained cartilaginous tissue were still present in the fracture area of the celecoxib
group whereas advanced reorganization towards woven bone was visible in the control
group (Figure 4.3B). In MasonGoldner trichrome stained sections, the celecoxib group
showed more connective tissue in the fracture callus, whereas this was largely absent
in the control group (Figure 4.3C). When fracture healing was quantified using an
existing histological scoring system,*>#* a significantly decreased score in the celecoxib-
treated group was observed. The scoring system takes in account union, formation and
remodelling of cartilaginous spongiosa, formation and remodelling of spongious bone,
formation, remodelling and continuity of cortical bone (each side scored separately)
and bone marrow formation. Each item can be scored from 0 to 4, a total score of 24
means a fully-healed fracture and 0 means no healing occurred at all. A mean score of
only 12.00 (SEM % 1.9) out of 24 was achieved in the celecoxib-treated group, whereas
the control group achieved a mean score of 17.67 (SEM % 1.3) out of 24. An overview of
these results is shown in Figure 4.3D. Overall, these data showed that systemic
celecoxib treatment for 25 d in a non-critical size bone defect in skeletally-immature
rabbits resulted in delayed endochondral bone fracture healing, as determined on plain
radiographs, pu-CT images and histology.
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Figure 4.2 Impaired fracture healing in celecoxib treated rabbits.Impaired fracture healing after

celecoxib treatment in an experimental non-critical size defect model. A 5 mm defect was
created in the distal ulna, after a follow-up of 25 days fracture healing was examined
radiologically. (A) Full union in radiography of the ulna of the control group and only
partial/delayed union in radiography of the ulna of the celecoxib treated group. (B) In
radiographic images bone union was assessed using the Lane-Sandhu scoring system.
Significantly more union was seen in the control group as compared to the celecoxib treated
group. (C) 3D reconstruction of micro-CT image of the control group ulna and the celecoxib
treated ulna. Note the cortical bridging in the control group and a gap still present in the
celecoxib treated group. (D) Bone stiffness was assessed by finite element analysis. Either a
significant difference (or trend towards significance) was seen between various parameters in
control versus celecoxib treated group. Standard error of the mean is depicted between
brackets. The * indicate significant p-values.
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A Control Celecoxib Cc Control

Celecoxib

B Control Celecoxib D
> » Heiple score Control (n=6) | Celecoxib (n=6) p-value
Union 3.33 (£0.21) |2.33 (£0.42) 0.132
Cartilaginous
spongiosa 3.00 (£0.26) |2.17 (£0.40) 0.180

Spongious bone | 2.33 (£0.21) | 1.50 (£0.22) 0.065
Cortex bridging_1 | 3.00 (£0.00) |2.33 (0.33) | 0.180
Cortex bridging_2 | 3.00 (£0.45) |2.00 (£0.45) 0.180
Bone marrow 3.00 (£0.37) |1.67 (£0.33) 0.041*
Total 17.67 (1.28) |12.00 (£1.53) |0.041*

Figure 4.3 Impaired histological fracture healing in celecoxib treated rabbits. Delayed fracture healing as
seen in histologic sections of the same specimens. (A) An overview of VonKossa/Thionine and
Masson Goldner trichrome stained sections show bony bridging of the cortex in the control
group but in the celecoxib treated group a clear gap is still visible in the region where the
defect was created. (B) A magnification of the overview pictures (scale bars represent
100 um) shows advanced reorganization towards woven bone (#) in the control group
whereas more cartilaginous tissue (white arrow) is still present and only little reorganization
has occurred in the celecoxib treated rabbits. (C) Masson Goldner trichrome staining. (D)
Fracture healing was significantly impaired in the celecoxib treated rabbits when histologically
analysed by a modified version of Heiple’s histologic scoring system. Standard error of the
mean is depicted between brackets. The * indicate significant p-values.

Growth plate development and COX-2 inhibition

Systemic COX-2 inhibition delayed the bone fracture healing process in our non-critical
size defect model, possibly by interfering with the endochondral ossification process.
To determine whether COX-2 inhibition caused similar consequences in another
scenario of endochondral ossification, we analysed growth plate development in the
same rabbits. This had the additional benefit of analysing the effect of COX-2 inhibition
on the EO process alone, without clouding of simultaneously occurring
intramembranous ossification at the same site, as can be the case during fracture
healing. In addition, the progenitor cell source for EO in the growth plate is different
from in fracture healing: resting zone chondrocytes versus periosteal- and bone
marrow derived mesenchymal cells, respectively. To follow new bone formation
originating from endochondral ossification in the growth plate, fluorescent calcium
labelling was applied by calcein green injection at day 14 (11 d prior to sacrifice) and
analysed in histological sections of the growth plate. Calcium labelling by
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fluorochromes, as calcein green, allows to determine the location of active
mineralisation at a given time point (time of injection).3! The injection of calcein green
at day 14 caused a clearly visible green fluorescent front at the diaphyseal side of the
growth plate of the rabbits’ distal femora (mineralisation front) (Figure 4.4A). In the
same sections, the transition between proliferative zone and hypertrophic zone of the
growth plate could also be observed. The distance between the fluorescent
mineralisation front and the proliferative/hypertrophic transition zone was indicative of
the growth that occurred between incorporation of calcein green and sacrifice. The
growth for the control group was 2436 pm (+ 142 pum) and for the celecoxib-treated
group 1830 um (+ 54 um), which was a significantly shorter distance (Figure 4.4B). This
showed that celecoxib treatment also inhibited endochondral ossification during the
growth plate development. In sequential sections stained with H&E (Figure 4.4C), we
further focused on the growth plates of these long bones, to determine whether the
inhibition of advancement of the epiphyseal mineralisation front originated from the
growth plate (and, thus, the chondrogenic phase of endochondral ossification). The
total thickness of the growth plates in the control rabbits was 375.1 um (+ 14.2 um),
whereas the total thickness of the growth plates in the celecoxib-treated rabbits was
only 307.9 um (+ 10.34 um) (p<0.05). Also, and in concert with our previous work,?’ the
thickness of the hypertrophic zone was significantly decreased in the celecoxib-treated
group (Figure 4.4D). Collectively, these results showed that growth plate development
was inhibited and, since growth plate development was driven by chondrogenic
differentiation, it was likely that at least a part of the reduced growth plate
development caused by celecoxib, could be explained by an impaired chondrogenic
differentiation.
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Figure 4.4

80

Celecoxib inhibits advancement of the mineralization front. The distal femoral growth plate
was examined histologically. (A) The calcein green mineralization front (*) at day 14 was
visualised and compared to the transition between proliferative zone and hypertrophic zone
of the growth plate (#) at day 25. The surface of the growth plates was measured over a
standard width of 8000um and the average growth was calculated. The scale bars represent
1000um. (B) Significantly more advancement of the mineralization front was seen in the
control group compared to the advancement in the celecoxib treated group. (C) In adjacent
sections stained with haematoxylin/eosin average thickness was calculated for the total



Impairment of the chondrogenic phase of endochondral ossification in vivo by inhibition of COX-2

growth plate, as well as the proliferative zone (PZ) and the hypertrophic zone (HZ). In
addition, normal columnar chondrocytes can be seen in the control group growth plate and a
less organised structure of the chondrocytes and a less marked transition between resting
zone area (RZ) and proliferative zone is seen in the celecoxib treated rabbits. (D) A significant
decrease in thickness of the total growth plate and in the hypertrophic zone was observed,
but no significant difference was present in the proliferative zone. Standard error of the mean
is depicted between brackets. The * indicate significant p-values (p<0.05), ** p<0.01, ns = not
significant.

PEO and COX-2 inhibition

PEO can be used as a model for studying in vivo endochondral bone formation because,
similarly to the growth plate, it sequentially completes the stages of chondrogenic
differentiation during endochondral ossification.?® Different from the growth plate, PEO
formation allowed for the specific analysis of the effect of COX-2 inhibition on the
newly-formed endochondral ossification processes (as celecoxib treatment started
almost simultaneously with induction of PEO) and, thus, study early phases of
chondrogenic differentiation during EO. To study whether celecoxib not only had an
influence on osteogenic differentiation, but also on chondrogenic differentiation, we
implemented this method for ectopically inducing endochondral ossification in the
same rabbits used for the noncritical size defect procedure. We analysed whether
celecoxib treatment was able to alter PEO formation, as a model for chondrogenic
differentiation, through radiography, histology and gene expression analysis.
Radiography and histology showed a distinctive 67% PEO formation (4 out of 6 injection
sites) in the control group and a 0% distinctive PEO formation (0 of 6 injections sites) in
the celecoxib-treated group (Figure 4.5A,B). Safranin O staining, to detect
proteoglycans, indicative of cartilage formation (Figure 4.5C,D), showed that rabbits in
the celecoxib-treated group did not detectably develop cartilage tissue in the PEO
tissue. In Figure 4.5C the tibial cortex and fibrous periosteal tissue could be seen in the
celecoxib group, but no PEO tissue was developed. In the control group, cartilaginous
tissue was formed, which, at the time of harvest, was gradually ossifying. This could be
seen in more detail in Figure 4.5D. Gene expression analysis of the PEO tissue or fibrous
periosteal tissue at the site of agarose injection showed that celecoxib significantly
impaired the expression of collagen type Il (Col2al), aggrecan (Acan), collagen type X
(Col10a1), alkaline phosphatase (Alpl), Runt-related transcription factor 2 (Runx2) and
matrix metalloproteinase 13 (Mmp13). Expression of parathyroid hormone-related
peptide (PTHrP) was upregulated. No significant differences were found in the
expression of SRY box 9 (Sox9), vascular endothelial growth factor alpha (Vegfa) or
collagen type | (Collal) (Figure 4.5E). Overall, these data indicated that systemic
inhibition of COX-2 by celecoxib impaired the formation of PEO tissues, suggesting that,
in this model, systemic COX-2 inhibition had a negative effect on the initiation of the
chondrogenic phase of endochondral ossification.
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Figure 4.5
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Impaired PEO formation in celecoxib treated rabbits. A periosteal osteochondral model was
used to examine the influence of celecoxib on chondrogenesis. An agarose gel was injected
between periosteum and bone of the upper tibia to induce PEO. (A) Plain radiographs show
(the mineralised part of) PEO (#) in control and celecoxib treated rabbits (white arrows point
to the location of injection). (B) In 67% of the injected control rabbits and in none of the
celecoxib treated rabbits PEO formation was seen. (C) Safranin O/Fast green stained histologic
section of the same specimen illustrating cartilage formation and mineralization (#) in control
group and in the celecoxib treated rabbits again no clear PEO is formed (black arrows point to
the location of injection). This shows that not only mineralization is inhibited but the lack of
cartilaginous PEO formation indicates an inhibited chondrogenic differentiation. (D) A higher
magnification of panel C can be seen here where the transition of cartilage into the ossified
part is visible in more detail. (E) Gene expression analysis of indicated genes was performed
by RT-gPCR on PEO tissue in control and celecoxib treated rabbits. Data are presented as
relative expression compared to control condition and normalised to a housekeeping index
consisting of 28S rRNA, Actin and GAPDH Bars represent mean + SEM. asterisk (*) p<0.05,
ns = not significant.
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Discussion

We showed that the inhibition of COX-2 by celecoxib influenced the chondrogenic
phase of endochondral ossification in vivo, affecting not only fracture healing, but also
growth plate development and ectopic periosteal cartilage formation. Fracture healing
by EO in a non-critical size defect in the ulna was found to be delayed on radiographs,
K-CT images and histology in the celecoxib-treated animals, which is consistent with
previous reports, where COX-2 is selectively inhibited.?**>45%7 Remarkably, the non-
fused fractures in the celecoxib treated animals were characterised by the presence of
retained cartilaginous tissue, which was likely indicative of delayed EO. Impaired bone
healing was confirmed by FEA, in which a significant difference in compression strength
was observed. Compression strength was the only parameter that differed significantly
between control and celecoxib-treated groups. Compression strength largely depends
on cortical integrity,” and since the celecoxib-treated animals specifically presented
lower FEA compression strength, it was likely that the mode of impaired fracture
healing due to celecoxib treatment involved impaired cortical healing as a result of
delayed endochondral ossification. Indeed, this was confirmed by our histological
examinations. Using a calcium-binding fluorochrome, we were able to demonstrate
that the mineralisation front in the growth plate advanced less over time in the
celecoxib treated animals compared to control. This implicated an impaired
advancement of endochondral-driven bone growth and confirmed our previous
findings.?” In the celecoxib-treated rabbits, the growth plates were significantly shorter,
which can be mainly attributed to a shorter hypertrophic zone. This shorter
hypertrophic zone can be caused by an impaired progression into hypertrophy.?” Our
data strongly indicated that — apart from the possibility that osteogenic remodelling in
already developed bones might be affected by celecoxib treatment — the chondrogenic
phase of endochondral ossification was sensitive to the celecoxib treatment. In addition
to EO in fracture healing and growth plate development, the same animals were used
to examine the chondrogenic phase of endochondral ossification, according to a
previously described model for in vivo ectopic cartilage formation.?® We found that no
distinctive ectopic cartilage tissue was formed in the celecoxib-treated group. Ectopic
periosteal cartilage formation and the formation of cartilaginous fracture callus are de
novo initiated cellular processes, requiring an initial inflammatory environment.49>!
With the systemic celecoxib-dependent reduction of COX-2 activity, an essential
inflammatory reaction may be dampened, resulting in an impaired initiation of
chondrogenic differentiation or inflammation driven osteogenic remodelling of fracture
callus. A challenge is to define at which stage of EO COX-2 is involved and to clarify why
EO seemed to be delayed in fracture healing and growth plate development, while
being inhibited in the PEO model. EO can be divided into 4 stages: 1) initiation of
chondrogenic differentiation of chondroprogenitor cells, 2) chondrocyte proliferation,
3) hypertrophic differentiation, 4) vascularisation and apoptosis.’%4° Previous work
from our group shows a bi-phasic COX-2 expression pattern during chondrogenic
differentiation in vitro.?>2 The two stages, corresponding to COX-2 expression peaks,
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resemble early differentiation and chondrocyte hypertrophy. This suggests that
inhibition of COX-2 could have an influence on both early chondrogenic differentiation,
as well as, late chondrogenic differentiation. Therefore, inhibition of COX-2 could
influence both the initiation of chondrogenic differentiation and chondrocyte
hypertrophy. According to the present study, growth plate development was an already
ongoing process and fracture healing and ectopic periosteal chondrogenic
differentiation were initiated simultaneously to COX-2 inhibition. During fracture
healing and ectopic periosteal chondrogenic differentiation, the first peak of the bi-
phasic COX2 expression was likely inhibited, whereas, in growth plate development,
COX-2 inhibition might interfere with the already ongoing chondrogenic differentiation.
Therefore, we speculated that it was the inhibition of this biphasic COX-2 expression
that was likely to cause differential effects on fracture healing, growth plate
development and ectopic periosteal chondrogenic differentiation. The skeletal
mechanism of action of arachidonic acid-derived eicosanoids remains a topic of
investigation.?® For instance, the prostanoid receptors of PGE2 (EP-1, EP4) have
different roles in chondrocyte and osteocyte differentiation and, therefore, in fracture
healing. EP-1-/- mice have enhanced osteoblast differentiation and accelerated fracture
repair,26 whereas EP-2 and EP-4 agonists improve fracture healing.>3 However, in COX-2
-/- mice, fracture healing is severely impaired, but these mice have no reported skeletal
abnormalities.?* The latter is inconsistent with our findings, as we observed an effect of
celecoxib on the maturation of the growth plate, implicating that COX2 played a role
during endochondral ossification. Finally, in a rat model, reduction of leukotriene
synthesis by inhibition of 5-lipoxygenase accelerates fracture healing by increasing
COX-2 expression in fracture callus and progression into hypertrophy to complete
endochondral ossification.>*>> COX-2 is a rate-limiting enzyme in the turnover of
arachidonic acid to prostaglandins.®® The decreased levels of PGE2 in the rabbit blood
plasma at day 25 confirmed that we were able to inhibit COX-2 activity systemically in
vivo. In our experiment, we have chosen to use a celecoxib dose equivalent to
800 mg/d in humans. This is a high dose to be used in orthopaedic conditions and
rheumatic diseases, but non-toxic and described as safe for use in a gastrointestinal
toxicity study.>” It is unknown whether the effects of celecoxib, which we reported,
would have also been observed if lower concentrations would have been used or with
other NSAIDs. Furthermore, local instead of systemic administration of celecoxib might
differently influence the course of chondrogenic differentiation, but this will be topic of
further studies. Our study design had a limitation, but at the same time an opportunity.
Using a single animal for multiple experimental models could be a confounding factor,
as we had no control on factors that might influence each other. This could be
addressed by using separate animals for each study design. However, considering inter-
animal variation when using different animals for different models, we would never
have been able to make the comparison as accurate as we did, using this combined
model. Moreover, the potential influence of one factor on the other would be expected
to be similar in each rabbit. The only difference between the two groups was the
administration of celecoxib, which was the variable we aimed to test.
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Conclusions

We confirmed previous findings according to which selective COX-2 inhibition (by
celecoxib) causes impaired fracture healing,* and more importantly, we showed that
chondrogenic differentiation during EO was impaired by COX-2 inhibition. This impaired
chondrogenic differentiation had an impact on the development of the fracture callus,
growth plate development and ectopic cartilage formation. The impaired fracture
healing was probably at least partially a result of the effects of celecoxib on the
chondrogenic phase of EO, similarly to results found for growth plate development and,
therefore, not solely a consequence of impaired osteogenesis. This chondrogenic
involvement may have other, yet unknown, implications for the use of COX-2 inhibitors
in pregnant women, children and patients suffering from a fracture and necessitates
further clinical investigation.
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Chapter 5

Abstract

The generation of cartilage from progenitor cells for the purpose of cartilage repair is
often hampered by hypertrophic differentiation of the engineered cartilaginous tissue
caused by endochondral ossification. Since a healthy cartilage matrix contains high
amounts of Aggrecan and COMP, we hypothesized that their supplementation in the
biogel used in the generation of subperiosteal cartilage mimics the composition of the
cartilage extracellular matrix environment, with beneficial properties for the
engineered cartilage. Supplementation of COMP or Aggrecan was studied in vitro
during chondrogenic differentiation of rabbit periosteum cells and periosteum-derived
chondrocytes. Low melting agarose was supplemented with bovine Aggrecan, human
recombinant COMP or vehicle and was injected between the bone and periosteum at
the upper medial side of the tibia of New Zealand white rabbits. Generated
subperiosteal cartilage tissue was analysed for weight, GAG and DNA content and ALP
activity. Key markers of different phases of endochondral ossification were measured
by RT-gPCR. For the in vitro experiments, no significant differences in chondrogenic
marker expression were detected following COMP or Aggrecan supplementation, while
in vivo favourable chondrogenic marker expression was detected. Gene expression
levels of hypertrophic markers as well as ALP activity were significantly decreased in the
Aggrecan and COMP supplemented conditions compared to controls. The wet weight
and GAG content of the in vivo generated subperiosteal cartilage tissue was not
significantly different between groups. Data demonstrate the potential of Aggrecan and
COMP to favourably influence the subperiosteal microenvironment for the in vivo
generation of cartilage for the optimization of cartilage regenerative approaches.
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Introduction

Cartilage lesions can be debilitating, and are a high-risk factor for the development of
osteoarthritis (OA) over time.! Cartilage lesions can be treated with surgical techniques
such as microfracture (MF), mosaicplasty (MP), autologous chondrocyte implantation
(ACI) or implantation of a small focal prosthesis.?2 Donor site morbidity, limited donor
cartilage availability, high costs, and inferior repair tissue quality (respectively) are just
some of the disadvantages of these approaches.>* We proposed a novel paradigm for
de novo engineering of cartilaginous tissues, the in vivo bioreactor (IVB). This is an
alternative cartilage repair concept that we aim to further develop.’> The IVB employs
the fracture healing response as a way to generate autologous donor cartilage, suitable
for implantation to repair (osteo)chondral defects.>® During bone fracture healing the
local periosteum plays an important role in the healing process by providing periosteal
mesenchymal progenitor cells, which differentiate into chondrocytes and form the
cartilaginous callus tissue that remodels via endochondral ossification to ultimately heal
the bone fracture.”® We discovered that local subperiosteal application of an agarose
biogel provokes a similar cartilage callus-forming process within the created
subperiosteal space, without the need of a fracture.® This cartilaginous tissue presents
all the hallmarks of hyaline cartilage, and upon transplantation, can heal an
osteochondral defect out to 9 months in a rabbit model.> However, without further
optimization IVB-generated cartilage tissue is prone to further differentiate into
hypertrophic cartilage, leading to unwanted ossification.

An important part of the dry-weight of articular cartilage consists of extracellular matrix
(ECM) proteins (type Il collagen (Col2al), aggrecan (Acan), cartilage oligomeric matrix
protein (COMP), etc.).1%2 ECM proteins are thus important determinants in cartilage
tissue homeostasis and their efficient synthesis is a prerequisite to creating cartilage
volume. In addition, these major ECM protein species also condition the cartilage
microenvironment in a unique way. Aggrecan plays a key role in generating the
cartilage’s fixed negative charge due to its glycosaminoglycan content, leading to its
water-attracting properties,’* while COMP provides the cartilage with retention
capacity for TGF-B superfamily member growth factors.!* Therefore, we hypothesized
that the supplementation of the IVB biogel with Aggrecan or COMP mimics the
composition of the native cartilage extracellular matrix microenvironment, with the
potential to gain control over the chondrogenic potential of the IVB.

Materials and methods

Recombinant expression and purification of COMP

Full-length recombinant human (rh)COMP was prepared as previously described.!
Briefly, human COMP cDNA was cloned into a pQE mammalian expression vector
(Qiagen), which was then stably transduced into human HEK293T cells. Cells were
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expanded in in DMEM with 10% FBS until 15 cm tissue-culture dishes were 80%
confluent, then the FBS was reduced to 0.1% FBS and conditioned media collected and
replenished daily for up to 1 week. COMP was purified to near homogeneity from the
conditioned culture media using nickel-nitrilotriacetic acid column affinity
chromatography (Ni-NTA Agarose, Qiagen). The eluted protein was buffer-exchanged
into 20 mM HEPES (pH 7.0), 2 mM CaCl,, and 500 mM NaCl, at approximately
500 ug/ml, with 30% glycerol added prior to storage at -80°C.

Periosteum cell culture

As previously described,>> the periosteum was harvested from the proximal tibia of
New Zealand White Rabbits and cut into small pieces using a sterile surgical blade. Post-
mortem animals were obtained from an unrelated study; no ethical approval was
necessary. Periosteal pieces were digested for three hours at 37°C in collagenase Il
solution (300 U/ml in HEPES buffered Dulbecco’s Modified Eagle Medium (DMEM;
Invitrogen, Carlsbad, CA, United States) supplemented with 1% antibiotic/antimycotic
(Invitrogen)) under continuous agitation. The preparation was rinsed with 0.9% NaCl
over a 70 um cell strainer and plated in culture flasks. Cells were cultured in a
humidified atmosphere at 37°C, 5% CO; in culture medium consisting of: Minimal
Essential Medium (MEM)/D-valine (Invitrogen), 10% fetal calf serum (FCS) (Sigma-
Aldrich, St Louis, MO, United States), 1% antibiotic/antimycotic (Invitrogen), 1% non-
essential amino acids (NEAA, Invitrogen) and 2mM I-glutamine (Sigma-Aldrich).21¢ After
reaching confluence, cells were passaged 1:2 until passage 2. Passage 2 rabbit
periosteal cells from 1 donor were plated at 30.000 cells/cm? in triplicates per condition
and the next day chondrogenic differentiation was initiated by changing the culture
medium to differentiation medium consisting of: Dulbecco’s Modified Eagle Medium
(DMEM) high glucose (Invitrogen), 10% FCS (Sigma-Aldrich), 1% antibiotic/antimycotic
(Invitrogen), 1 mM sodium pyruvate (Sigma-Aldrich), 1% insulin-transferrin-selenite
solution (ITS; Sigma-Aldrich), 40 pg/ml L-proline (Sigma-Aldrich), 10 ng/ml TGF-B
(Invitrogen), 25 upg/ml L-ascorbic acid-2-phosphate (Sigma-Aldrich), and 100 nM
dexamethasone. Glycosaminoglycan containing bovine Aggrecan from articular
cartilage (Sigma-Aldrich A1960) (Supplementary Figure S5.1) was added at 2 pg/ml
concentration and rhCOMP was added at 200 pg/ml. The same volume of 0.9% sodium
chloride was added as a control. Differentiation medium was changed every other day
and after 0 (baseline measurement) and 21 days cells were harvested for RNA isolation
and ALP activity.

Chondrocytes derived from IVB cartilage

Cells were obtained from cartilage out of periosteum tissue generated in vivo in New
Zealand White Rabbits (DEC2005-159).% The IVB cartilage tissue was harvested directly
after euthanasia. The autologous IVB cartilage was separated from the periosteum by
dissecting with a scalpel and the overlying fibrous tissue was carefully removed. This
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cartilage tissue is distinct in phenotype and consistency so risk of contamination with
other tissues in the sample is negligible. Tissue was digested for three hours at 37°C in
collagenase Il solution (300U/ml in HEPES buffered DMEM/F12 (Invitrogen)
supplemented with 1% antibiotic/antimycotic (Invitrogen)) under continuous agitation.
The preparation was rinsed with 0.9% NaCl over a 70 um cell strainer and plated in
culture flasks. Cells were cultured in a humidified atmosphere at 37°C, 5% CO,in culture
medium consisting of: DMEM/F12, 10% FCS, 1% antibiotic/antimycotic and 1% NEAA.
After reaching confluence, cells were passaged 1:2 until passage 6. Passage 6 cells from
1 donor were plated at 30.000 cells/cm? in triplicates per condition and the next day
chondrogenic redifferentiation was initiated by changing the culture medium to
redifferentiation medium consisting of: DMEM/F12, 1% antibiotic/antimycotic, 1%
NEAA, 1% ITS, 10 ng/ml TGF-B and 25 pg/ml L-ascorbic acid-2-phosphate. Bovine
Aggrecan was added at a 2 ug/ml concentration and rhCOMP was added at 200 pg/ml.
The same volume of 0.9% sodium chloride was added as a control. Differentiation
medium was changed every other day and after 0 (baseline measurement) and 7 days
cells were harvested for RNA isolation.

Animal study

Twenty-four knees in 12 female, specific-pathogen-free (SPF) New Zealand White
Rabbits were used for this experiment (Charles River Laboratories, Wilmington, MA,
United States; 107 days old, ~1.8 kg). The experiment was approved by the Maastricht
University animal ethical committee (DEC 2012-151) and we confirm that all
experiments were performed in accordance with relevant guidelines and regulations
(ARRIVE). Throughout the experiment, animals were housed in groups under standard
conditions with ad libitum access to water and food and 12 hours of light each day.
Animal well-being and behaviour (score in response to stimuli, back arch, twitch,
wincing, posture, self-care, condition of skin, mobility, limb loading, difficulties in
respiration/breathing, dehydration or undernourishment symptoms, colour of the
mucous membranes and extremities, oedema/swelling/cold feeling and other notable
abnormalities) were checked daily. The sample size was calculated and corrected for
potential dropout, and eight animals per group were included. The IVB method
described by Emans and colleagues was used for ectopically-inducing cartilage
formation, in which a subperiosteal space is created to induce periosteal endochondral
ossification.>®” In short, the skin was opened over the upper medial side of the tibia,
the periosteum was incised just medially of the pes anserinus, leaving the
semitendinosus tendon untouched. The periosteum was elevated proximally with a
probe and 0.2 ml of a 2% (w/v) agarose-based gel (2 g of ultra-pure low-melting
agarose granules (Cat no: 10975035, Lot No: M091807; Invitrogen) in 100 ml of 0.9%
NaCl, followed by steam-sterilization) was injected between the bone and periosteum.
Bovine Aggrecan was added at a 2% w/v or rhCOMP was added at 0.5 mg/ml to the
agarose-gel. The wound was closed in separate layers with Vicryl Rapide™ 4-0
absorbable sutures (Ethicon, Kirkton, United Kingdom). This procedure was repeated on
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the contralateral tibia. After 14 days, rabbits were euthanized by an overdose of
intravenous pentobarbital. The IVB cartilage tissue was harvested directly after
euthanasia. The autologous IVB cartilage was separated from the periosteum by
dissecting with a scalpel and the overlying fibrous tissue was carefully removed. This
cartilage tissue is distinct in phenotype and consistency so risk of contamination with
other tissues in the sample is negligible. Generated subperiosteal cartilage tissue was
analysed for weight, glycosaminoglycan (GAG)- and DNA content. In addition, samples
were taken for gene expression analysis and ALP activity assay.

Gene expression analysis

Cells and ectopically-formed cartilage tissue on the tibia were harvested and lysed in
TRIzol (Life Technologies|Thermo Fisher Scientific, Carlsbad, CA, United States). RNA
isolation, RNA quantification by ultraviolet (UV) spectrometry (Biodrop; Isogen Life
Sciences, Utrecht, the Netherlands) and cDNA synthesis were performed as described
before.!81° Real-time quantitative PCR (RT-gPCR) was performed using Takyon No ROX
Sybr® Green MasterMix blue dTTP (Eurogentec, Seraing, Belgium). A CFX96 RealTime
PCR Detection system (Biorad, Hercules, CA, United States) was used for amplification
with the following protocol: initial denaturation 95°C for 10 minutes, followed by
40 cycles of amplification (denaturation 15 seconds at 95°C and annealing 1 minute at
60°C). Validated primer sequences used are listed in Table 5.1. Data were analysed
using the standard curve method, mRNA expression was normalized to the reference
gene (28S rRNA) and gene expression was calculated as fold change as compared to
baseline conditions (in vitro studies) or control conditions (in vivo study).

Table 5.1 Primer sequences for RT-gPCR.
Oligo Forward Reverse -ACt in -ACt in -ACt in IVB
sets differentiated genetated generated
periosteal chondro- cartilage
cells cytes
Acan CGGGACACCAACGAGACCTAT CTGGCGACGTTGCGTAAAA -11,48 -14,88 -16,76
Alpl GGAGGATGTGGCCGTCTTC CTGCGTAAGCCATCACATGAG -14,55 -12,82 -14,09
Nkx3-2 ACCTGGCAGCTTCGCTGAA AGGTCGGCGGCCATCT -21,15 -19,85 -25,96
BMP2 AGAAAAGCGTCAAGCGAAACA GTCCACGTACAAAGGGTGTCTCT -13,04 -12,67 -19,46
Collal CTGACTGGAAGAGCGGAGAGTAC CCATGTCGCAGAAGACCTTGA -14,19 -14,39 -13,85
Col2al TGGGTGTTCTATTTATTTATTGTCTTCCT GCGTTGGACTCACACCAGTTAGT -11,28 -10,77 -16,57
Col10al AACCTGGACAACAGGGACTTACA CCATATCCTGTTTCCCCTTTCTG -13,50 -10,59 -18,82
Cox-2 ACCAACATGATGTTTGCATTCTTT GGTCCCCGCTTAAGATCTGTCT -17,27 -13,32 -21,20
D2 CCCGATGAGCCTGCTATACAA TGGGCACCAGCTCCTTGA -14,85 -16,21 -17,42
Mmpl3 CGATGAAGACCCCAACCCTAA ACTGGTAATGGCATCAAGGGATA -13,65 -17,13 -18,45
PTHrP  AAGGGCAAGTCCATCCAAGA CTCGGCGGTGTGTGGATTTC -12,53 -14,11 -22,40
Runx2  TGATGACACTGCCACCTCTGA GCACCTGCCTGGCTCTTCT -18,25 -13,94 -18,23
Smad7 GCAACCCCCATCACCTTAGTC GTTTGAGAAAATCCATTGGGTATCTG -15,33 -13,66 -15,38
Sox9 AGTACCCGCACCTGCACAAC CGCTTCTCGCTCTCGTTCAG -15,03 -12,24 -17,86
TGFb3  ACTTGCACCACCTTGGACTTC GGTCATCACCGTTGGCTCA -15,85 -11,76 -16,00
28S GCCATGGTAATCCTGCTCAGTAC GCTCCTCAGCCAAGCACATAC Reference Reference Reference
rRNA

The 5’ to 3’ forward and reverse oligonucleotide sequences used for RT-qPCR are listed in the table. The -ACt values for the
control condition in the in vivo IVB generated cartilage tissue, periosteal cells and IVB-derived chondrocytes are shown.
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SGAG assay

The total sulphated glycosaminoglycan (GAG) content of the ectopically-formed
cartilage tissue was measured using a standardized modified 1,9-dimethyl methylene
blue (DMMB) assay (Polysciences).2%?! The absorbance of samples was read at 540 and
595 nm using a spectrophotometer (Multiskan FC, ThermoFisher Scientific). GAG
concentrations were calculated using a standard curve of chondroitin sulphate (Sigma-
Aldrich). GAG content was normalized for total DNA content or wet weight of the
ectopically-formed cartilage tissue.

DNA quantification

The DNA concentration was determined using SYBR® Green | Nucleic Acid stain
(Invitrogen). A serially diluted standard curve of genomic control DNA (calf thymus,
Invitrogen) in TE buffer (10 mM Tris/HCl pH 8.0, 1 mM EDTA) was included to quantify
the DNA concentration in the samples. Before measurement, samples were diluted in
TE buffer (1 ul sample and 99 pl TE buffer) and standards were prepared. SYBR® Green
was diluted 10,000 times in TE buffer and 100 pl of this solution was added to 100 pl of
the above-prepared samples or standards. Fluorescence was determined in standard
96-well ELISA plates in a Spectramax M2 microplate reader (Molecular Devices,
Sunnyvale, CA, United States): excitation 488 nm and emission 522 nm.

ALP activity assay

Cells or cartilage tissues were lysed in 1.5 M Tris-HCl pH 9.0; 2% (v/v) Triton X-100 and
homogenized by sonication (Soniprep 150 MSE). Insoluble material was removed by
centrifugation (5 minutes; 13,000 x g; 4°C). Total protein concentration was determined
BCA assay (Sigma-Aldrich). ALP enzyme activity in-time was measured by ALP-depend
enzymatic conversion of p-nitrophenyl phosphate to p-nitrophenol in buffer containing
1.5 M Tris-HCl; pH 9.0, 1 mM ZnCl,;, 1 mM MgCl, and 7.5 mM p-nitrophenyl phosphate.
Substrate conversion was spectrophotometrically quantified at 405 nm and
p-nitrophenol concentrations were determined via a p-nitrophenol calibration series.
Values were normalized to total protein concentration and ALP enzyme activity was
calculated as mmol/min/ug.

Statistics

Statistical significance (p<0.05) was determined by student’s two-tailed t-test for in
vitro experiments shown in Figure 5.1, 5.2 and 5.5 using Graphpad PRISM 5.0 (La Jolla,
CA, United States). Due to limited sample size (triplicates), normal distribution of input
data was assumed as normality could not be reliably tested. For the in vivo experiment,
normal distribution of input data was tested by D’Agostino-Pearson omnibus normality
tests and all data from the in vivo study (Figure 5.3, 5.4 and 5.5) passed the normality
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tests. Statistical significance (p<0.05) was determined by student’s two-tailed t-test.
Lines in graphs represent mean + standard error of the mean (s.e.m.).

Results

Addition of Aggrecan or COMP during chondrogenic differentiation of
periosteal progenitor cells inhibits chondrocyte hypertrophy

As the IVB relies on chondrogenic differentiation of the local periosteum, we
determined if COMP or Aggrecan could improve the chondrogenic differentiation of
periosteum-derived progenitor cells in vitro. These two cartilage ECM components
were added to the chondrogenic differentiation media of rabbit periosteal derived
cells. After 21 days, differences in chondrogenic and hypertrophic gene expression
were analysed between groups. Expression of SRY (sex-determining region Y) box9
(Sox9) was significantly increased by Aggrecan (Figure 5.1A), but not significantly by
COMP. No significant differences were found in the expression of Col2al and Aggrecan
by supplementation of either Aggrecan or COMP (Figure 5.1A). In contrast, gene
expression of hypertrophic markers was all significantly repressed by Aggrecan or
COMP exposure during chondrogenic differentiation of periosteum cells (Figure 5.1B).
Runt-related transcription factor 2 (Runx2) expression was reduced in Aggrecan and
COMP conditions. Collagen type X (Col10al) and alkaline phosphatase (Alpl) expression
responded similar as Runx2, with decreased gene expression after 21 days of exposure
to Aggrecan or COMP (Figure 5.1B). This inhibition of hypertrophic maturation in
chondrogenic differentiation of periosteal cells by Aggrecan or COMP was further
confirmed by a significant decrease in ALP enzyme activity (Figure 5.1C). No significant
differences were detected for fibrotic marker collagen type | (Collal) expression
between groups (Figure 5.1D). Collectively, these data indicate that exposure of
chondrogenically differentiating periosteum cells to supplemented Aggrecan or COMP
does not influence the expression of key chondrogenic markers, but specifically
suppresses chondrocyte hypertrophic differentiation in these in vitro cell cultures.
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Figure 5.1 Addition of Aggrecan or COMP during chondrogenic differentiation of rabbit periosteal cells
results in decreased hypertrophic differentiation. Periosteal derived cells differentiated in
chondrogenic lineage under control conditions (white bars) and with Aggrecan (2 pg/ml;
dotted bars) or COMP (200 ug/ml; black bars) for 21 days. A) Induction of chondrogenic
markers Sox9, Col2al, and Acan mRNA expression was determined by RT-qPCR, normalized
for 28S rRNA expression and set relative to baseline (t=0) values (indicated by horizontal line).
B) Induction of hypertrophic markers Runx2, Coll0al and Alpl mRNA expression was
determined similarly to samples from (A). C) ALP enzyme activity in cell lysates of same
conditions was determined and normalized to total protein content. D) Fibrocartilage marker
Collal mRNA expression as determined in similarly to from (A). In graphs, error bars
represent mean + s.e.m. Statistically significant differences (p<0.05) are shown by an *,
** p<0.01, ns = not significant.

Improved chondrocyte phenotype of chondrocytes derived from IVB
cartilage when exposed to Aggrecan or COMP

The biogel (and additives in it) used for the IVB technique is expected to not only
influence the initiation of chondrogenic differentiation but also aiding in maintaining or
supporting the chondrogenic differentiation status of mature chondrocytes. Therefore,
we likewise determined the effect of Aggrecan or COMP on chondrocytes that were
isolated from IVB-generated cartilage from a previous in vivo experiment.® After 7 days
of culture with either Aggrecan or COMP, the chondrocyte phenotype was assessed by
gene expression analysis. No major differences were observed in mRNA expression of
chondrogenic markers Sox9, Col2al and Acan following the addition of Aggrecan or
COMP to these cultures (Figure 5.2A). However, and in concert with results found
above (Figure 5.1), the addition of Aggrecan or COMP to these cultures had a profound
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consequence for chondrocyte hypertrophy (Figure 5.2B). Expression of Runx2 was
significantly decreased by Aggrecan or by COMP at day 7 in culture (Figure 5.2B).
Significant repression of Col10A1 and Alpl was also observed following Aggrecan or
COMP supplementation (Figure 5.2B). Collal expression was significantly inhibited by
Aggrecan in these cultures, however not by COMP (Figure 5.2C). Together, these data
indicate that Aggrecan and COMP improve the chondrocyte phenotype in vitro of
mature chondrocytes isolated from IVB-generated cartilage by selectively decreasing
chondrocyte hypertrophy.

Figure 5.2 Better cartilage quality of chondrocytes generated from periosteal tissue when exposed to
Aggrecan or COMP. Chondrocytic cells derived from ectopic generated cartilage out of
periosteum tissue were redifferentiated under control conditions (white bars) and with
Aggrecan (2 pg/ml; dotted bars) or COMP (200 ug/ml; black bars) for 7 days. A) Induction of
chondrogenic markers Sox9, Col2al and Acan mRNA expression was determined by RT-gPCR,
normalized for 28S rRNA expression and set relative to baseline (t=0) values (indicated by
horizontal line). B) Induction of hypertrophic markers Runx2, Coll0al and Alpl mRNA
expression was determined similarly to samples from (A). C) Fibrocartilage marker Collal
mRNA expression was determined similarly to samples from (A). In graphs, error bars
represent mean * s.e.m. Statistically significant differences (p<0.05) are shown by an *,
** p<0.01, *** p<0.0001, ns = not significant.

Quality of IVB cartilage generated with Aggrecan or COMP
supplementation of the biogel

We next determined if Aggrecan or COMP supplementation to the IVB biogel leads is
beneficial for the quality of ectopically generated cartilage in the IVB. We used the IVB
technique as described earlier>'” and added either Aggrecan (2% w/v; n=8 IVBs) or
COMP (0.5 mg/ml; n=8 IVBs) to the agarose biogel, and compared the quality of the
cartilage that was generated 14 days after creation of the IVBs with a control group in
which only the empty agarose biogel condition was tested (n=8 IVBs). The wet weight
of the formed IVB tissues was not significantly different between the empty agarose
group versus the IVBs in which the biogel was supplemented with Aggrecan or COMP
(Figure 5.3A). Also, no significant differences between the control group and Aggrecan
or COMP groups were found in the DNA content of the IVB generated tissues (data not
shown). When GAG content in the IVB generated tissues was determined and
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normalized for either DNA content or tissue wet weight, again no significant differences
were found between the groups (Figure 5.3B).

To analyse the IVB-generated ectopic cartilage tissues in more bio-molecular detail we
determined the expression of chondrogenic and chondrocyte hypertrophy genes. Sox9
expression in the generated cartilage tissues was not significantly different between the
control and Aggrecan-supplemented or between control and COMP-supplemented
groups (Figure 5.4A). Expression of Col2al and Acan was significantly increased in the
IVBs supplemented with COMP. The IVBs supplemented with Aggrecan showed a
significantly increased Col2al expression. However, the increase in Acan expression
was not significant (Figure 5.4A). In full agreement with data obtained from above in
vitro cultures of periosteal chondrogenesis (Figure 5.1) and the IVB-derived
chondrocytes (Figure 5.2), the most profound differences in gene expression were
found for chondrocyte hypertrophy genes (Figure 5.4B). Runx2, Col10al and Alpl
expression were significantly suppressed in the IVBs supplemented with Aggrecan or
COMP (Figure 5.4B). When analysing other chondrocyte hypertrophy-associated genes
such as matrix metalloproteinase 13 (MMP13) or cyclooxygenase 2 (COX-2),* we
observed that MMP13 expression was inhibited in both the Aggrecan and COMP
groups, while COX-2 expression was reduced, but not significantly (Figure 5.4B). This
inhibition of hypertrophic maturation of the IVB-generated ectopic cartilage by
Aggrecan or COMP was further confirmed by a significant decrease in ALP enzyme
activity (Figure 5.4C). No significant differences were found for Collal expression
between groups (Figure 5.4D). Overall, these results demonstrate that the
supplementation of Aggrecan or COMP to the IVB agarose biogel does not change the
quantity or GAG content of the generated cartilaginous tissues. However, gene
expression analysis shows the development of a favourable cartilage phenotype, with a
specific reduction of the magnitude of chondrocyte hypertrophy in the Aggrecan and
COMP groups.

Figure 5.3 Similar GAG content in cartilage generated out of periosteum in vivo. Cartilage formation was
ectopically induced by injecting an agarose biogel (n=7) with or without the addition of
Aggrecan (2% w/v; n=8) or COMP (0.5mg/ml; n=7) under the tibial periosteum of rabbits and
after 14 days generated tissue was harvested for analysis. A) Wet weight was determined for
each ectopically generated cartilaginous tissue. B) GAG content corrected for DNA content
(left panel) or for wet weight (right panel) was determined in samples from (A). Each dot
represents the determined value for each of these individual generated tissues per group and
lines in graphs indicate mean * s.e.m. Statistically significant differences (p<0.05) are shown
by an *, ns = not significant.
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Figure 5.4 Decreased hypertrophic marker expression in in vivo generated cartilage stimulated with

Aggrecan or COMP. Cartilage formation was ectopically induced by injecting an agarose biogel
(n=8) with or without the addition Aggrecan (2% w/v; n=8) or COMP (0.5 mg/ml; n=8) under
the tibial periosteum of rabbits and after 14 days generated tissues were harvested for gene
expression analysis. A) Induction of chondrogenic markers Sox9, Col2al, and Acan mRNA
expression was determined by RT-qPCR and normalized for 28S rRNA expression. B) Induction
of hypertrophic markers Runx2, Col10al and Alpl mRNA expression was determined by RT-
gPCR at day 14 and normalized for 285 rRNA expression. C) ALP enzyme activity in tissue
lysates of same conditions was determined and normalized to total protein content.
D) Fibrocartilage marker Collal mRNA expression as determined by RT-qPCR and normalized
to 28S rRNA expression. In graphs, error bars represent mean * s.e.m. Statistically significant
differences (p<0.05) are shown by an *, ** p<0.01, ns = not significant.

Increased NKX3-2 mRNA expression following Aggrecan or COMP
supplementation

We next elucidated a potential biomolecular mechanism explaining the observed
change in chondrogenic outcome in the chondrogenically differentiating periosteal
cells, IVB-derived chondrocytes, and in the newly generated IVB tissues, as a result of
exposure to Aggrecan or COMP. To this end, gene expression of important paracrine
regulators (PTHrP, TGF-B3, and BMP2) of chondrogenic differentiation was
determined.?*% In addition, mRNA expression levels of Bagpipe Homeobox Protein
Homolog 1 (Bapx1)/ Homeobox Protein NK-3 Homolog B (NKX3-2), a transcriptional
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repressor of chondrocyte hypertrophic differentiation,?*?*> was determined in these
samples.

At day 21 in in vitro chondrogenic differentiation of periosteal cells, expression of
parathyroid hormone-related peptide (PTHrP), TGF-B3 and bone morphogenetic
protein 2 (BMP2) was not significantly different between groups (Figure 5.5A).
However, expression of NKX3-2 mRNA was significantly increased in the chondrogenic
cultures supplemented with Aggrecan or COMP (p=0.0300) (Figure 5.5A). Mature
chondrocytes that were isolated from IVB cartilage and cultured in vitro for 7 days in
the presence of Aggrecan or COMP did not show any significant responses of PTHrP or
TGF-B3 (Figure 5.5B). Exposure of these cultures to COMP resulted in significant
inhibition of BMP2 expression, while supplementation of Aggrecan to these cultures did
not significantly alter BMP2 expression (Figure 5.5B). However, and similar to
chondrogenesis of periosteal cells above, the gene expression of NKX3-2 was
significantly increased in cultures supplemented with Aggrecan or COMP (Figure 5.5B).
In the in vivo ectopically generated IVB cartilage tissues in which the biogel was
supplemented with Aggrecan or COMP, expression of PTHrP was not significantly
different when compared to the control empty agarose biogel group (Figure 5.5C).
Expression of TGFB3 and TGFp target gene Smad7 was not significantly altered in IVBs
supplemented with Aggrecan or COMP (Figure 5.5C). BMP signalling, measured by
BMP2 and DNA-binding protein inhibitor 2 (Id2) gene expression was not significantly
different between groups (Figure 5.5C). Similar to above NKX3-2 expression data and its
chondrocyte hypertrophy-suppressive action, NKX3-2 mRNA expression was
significantly increased in the IVB cartilage tissues generated from biogel supplemented
with Aggrecan or COMP. In conclusion, the gene expression of the chondrocyte
hypertrophy transcriptional repressor NKX3-2 was significantly increased in all
conditions supplemented with Aggrecan or COMP.
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Figure 5.5

Increased NKX3-2 mRNA expression in COMP and Aggrecan generated cartilage in vitro and in
vivo. A) Expression of PTHrP, TGFb3, BMP2, and NKX3-2 was determined by RT-qPCR,
normalized for 28S rRNA expression and set relative to baseline (t=0) values (indicated by
horizontal line) in samples from Figure 5.1 (chondrogenic differentiation of periosteal cells).
B) Expression of PTHrP, TGFb3, BMP2, and NKX3-2 was determined by RT-qPCR, normalized
for 28S rRNA expression and set relative to baseline (t=0) values (indicated by horizontal line)
in samples from Figure 5.2 (redifferentiation of cells isolated from ectopically generated
cartilage). C) Expression of PTHrP, TGFb3, Smad7, BMP2, 1d2, NKX3-2 was determined by RT-
gPCR and normalized for 28S rRNA expression in samples from Figure 5.4 (ectopically
generated cartilage in vivo). White bars represent the control condition, dotted bars the
condition supplemented with Aggrecan and the black bars the condition supplemented with
COMP. In graphs, error bars represent mean * s.e.m. Statistically significant differences
(p<0.05) are shown by an *, ** p<0.01, ns = not significant.

Discussion

The goal of ectopic cartilage regeneration is to create sufficient quantity of hyaline
cartilage of good quality to be used for transplantation. Limitations in quantity and
progression into hypertrophy remain important drawbacks that need to be addressed
in the field. In this study, we showed in three independent models that chondrogenic
differentiation and cartilage homeostasis of periosteal cells in vitro and in vivo can be
sustained by the supplementation of Aggrecan or COMP. It specifically leads to
suppression of hypertrophic differentiation of the cartilaginous tissue, with possible
involvement of NKX3-2.2426

104



Aggrecan and COMP improve periosteal chondrogenesis by delaying chondrocyte hypertrophic maturation

Aggrecan is a key GAG-containing proteoglycan in cartilage and plays an important role
in stabilizing the ECM in articular cartilage. Furthermore, due to negatively charged
anionic groups of its GAG sidechains, aggrecan creates a large osmotic gradient which
draws water into the tissue. This gives cartilage its unique properties.?” Several studies
have shown that articular chondrocytes and chondrogenically differentiating progenitor
cells are osmolarity-responsive and increase their ECM synthesis under chondrocyte-
physiological osmolarity,®30 or after addition of oversulphated polysaccharides.’!
Likewise, plating of fibroblasts on an Aggrecan-coated surface (in the presence of
TGF-B) was able to induce chondrogenic differentiation®? of these cells. We
hypothesized that the addition of Aggrecan to the in vitro cultures of differentiating
periosteal cells, IVB-derived chondrocytes and eventually also the IVB-generated
cartilage tissue, would increase the chondrogenic differentiation capacity of these cells.
In the in vitro cultures we did not observe significantly increased chondrogenic marker
expression as measured by Sox9, Col2al and Acan, However, in the IVB-generated
cartilaginous tissue, the gene expression of Col2al was significantly increased by
Aggrecan supplementation. GAG-bound TGF-B is able to stimulate neocartilage
formation® and it was recently shown that under cartilage physiological osmolarity
TGF-B signalling was increased. This was associated with an improved chondrocyte
phenotype.3* Indeed, also in our studies we observed increased (but not significant)
TGF-B3 expression in the Aggrecan-supplemented conditions. However, we were not
able to determine if the actual osmolarity of the culture conditions was significantly
increased due to Aggrecan supplementation. Interestingly, in the Aggrecan-
supplemented conditions we observed a significant repression of chondrocyte
hypertrophy (Runx2, Col10al, Alpl expression and ALP enzyme activity) in all three
models. These data demonstrate that periosteal chondrogenic differentiation in vitro
and in vivo and homeostasis of IVB-derived chondrocytes can be influenced in a
hypertrophy-suppressive manner by supplementation with Aggrecan. NKX3-2 is known
as a key transcriptional repressor of Runx2 during both early and late chondrogenic
differentiation,>3 providing control over hypertrophic differentiation. NKX3-2 mRNA
expression was significantly upregulated in the aggrecan-supplemented cultures. To the
best of our knowledge, it is unknown how Aggrecan would be able to induce the
expression of NKX3-2 mRNA in these cells. GAGs are described to be able to bind and
regulate activity of growth factors, chemokines, cytokines and adhesion molecules.3®
For instance, FGF and VEGF are stored, stabilized and protected from degradation in
the ECM trough interactions with GAGs, and upon stimulation can be released to exert
their function.3”2® We speculate that certain NKX3-2-inducing morphogens, such as
Shh, PTHrP or BMPs?263% are being retained by the GAG-containing supplemented
Aggrecan,*® potentially potentiating their activity and leading to a hypertrophy-
suppressing action via NKX3-2. Indeed, our supporting data from ATDC5 chondrogenic
differentiation suggest a role for NKX3-2 in hypertrophic differentiation via specific
morphogens and increased osmolarity (Supplementary Figure S5.2). However, NKX3-2
data in our present study are limited by a current lack of evidence on the protein level
in periosteal cells and needs further investigation to corroborate this hypothesis.
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COMP is one of the thrombospondin proteins (TSP-5) that acts as a key component in
the synthesis and homeostasis of the cartilage ECM.** COMP is essential in
chondrogenic growth plate development***3 and mutations in COMP are linked to the
human skeletal disorders pseudoachondroplasia (PSACH) and multiple epiphyseal
dysplasia (MED).**** In addition, elevation of COMP levels increased chondrogenic
differentiation of human bone marrow stem cells.*? In this study however,
supplementation with COMP did not lead to significant differences in Col2al and Acan
expression in chondrogenically differentiating periosteal cells or cultures of
chondrocytes derived from IVB cartilage tissue in vitro. In our in vivo study however,
IVB biogel supplementation with COMP did significantly increase the expression of
chondrogenic markers Col2al and Acan. In analogy with the Aggrecan supplemented
condition above, supplementation with COMP significant suppressed chondrocyte
hypertrophy in all three tested chondrocyte models. COMP is a homopentamer acting
as a key intermolecular bridge in cartilaginous tissues.** COMP is described to interact
with cartilage ECM proteins, including collagen type 2 and Aggrecan, and as such plays
a role in matrix assembly and tissue homeostasis. COMP also interacts with
endogenous growth factors, such as TGFBs and BMPs, and acts as a lattice for their
presentation to cells.'**14¢ This influences, for instance, growth factor signalling and
cell differentiation processes. The activity of TGFB1 is potentiated when bound to
COMP,** potentially explaining its prochondrogenic and hypertrophy-suppressing
properties in our IVB experiments. It can also be noted that COMP binds BMP7.14
Previously we reported that BMP7 suppresses chondrocyte hypertrophy in an NKX3.2
dependent fashion,?*?® and we consider a BMP7 activity-potentiating role for COMP as
a possible explanation for our observations. Data supporting a role for TGFB and BMP7
in the induction of NKX3-2 levels during ATDC5 chondrogenic differentiation are
presented in Supplementary Figure S5.2.

Due to a limited quantity of IVB-generated cartilage tissue in this study, we needed to
select the most insightful manner of analysis. Although posing a study limitation from a
histological perspective, we preferred a quantitative analysis over histology and used
gene expression, GAG content, DNA content, ALP activity, and wet weight as primary
read-out parameters. Also, we could only test periosteal progenitor cells and
chondrocytes from periosteal cartilage from one donor each. Despite these limitations,
this study demonstrates in different models that conditioning of the micro-
environment with cartilage ECM components Aggrecan or COMP creates a
hypertrophy-suppressive niche with prochondrogenic properties for development of
cartilaginous tissue in the IVB. A more prolonged analysis of the stability of the IVB
neocartilage and investigating potential synergistic consequences of COMP and
Aggrecan supplementation will potentially add to the translational value of our
observations. This provides novel molecular clues for the optimization of IVB cartilage
graft quality for cartilage repair in particular and for endochondral ossification-based
cartilage regeneration techniques in general.#* Future work should be able to address
the influence of IVB cartilage graft maturation on the pre-clinical outcome of cartilage
repair.
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Glycosaminoglycan (GAG) content of bovine Aggrecan from articular cartilage. GAG content of
bovine Aggrecan from articular cartilage used as supplement in this study was established by
Dimethylmethylene Blue Assay (DMMB). The graph shows the chondroitin (CS) equivalent as
a measure for GAG content per mass of Aggrecan.
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Figure S5.2

Data supporting a role for NKX3-2 in hypertrophic differentiation during chondrogenic
differentiation of ATDC5 cells. These are data from experiments using the chondroprogenitor
cell line ATDCS, which was differentiated in the chondrogenic lineage showing functional
involvement of Nkx3-2 in hypertrophic differentiation in this model. The data show that
expression of Nkx3-2 is increased at day 10 in ATDCS differentiation by the growth factors
TGFB3 and BMP7, but decreased by BMP2 (Figure S5.2A). Overexpression of FLAG-Nkx3-2 by
polyethyleneimine-mediated transfection of an Nkx3-2 p3XFLAG-CMV-7.1 expression vector
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(1000 ng of plasmid/well) resulted in decreased expression of chondrocyte hypertrophic
markers and decreased PGE2 levels in the culture supernatant, as well as reduced ALP
enzyme activity (Figure S5.2B and S5.2C). Reducing Nkx3-2 levels by RNAi (100 nM siRNA;
transient transfection on day 0 and 4 in ATDC5 differentiation) resulted in increased
expression of hypertrophic markers Runx2, Col10al, Alpl, Mmp13 and Cox-2, as well as
functional ALP enzyme activity (Figures 2D-G; white vs. black bars). Addition of BMP7 (Figures
S5.2 D/E; white dotted vs. grey dotted) or increasing the osmolarity of the culture medium
(Figure S5.2 F/G; white dotted vs. grey dotted) with 200 mOsm (using NaCl) during
chondrogenic differentiation reduced hypertrophic differentiation of ATDCS5 cells in an Nkx3-2
dependent manner. Considering the conserved and central “switch” function of Nkx3-2 during
the hypertrophic phase of chondrogenic differentiation (1-4), and combined with the above
ATDCS5 data, we speculate that a similar Nkx3-2-dependent mechanism might be active in
rabbit periosteal chondrogenesis and potentially providing an underlying mechanism behind
our observed COMP and Aggrecan-dependent modulation of chondrocyte hypertrophic
differentiation.
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Abstract

Osteoarthritis (OA) is a big burden of disease worldwide and one of the most common
causes of disability in the adult population. Currently applied therapies consist of
physical therapy, oral medication, intra-articular injections, and surgical interventions
with the main goal to reduce pain and improve function and quality of life. Intra-
articular (IA) administration of drugs has potential benefits in OA treatment because it
minimizes systemic bioavailability and side effects associated with oral administration
of drugs without compromising the therapeutic effect in the joint. However, IA drug
residence time is short and there is a clinical need for a vehicle that is able to provide a
sustained release long enough for IA therapy to fulfil its promise. This review
summarizes the use of different polymeric systems and the incorporated drugs for IA
drug delivery in the osteoarthritic joint with a primary focus on clinical needs and
opportunities.
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Introduction

The osteoarthritic joint

Osteoarthritis (OA) is a progressive disease in which degeneration of joint cartilage and
the underlying subchondral bone eventually may cause pain, stiffness, and some
inflammation.

The precise cause of OA is unknown, but it is believed to be a combination of both
mechanic and biological events affecting the joint.! OA mostly affects the knees, hips,
hands, feet, and spine, but other joints can also be affected.?® OA is the most common
form of arthritis and the leading cause of chronic disability in the United States.* It
ranks fourth in health impact in women and eighth in men in the western world (US
and Europe).® Due to aging and increasing life expectancy, OA is expected to become
the world’s fourth-leading cause of disability in 2020.% Because effective treatments are
lacking, it is a growing socio-economic problem. The costs (medical and productivity
costs) are 871 euro per patient per month in the Netherlands.®

Current treatment

Currently available treatment options for OA primarily focus on pain relief and
improving function. Non-pharmacologic therapy is widespread but differs per joint and
the American College of Rheumatology (ACR) only strongly recommends weight loss if
overweight, and participation in either cardiovascular or resistance exercise.”
Pharmacologic therapy begins with oral administration of paracetamol either combined
or substituted with NSAIDs or COX-2 inhibitors and a weak opioid (e.g., tramadol)
depending on patient characteristics.® Major disadvantages of oral administration of
these drugs are the limited bio-availability and the risk of side effects (e.g., liver
damage, Gl-ulcer/bleeding, and constipation). As OA has a localized nature, intra-
articular administration of drugs provides an excellent opportunity to improve
treatment. Glucocorticoid and hyaluronic acid (HA) injections are not impeded by the
disadvantages of the oral route and are already common practice. However, although
these injections provide a fairly good relief of symptoms and improve function over the
short- and medium-term, there is little to no disease modification and the beneficial
results are often not long-lived.

Therefore, to date OA continues to progress for almost all patients. At end-stage
disease, surgical interventions, and finally joint replacement (e.g., total knee
arthroplasty [TKA]) is indicated in many patients. However, the exponential increase in
knee joint replacements is becoming an inevitable medical and economic problem.® The
number of TKAs continues to grow each year and as these increase in number, the
amount of revision TKAs continues to increase substantially as well.X® While a primary
TKA is cost-effective, revision surgery of TKA has a less favourable outcome for both the
healthcare status of the patient and the economic benefit.!! To prevent this situation a
therapy that postpones primary joint arthroplasty is needed.
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Clinical needs

To improve treatment of OA there is a need for new strategies. Development of disease
modifying osteoarthritis drugs (DMOADs) is one of those strategies. The mechanism of
action of DMOADs is directed at reducing, halting or reversing progression of OA or
even preventing OA by either inhibiting different causative pathways (catabolic activity)
or stimulating repair mechanisms (anabolic activity).?> To date the pharmaceutical
industry has failed to provide effective and safe DMOADs for clinical use.!®> The main
reasons are that despite their specific targeted action DMOADs still can cause side
effects when administered systemically,’*® or when injected intra-articular have a
short residence time within the joint.1* It remains unclear how long particular drugs
have to remain in the joint for an effective pain relief and/or disease modification after
an intra-articular injection. Without a drug delivery system (DDS) synovial
disappearance time of a drug in the joint is often short and except for cross-linked HA
usually drugs do not reside much longer than 24 hours.?® Direct intra-articular drug
delivery allows for an effective concentration where it is needed with a minimum of
drugs. Moreover, it negates the main disadvantages of systemic administration; a low
(oral) bioavailability or systemic side effects. However due to the rapid clearance of
most intra-articular drugs injected, frequent injections would be needed to maintain an
effective concentration.’® Frequent intra-articular injections are undesired due to the
pain and discomfort they may cause and the risk of introducing an infection to the joint.
Therefore, a DDS for DMOADs combined with an intra-articular injection seems to be
needed to cause prolonged drug residence time and a stable concentration within the
therapeutic window with a single injection as compared to repeated injections in which
the concentration may vary between a toxic and a subtherapeutic level (Figure 6.1). As
a result, this leads to a reduction of side effects and may lead to an improved patient
compliance.?°

Figure 6.1 Therapeutic window of administered drugs. The solid line shows the release profile of a
repeatedly dosed free drug with a high variation in available drug concentrations ranging
from subtherapeutic to toxic levels. The dashed line shows a possible release profile of a drug
delivery system which lies within the therapeutic range.
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Furthermore, there is a need for diagnostic improvement, currently the role of
biomarkers for diagnosis of OA is still under debate?!. Regulatory approval in clinical
trials still requires changes in radiographic joint space width and an impact on
symptoms.222 However, as MRI allows for direct visualization and measurements of
cartilage?®?* the FDA recently recognized the improvement of MRI as an OA imaging
biomarker. Other OA associated processes (e.g., osteophytes, subchondral bone
changes, and trabecular structure) can likewise be assessed by MRL® With MRI
different phenotypes of OA can be identified and the success of treatment may be
tailored depending on the phenotype and its effect can be monitored in more detail.?
In this review we provide an overview of (candidate) drugs that are needed for an
effective OA treatment and can be incorporated in a DDS and which polymers are
required to provide for such system.

Candidate drugs for OA treatment

Many different drugs have been investigated for OA treatment. However, there are
limitations to which drugs can be incorporated in a DDS. The incorporated drug has to
be able to withstand the manufacturing process of the carrier vehicle (i.e.,
compression, heat, stirring, etc.). As the final goal of manufacturing these vehicles
(particles) is injecting them intra-articularly, the DDSs have to be sterilized. Not only
should the DDSs be able to withstand this process but so should the incorporated
drugs.

NSAIDs, Coxibs, Glucocorticoids and Hyaluronan

Drugs currently used in DDSs in the OA joint are mostly derived from the drugs
normally used in OA treatment (NSAIDs, Coxibs, Glucocorticoids and HA). Fourteen
studies show incorporation of an NSAID?®* and two studies incorporated Celecoxib
(Cxb)4941 in their carrier. Glucocorticoids were incorporated in six different studies*?’
and HA in three.®>° An overview of these, and other studies is presented in Table 6.1.
The rationale for the use of these drugs is that their mechanism of action has been
abundantly investigated in the perspective of OA treatment, their ability to give
symptomatic relief and their potential to slow down disease progression. Moreover,
these drugs have often already been approved by the FDA for parenteral administration
which eases the regulatory process.

An important note however is that these drugs were developed and studied for use in
oral OA treatment or an intra-articular injection without a DDS. Since then, great
progress has been made in DDSs, and as such more other potential drugs may be used
for treatment of OA. Due to systemic side effects, short half time, etc. many of these
candidates have been thought not suitable for OA treatment in the past. With the
introduction of different drug delivery systems DMOADs and other new candidate
drugs may ultimately provide a more effective treatment.
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DMOADs

Pathological processes in OA consist of inflammation, cartilage degradation and
subchondral bone changes®®. Inflammation can be caused by a variety of cytokines such
as Interleukins (ILs)*, Tumour Necrosis Factors (TNFs), and Nitric Oxide (NO)>2 whereas
cartilage degradation is mainly caused by enzymes such as Matrix Metalloproteinases
(MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS).>? Furthermore a strong correlation between subchondral bone changes and
OA development has been described.>*5

Based on their method of action roughly three groups of DMOADSs can be identified: (i)
inhibitors of degrading enzymes and inflammation, (ii) growth factors, and (iii) drugs
which target subchondral bone changes. Most DMOADs are proteins or protein derived
peptides with different properties when applied in therapeutic use (Table 6.2).
Diffusion transport of proteins and large peptides is generally slow and due to their
weak non-covalent interaction and fragile tertiary structure proteins usually have a low
in vivo stability. Enzymatic or proteolytic degradation causes short half-lives when
administered without a DDS. In addition, a DDS can protect the protein or peptide
against degrading environmental factors when prepared or stored.>> However,
maintaining the structure and function of often fragile protein-based drugs during DDS
processing, formulation, sterilization and subsequent degradation and release is far
from trivial and as a result very few protein-based DDS products are on the market
today. Peptides are already successfully incorporated in DDSs in other fields of research
(e.g., Airway and Gastro-intestinal drug delivery).>®*” These positive results are
promising for the application of peptidal DMOADs in a DDS. Even DMOADs and drugs
that can be administered systemically or by injection (bisphosphonates and Platelet-
rich plasma (PRP) respectively) seem to benefit from a DDS.%%> These results also
suggest that there might be a beneficial effect of targeting subchondral bone in OA
treatment, but more evidence is needed, especially in drug delivery systems.

Cytostatic drugs

Cytostatic drugs are able to inhibit inflammation and can even be chondroprotective,®°
though they are not used in OA treatment because of their high toxicity and often
severe side effects when administered systemically. Some studies however showed
beneficial effects of IA administration of paclitaxel and methotrexate without apparent
toxicity and side effects in an animal model.?¥%2 In line with other classes of drugs there
is potential for cytostatic drugs when administered via an intra-articular drug delivery
system.®?

When categorizing candidate drugs/DMOADs for use in a DDS, attention should be paid
to their chemical nature and the possibilities to incorporate them in a drug delivery
system. The complexity in designing effective DDSs for a certain drug increases with the
size and complexity of that drug.
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Table 6.2 Most investigated disease modifying osteoarthritis drugs (DMOADs) based on their target of
action. The chemical nature of a DMOAD is important for incorporation in a DDS.
DMOADs Chemical nature
Enzyme inhibitors
MMP inhibitors (TIMP 1-4) Protein/Peptide
Aggrecanase inhibitors (ADAMTS) Small molecule
Cytokine inhibitors
IL-1 inhibitors (IL-1 Ra) Protein
TNF-a antagonists Antibody
iNOS inhibitors Various
Growth factors
Fibroblast Growth Factor (FGF)-18 Protein/Peptide
Bone morphogenetic protein (BMP)-7 Protein/Peptide
Platelet-rich plasma (PRP) Plasma
Drugs targeting subchondral bone
Calcitonin Peptide
Bisphosphonates Bisphosphonate

Drug delivery systems

History

The importance of a drug delivery system has long been recognized. In the mid-1960s
Folkman discovered that a silicone rubber tube acted as a constant rate drug delivery
device in rabbit anaesthesia.®® In 1987 Ratcliffe et al. provided the first evidence that
(albumin) microspheres can delay clearance of a drug from the joint.%* In the search for
a method to provide an ideal (intra-articular) drug delivery system, many different
carriers have been investigated. At first focus was on achieving a ‘zero order release’
usually in macroparticulate systems (e.g., ocular, vaginal, or trans- and, sub-dermal
particles). In the 1980s and 1990s a gradual shift towards microparticles and a
sustained or long-term drug release occurred®®. From the 1990s and onwards the
development of DDSs went a step further with the introduction of nanoparticles.
Conventional techniques such as compression, spray and dip coating, and
encapsulation can be used to incorporate drugs in a drug delivery system.®®

DDSs can have a different structure and morphology, all with different characteristics in
drug loading, release and response to the physiological environment (Figure 6.2). In
addition, in the case of micro-particulate systems the size of the particles is also
important as particles of 1-10um could be taken up by synoviocytes probably through
phagocytosis.*> Depending on the goal of treatment this can be unwanted. Therefore,
when designing a DDS, close attention should be paid to the drug that will be
incorporated, physiological environment of the target location, biocompatibility and
desired duration of drug release.

An ideal drug delivery system complies with adequate disease modification,
biodegradability, and biocompatibility, while responding to feedback and its
physiological environment.®®
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Micro-/ nano-capsule Micro-/ nano-sphere  Polymer-drug conjugate
00 @)
Q0o O 08
%o %o
Micelle Liposome Hydrogel

O =Drug

Figure 6.2 Different structures and morphology of DDSs (not-exhaustive). Each structure has its
advantages and disadvantages to incorporate and release different types of drugs for intra-
articular treatment of OA.

Hurdles in drug delivery system design

Using polymers for intra-articular drug delivery offers a great variety of opportunities to
address OA-progression. However, poly(lactic-co-glycolic acid) (PLGA) and NSAIDs
emerge more often in different studies, the field of polymers for intra-articular drug
delivery is very fragmented. Particle size varies tremendously between particles of only
a few nanometres and particles of more than 100um. Different particle size results in
different DDS kinetics and drug release statistics, particles smaller than 10 um can
readily be phagocytized by synoviocytes whereas particles larger than 20 um can trigger
a giant cell response, but not necessarily an inflammatory response. According to
Butoescu et al. an optimal particle size for IA drug delivery would be between 5 and
10 um.%® Together with size, method of production of a DDS can influence drug
characteristics where especially the large proteins are vulnerable to environmental
challenges.®” For clinical application biocompatibility of a drug and DDS in the joint is of
great importance. Polyesters like Poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and
PLGA are already widely used and are deemed biocompatible in drug delivery, but their
breakdown products are acidic and can lower the pH in the environment which
subsequently can cause drug stability problems and inflammation of the surrounding
tissue.®® Ideally, a drug delivery system has to be fully degradable whereas residue from
particles can also cause inflammation of the joint.

Polymers

To avoid inflammation of the injected joint, a polymer carrier has to be biocompatible.
The largest group of carriers consists of biodegradable polymeric particles, as well from
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natural, synthetic or combined origin. Polymeric particles have the big advantage that
they can be altered to fit their purpose. Depending on manufacturing technique
particles can either be microcapsules (a reservoir with a separate polymeric shell) or
microspheres (matrix type with a homogenous mixture of a polymer and the
encapsulated drug). The latter one having excellent sustained release characteristics.®
There is a great diversity in both DDSs and in the drugs encapsulated. Natural polymers
are widely available and often biodegradable. However, reproducibility is low and they
often have a high immunogenicity.®® Natural polymers investigated for IA drug delivery
include Chitosan which was shown to be able to incorporate Cxb or Flurbiprofen and
extend their residence time in the joint, 24270 Diclofenac Sodium loaded albumin
microspheres provided a significant reduction of arthritis after 30 days of incubation in
a rabbit knee,3® gelatin microspheres are able to incorporate different NSAIDs or
proteins and, Saravanan et al. found gelatin microspheres to be more stable than
albumin, but residence times are still relatively short.303%71

Synthetic polymers in general are less biocompatible but their characteristics can easily
be altered.®® For IA drug delivery mostly the polymers that have proven to be
biocompatible were investigated. PLA has been shown to be biocompatible in rabbit
knees,5%2 polyethylene glycol (PEG), often combined with other polymers (e.g.,
polycaprolactone (PCL)) is biocompatible and able to control release characteristics of
the incorporated drug’?’®> however by far the most used synthetic polymer is PLGA.
This synthetic polymer has a good biocompatibility and is able to incorporate many
different types of drugs.2%31,3537,3942:46,506061,72-74,76-84 Gayerg| studies have been
published on the incorporation of proteins in different DDSs, a common problem in the
classical models (e.g., PLGA) however is the initial burst release which can cause local
toxic drug concentrations and the acidic breakdown products can influence protein
stability followed by a very slow or no release at all.58858¢

The evolution of bio- degradable materials from aliphatic polyesters to nitrogen bearing
polymers such as polyurethanes and polyester amides (PEAs) has been accompanied
with better control over degradation and release properties. PEAs are based on
a-amino acids, aliphatic dicarboxylic acids and aliphatic a-w diols.8” Among this class of
polymers, it is the AA-BB hetero-chain polymers that offer the greatest versatility in
terms of molecular level design to tailor drug release properties. Furthermore, the
incorporation of amino acid-based building blocks offers more than providing
metabolizable building blocks,®8° they provide one or more functional groups along
the polymer chain. This allows further modification of the polymer to tailor its
physicochemical properties and performance as drug eluting matrices. An important
advantage of these polymers is related to the fact that by design they predominantly
degrade via an enzymatic mechanism and due to consequential surface erosion, drug
release follows nearly zero-order kinetics. PEAs are currently being applied in several
developmental DDSs and are in clinical trials for a cardiovascular drug eluting stent.%
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Liposomes

Liposomes are artificial vesicles composed of one or more concentric phospholipid
bilayers and used especially to deliver microscopic drugs to body cells. Liposomes can be
used as a carrier for intra-articular drug delivery, but far less research has been done on
this carrier as compared to polymer-based microspheres. However, the first reports of
liposomes as drug carriers appeared in the 1970s and there are still few results reported
on liposomes for intra-articular application. In 2001 Trif et al. reported a positive effect of
human Lactoferrin encapsulated in liposomes in collagen-induced arthritis in mice.>*
Elron-Gross et al. reported a reduction of inflammation in a monosodium iodoacetate
(MIA) induced OA rat knee after a liposomal dexamethasone and diclofenac combination
injection as compared to control assessed by MRI in 2009,3%°* and Dong et al. found a
combination of Cxb incorporated liposomes and HA to be more effective in pain control
and cartilage protection than a single Cxb injection, Cxb liposome, and HA treatment
alone.?® Although liposomes are well established and are effective and biocompatible, I1A
residence time is relatively short compared to other DDSs.®

Hydrogels

Hydrogels are insoluble, water swollen, cross-linked, three-dimensional structures of
polymer chains.®* HA which is already common practice in many clinics can be seen as a
hydrogel. Depending on its molecular weight and whether it is cross-linked or not HA
has different characteristics. The working mechanism of HA is believed to depend on its
viscosity, lubricity and restoring some of the normal joint physiology. Other than HA,
only a few hydrogels are used for IA drug delivery. Bedouet et al. developed a PEG-
hydrogel-Microsphere in order to minimize the amount of foreign material injected”®
and in another study by Bedouet et al. they sought to deal with the burst release of
intra-articular DDSs by developing a methacrylate derivative of ibuprofen with a
hydrophilic PEG-hydrogel which slowly released the ibuprofen.”? Another method to
deal with burst release was provided by Chen et al. by loading brucine in a chitosan
microsphere and dispersed that microsphere in a chitosan hydrogel.®> A more
investigative approach was wused by Sandker et al, who incorporated
2-(2’,3,5,-triiodobenzoyl) moieties (TIB) to make their poly(e-caprolactone-co-lactide)-
b-poly(ethylene glycol)-bpoly(e-caprolactone-co-lactide) (PCLA-PEG-PCLA) hydrogel
radiopaque for long term in vivo visualization.”

Discussion

Drug delivery systems have been around for about half a century. Since then, a number
of new developments have been made, starting from macroscopic particulates to
advanced nanometre sized DDSs that adapt to changes in their physiological
environment. Since the discovery of polymeric DDSs as a therapeutic application a
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massive increase in citations can be seen on PubMed® and an incredible amount of
progress has been made in their development. However, it was not until 1987 that the
pioneering work of Ratcliffe et al.** proposed a DDS for IA treatment of OA and this
became an increasing field of interest in the late 1990s. As can be seen in Table 6.1 the
most used polymer for DDSs is PLGA, Although PLGA is biocompatible and
biodegradable and has been approved by the FDA many years ago, disadvantages are
the initial burst release and the acidic microenvironment it creates on its breakdown
which could cause inflammation and can lead to stability problems of the incorporated
drugs (e.g., proteins).%% The search for improvement of biocompatibility, release
characteristics and drug incorporation led to an improved PLGA manufacturing process
but also to the discovery of new polymers for intra-articular treatment of OA.%%%

The initial treatment was mainly focused on relieving OA symptoms. Most of the
incorporated drugs were NSAIDs or glucocorticoids. Drugs which not only target
symptoms but also the disease process of OA have been incorporated in DDS more
recently. Incorporation of DMOADs is even harder as these drugs are still in a
developmental stage and most DMOADs are proteins or peptides (Table 6.2) which
makes them vulnerable to environmental challenges in the manufacturing process of
DDSs.* As such a drug which targets pain such as NSAIDs or glucocorticosteroids
released from a DDS are more likely to find their (clinical) application in the near future
compared to DMOADs.

The search for the ideal osteoarthritic drug and a biocompatible and biodegradable
DDS has been subject of many studies. The focus of most studies was mainly on
optimization of DDSs and the ongoing development of the ideal drugs to target OA. To
date, this has led to a few ongoing or completed clinical trials on the implementation of
polymers for a DDS in OA treatment.”’

Conclusions

The optimization of existing DDSs is ongoing and new DDSs are still being developed. It
seems to be that the ideal DDS for intra-articular OA treatment has not yet been found.
However, many hurdles in the developmental process have been taken care of and
implementation of DDSs for clinical applications, such as ophthalmology, cardiology,
oncology, etc., give us examples of the possibilities. Given the developments in the field
of DDS and the increasing number of drugs that may be released from a DDS, it is
expected that more clinical trials will start to fulfil the need for OA treatment with a DDS.
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Chapter 7

Abstract

In this study, we investigated the potential of celecoxib-loaded polyester amide (PEA)
microspheres as an auto-regulating drug delivery system for the treatment of pain
associated with knee osteoarthritis (OA). Celecoxib release from PEA microspheres and
inflammation responsive release of a small molecule from PEA was investigated in vitro.
Inflammation responsive release of a small molecule from PEA was observed when PEA
was exposed to cell lysates obtained from a neutrophil-like HI-60 cell line. Following a
short initial burst release of ~15% of the total drug load in the first days, celecoxib was
slowly released throughout a period of >80 days. To investigate biocompatibility and
degradation behaviour in vivo, celecoxib-loaded PEA microspheres were injected in OA-
induced (ACLT + pMMx) or contralateral healthy knee joints of male Lewis rats.
Bioactivity of celecoxib from loaded PEA microspheres was confirmed by PGE;
measurements in total rat knee homogenates. Intra-articular biocompatibility was
demonstrated histologically, where no cartilage damage or synovial thickening and
necrosis were observed after intra-articular injections with PEA microspheres.
Degradation of PEA microspheres was significantly higher in OA induced knees
compared to contralateral healthy knee joints, while loading the PEA microspheres with
celecoxib significantly inhibited degradation, indicating a drug delivery system with
auto regulatory behaviour. In conclusion, this study suggests the potential of celecoxib-
loaded PEA microspheres to be used as a safe drug delivery system with auto
regulatory behaviour for treatment of pain associated with OA of the knee.
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Introduction

Osteoarthritis (OA) is the most common form of arthritis and constitutes a large
medical healthcare economic burden worldwide, leading to pain and physical
disability.! Systemic treatment with non-steroidal anti-inflammatory drugs (NSAIDs) has
shown to provide effective pain relief in patients with knee OA, but its systemic use is
associated with gastro-intestinal and cardiac adverse effects.?® This limits its potential
use in a chronic disease such as OA, where long term treatment is required. Therefore,
an intra-articular drug delivery system (DDS) is necessary, which circumvents side
effects associated with systemic treatment and allows prolonged local drug residence
time.* Because OA is a chronic disease characterized by a variation in inflammation
intensity* an attractive therapeutic approach would be intra-articular injection with a
DDS which is inflammation-responsive. Loading an inflammation-responsive DDS with
an anti-inflammatory drug may result in an auto regulatory DDS: the level of
inflammation will impact degradation of the DDS and drug release, quenching
inflammation, decreasing degradation and thus dosing the release.

Importantly, a DDS which can be used as an intra-articular treatment for OA should
present a set of properties.® Firstly, the DDS should be responsive to the osteoarthritic
disease process and able to slowly release a drug throughout time. Secondly, the DDS
should be biocompatible and able to safely degrade in a knee joint. Finally, drug release
from the DDS would be desired to slow the rate of its own release.

A candidate for such a DDS with auto regulatory behaviour is a polyester amide (PEA)
based injectable microsphere formulation. PEA polymers are based on a-amino acids,
aliphatic dicarboxylic acids, and aliphatic a-w diols.® The presence of amino acids in PEA
makes it susceptible to enzymatic degradation by proteolytic enzymes. Several studies
have reported this mechanism of degradation of PEA by enzymes such as
a-chymotrypsin, elastase, papain and protease K, which are enzymes belonging to the
serine protease family.”!! Since serine proteases are present in synovial fluid and a key
component of the inflammatory response, drug release from a PEA based DDS is
potentially reactive to the disease process in inflammation related conditions such as
OA.12’13

A candidate anti-inflammatory drug to incorporate into PEA microspheres is the COX-2
inhibitor celecoxib, which is an anti-inflammatory drug that has been shown to be an
effective analgesic for OA related pain.!* Celecoxib, when administered systemically,
has been reported to raise the risk for cardiovascular events, however incorporating
the drug in a PEA based DDS for intra-articular administration can circumvent these
side effects.’® PEA has already been demonstrated to have a good biocompatibility, is
applied clinically in drug eluting stents and is being investigated for ophthalmologic
indications.'®'” However, its use in the treatment of arthritic diseases has not yet been
described.

In this study, we investigated the use of PEA microspheres as an auto-regulatory intra-
articular DDS in OA treatment. First, we examined inflammation-responsive release of a
small molecule from PEA in vitro in the presence or absence of a serine protease
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inhibitor. Next, biocompatibility, degradation and effects on OA progression of
celecoxib-loaded PEA microspheres were investigated in experimental OA in vivo.

Materials & methods

Synthesis of polymer and preparation of PEA microspheres

PEA was synthesized in accordance to procedures reported previously.l®31° The
selected PEA is depicted on Figure 7.1 and it comprises three types of building blocks
randomly distributed along the polymer chain. Polymer characterization can be found
in Table 7.1. For the preparation of microspheres, PEA was dissolved in
dichloromethane (Merck Millipore). 5 wt% celecoxib was added to the solution and
homogenized by sonication. The suspension was added to 20 mL of cold water
containing 1 wt% of poly(vinyl alcohol) (Sigma Aldrich) under high shear, using an ultra-
Turrax. After a stable suspension was obtained, the particles were let to harden in
100 mL of water containing 1 wt% of poly(vinyl alcohol) for 12 h. Excess of water and
surfactant was removed by rinsing and centrifugation. Finally, particles were frozen,
dried under vacuum and stored at — 15°C until being used.

0.30

Figure 7.1 Structure of PEA Ill Ac Bz, random copolymer consisting of building blocks A, B and C.

Table 7.1 Polymer characterization. The relative ratio between the polymer building blocks was
determined by 1H NMR. Tg of the polymer was determined under dry conditions.

Mn (kDa) Polydispersity index (PDI) Glass transition temperature (Tg) Relative ratio A:B:C
PEA Il Ac Bz 55 1.6 57°C 0.31:0.26:0.43

Determining particle size, particle morphology and loading efficiency of
celecoxib in PEA microspheres

Size distribution of particles was measured using a Malvern Mastersizer 2000.
Morphological examination of PEA microspheres was performed using SEM (Versa 3D
FEG-ESEM). For determination of celecoxib loading efficiency, 10 mg of freeze dried
microparticles were weighed and dissolved in methanol and shaken until a clear
solution was obtained. Next, samples were subjected to analysis with High Performance
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Liquid Chromatography (HPLC) using a Waters e2695 Alliance HPLC with a UV detector.
The method was obtained from the pharmacopeia collection.

Release kinetics of PEA based celecoxib-loaded microspheres in vitro

For the evaluation of the in vitro release kinetics of celecoxib from PEA microspheres, at
least 10 mg of microspheres were placed in centrifuge tubes and immersed in
phosphate buffered saline (PBS) at 37°C under gentle shaking. After centrifugation, part
of the buffer was removed and replaced with fresh buffer at defined time points such
as 1 h, 4 h, 1day, 2 days, 4 days, and 7 days until completion of the release study. The
PBS solution with released API was transferred to HPLC vials and stored in the freezer
until HPLC analysis.

HI-60 cell culture and cell lysate

The promyelocytic cell-line HI-60 (98070106) was purchased at the European Collection
of Cell Cultures (ECACC). HI-60 cells were cultured in RPMI 1640 medium containing
2 mM L-glutamine (Sigma Aldrich R8758). The culture medium was supplemented with
10% sterile filtered fetal bovine serum (Sigma Aldrich F2442) and 100 U/mL
streptomycin and 100 U/mL penicillin. Cells were cultured at 37 °C and 5% CO, without
any shaking and were passaged every 2-3 days to keep cell concentration between
0.1 * 10° and 1 * 106 cells/mL. During passaging, cells were centrifuged a 300 x g and
seeded in fresh full medium at a concentration of 0.1-0.2 * 108 cells/mL.

Viability and cell counting

Cells were counted using the Guava Viacount reagent (Merck Millipore # 4000-0040) on
a Guava EasyCyte plus flow cytometer according to the manufacturer's instructions.
Viability was also determined within the same method.

Differentiation

HI-60 cells were differentiated toward neutrophil like cells using the DMSO method. For
this method cells were incubated in full medium supplemented with 1.25% sterile
filtered DMSO for 5 days. Cells were seeded at a concentration of 0.2 * 10° cells/mL at
the start of the differentiation process and reached + 1 * 10° cells/mL after 5 days.

Lysates

Cells were lysed by 3-5 freeze-thaw cycles from liquid nitrogen to a 37°C water bath.
Cells were generally kept for 10 min in liquid nitrogen and 10 min in the water bath.
Cell lysis was confirmed by microscopic analysis. The process was repeated till £ 100%
lysed cells were obtained.
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In vitro fluorescein release from PEA films

Degradation driven release of PEA in vitro was investigated by loading PEA Il Ac Bz
films with 9.1 wt% fluorescein. 101.3 mg fluorescein and 999.3 mg PEA IIl Ac Bz were
dissolved in 19 mL ethanol. The solution was left overnight to dissolve under gentle
agitation on an orbital shaker. 8 mL of the polymer fluorescein solution was pipetted in
a Teflon mould, with a diameter of 5cm and placed in a desiccator. Under a gentle
nitrogen flow the solvent was allowed to evaporate in 18 h. The nitrogen flow dried
films were removed and dried further under vacuum at 70°C for 48 h. A sample of the
film was analysed for residual ethanol by *H NMR analysis in CDCls, the characteristic
methylene quartet at 3.7 ppm and methyl triplet at 1.2 ppm of ethanol were not
observed. 6 mm round disks were punched out of the dried film and were used for the
release experiment. Two release series were started both in triplicate for 60 days. At
each time point the solutions were refreshed. Series 1 released in PBS buffer for the
entire period (diffusion driven release). Series 2 started with release in PBS buffer for
26 days. After 26 days, a HI-60 neutrophil like cell lysate was added for a period of
7 days. Next, a serine protease inhibitor 4-(2-aminoethyl)benzene sulfonyl fluoride
hydrochloride (AEBSF) (0.5 mM) was added to the lysate solution for a duration of
14 days and finally a HI-60 neutrophil like cell lysate without serine protease inhibitor
was added during the final stages of the release experiment. Fluorescein release was
quantified with a spectrophotometric assay.

Collection of synovial fluid and synovium

Synovial fluid and synovial tissues were obtained as anonymous left-over material from
5 patients with knee OA undergoing total knee replacement. This study was approved
by the local ethical committee (MEC 08-4-028). Synovial fluid was directly centrifuged
at 1200 rpm for 8 min and the supernatant was aliquoted and stored at -80°C. Synovial
tissue was washed thoroughly with 0.9% NaCl and cut into pieces of approximately
50 mg and cultured at a concentration of 100 mg/mL in Dulbecco's modified eagle
medium (DMEM) (Invitrogen) supplemented with 1% antibiotic/antimycotic. After 72 h,
synovium conditioned medium was collected, centrifuged at 1200 rpm for 8 min and
the supernatant was aliquoted and stored at -80°C.

Protease assay in synovial fluid and synovium conditioned media

A protease assay kit (EnzChek Protease Assay Kit for green fluorescence, Thermo Fisher)
was used in accordance with the manufacturer's instructions to determine proteolytic
activity in synovial fluid and synovium conditioned media.

First, 10 uL of AEBSF (Sigma Aldrich) (10 mM) or 10 pL of a Tris-HCI buffer (10 mM Tris-
HCl, pH 7.8, 0.2 mM sodium azide) was added to 100 uL of synovial fluid (ten times
diluted in 1x digestion buffer), synovium conditioned medium samples, positive
control (1 pug/mL chymotrypsin, dissolved in DMEM medium) or negative control
(DMEM medium only) and pre-incubated for 1 h at room temperature.
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Then, pre-incubated samples or controls were incubated at 37°C with a fluorescently
labelled casein solution, which was prepared in Tris-HCI buffer, in an end concentration
of 5ug casein/mL. After 24 h, fluorescence was determined in a Spectramax M2
microplate reader (Molecular Devices): excitation = 485 nm, emission = 530 nm.

In vivo studies

Induction of osteoarthritis in vivo

All animal experimental protocols were approved by the Maastricht University Animal
Ethics Committee (DEC13-052). Eighty-six skeletally mature, 12 weeks old male Lewis
rats (Charles River Laboratories) were allowed to acclimatize for 1 week before the
initial start of the experiments. Animals were housed in groups of 2 and fed ad libitum.
Osteoarthritis was surgically induced in the right knee of eighty-six rats according to a
previously described method.?° Rats were anesthetized in a chamber containing 3%
isoflurane (Isoflo, Abbott Laboratories, USA). The knee joint was shaved, cleaned and
disinfected with iodine (Eurovet Animal Health, the Netherlands). The skin was incised
with a longitudinal incision over the knee joint. A medial parapatellar approach was
used. In short, the joint capsule was incised on the medial side of the patella, which
provided access to the joint space. The patella was dislocated laterally and the anterior
cruciate ligament (ACL) was transected using a surgical blade (size 11). Transection of
the ligament was confirmed by a manually performed anterior drawer test. In addition,
the anterior part of the medial meniscus was removed using a surgical scissor. The joint
capsule and skin were closed with Vicryl 4-0 suture. No wound infection was noticed
after ACLT and pMMx surgery. The wound healed within 1 week and no difference in
use of the operated and non-operated leg was observed. Animals were allowed to
move freely in their cage and were checked daily for general health and experiment-
related discomfort throughout the experiment.

Intra-articular injections

Four weeks after surgery, rats were randomly assigned to 3 experimental groups which
consisted of intra-articular injections of 25 uL in both the operated and non-operated
leg with 0.9% NaCl, non-loaded microspheres (15 mg particles/mL) or celecoxib-loaded
microspheres (15 mg particles/mL, loaded with 3.9 wt.% celecoxib). One, three and
twelve weeks after injection, rats were anesthetized with 1% isoflurane and sacrificed
by cervical dislocation. Rats were divided in three analysis groups; 1. analysis of in vivo
celecoxib release by measuring PGE; content in total rat knee homogenates (n=7 per
experimental group), 2. analysis of PEA degradation by measuring PEA content in knee
joints (n=6 per experimental group), 3. analysis of biocompatibility and OA severity by
scoring histological sections of rat knee joints semi-quantitatively and using the OARSI
histopathology initiative for the rat (n=7 per experimental group) (Figure 7.2)
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Experimental Set-up

OA induction
-4 Weeks ACL Transection +
Partial Medial
Meniscectomy

Intra-Articular Injections
0 Weeks * 0.9% Nacl

* Non-Loaded Microspheres

* Celecoxib Loaded Microspheres

1 Week 3 Weeks 12 Weeks
PGE, measurements (N=6) * PEA measurements (N=6) * PEA measurements (N=6)
* Histology (N=7) * Histology (N=7)
Figure 7.2 Experimental set-up in vivo study. OA was induced in the right knee of 12 weeks old Lewis rats

by ACLT + pMMXx surgery. After 4 weeks, OA-induced and contralateral healthy knees were
injected with 0.9% NaCl (control), non-loaded microspheres and celecoxib-loaded
microspheres. One week after intra-articular injections rats were sacrificed for PGE:
measurements. Directly, three and twelve weeks after intra-articular injections rats were
sacrificed for PEA measurements and histology.

PGE, measurement in knee joints

Rat knee joints were carefully resected and snap frozen in liquid nitrogen. Total rat
knee joints were homogenized using a Mikro-Dismembrator, weighed and dissolved in
1mL of 0.1M phosphate buffer, pH 7.4, containing 1mM EDTA and 10puM
indomethacin per 100 mg of tissue. Tissue homogenates were then spun down at
15,000 rpm for 10 min after which 50 uL of the supernatant was used for PGE;
measurements with an ELISA (Cayman Chemical) according to the manufacturer's
instructions. PGE; content (in mg) was estimated from a calibration curve PGE;.

PEA measurement in knee joints

To evaluate in vivo degradation of microspheres, rats were sacrificed directly, three or
twelve weeks after intra-articular injections. Right and left knee joints were roughly
cleared from muscle. Femur and tibia were cut on a 1.5 cm distance from the knee
joint, while leaving the joint capsule intact. Knee joints were hydrolysed by adding 8 mL
of 6 N HCl and incubated at 90°C for + 40 h. Next, samples were subjected to analysis by
liquid chromatography combined with mass spectrometry. PEA content (in mg) was
estimated from a calibration curve with PEA (DSM Biomedicals).
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Tissue preparation and histology

Rat knee joints were carefully resected and fixed with 3.7% paraformaldehyde in 0.1 M
phosphate buffered saline at 4°C for 1 week. Next, tissues were decalcified in 0.5 M EDTA
solution (pH 7.8) for 8 weeks. After confirmation of decalcification on X-ray, knee joints
were cut in two equal halves along the medial collateral ligament in the frontal plane in
order to directly get access to the central weight bearing region of the joint. The posterior
halves of the knees were dehydrated by transferring it through solutions of increasing
ethanol concentration until 100% ethanol was reached. After a final 24 h dehydration
step in cold 100% acetone at 4°C, specimens were infiltrated with Technovit 8100
(Werheim, Germany) at 4°C for 4 weeks. After this, specimens were placed into
polyethylene-embedding moulds. Polymerization solution, prepared according to the
protocol of the manufacturer, was poured into the moulds and air-contact was prevented
by covering the cavities with plastic films. The embedding form was placed on a thin layer
of ice and polymerization was allowed for 24 h at 4°C. After hardening was complete,
specimens were blocked with Histobloc and Technovit 3040 (Werheim, Germany) and
removed from the moulds. Sections (5 um) were cut from the blocks using a rotation
microtome (Leica), stretched on distilled water and mounted on uncoated glass slides at
80°C. Slides were subjected to Thionine staining for routine histological examination by
light microscopy (Axioscope A1, Axiovision LE release 4.8.2, Carl Zeiss, Germany).

Biocompatibility scoring

Synovium and tissue around microspheres in histological sections were evaluated semi-
quantitatively for the presence of giant cells, macrophages and fibroblast like cells at
three and twelve weeks after intra-articular injections by an experienced animal
pathologist microscopically (Nikon digital camera DMX1200 and ACT-1 v2.63 software,
Nikon Instruments Europe, Amstelveen, The Netherlands).

OA scoring

Thionine stained sections were scored according to the OARSI histopathology initiative
for the rat.®® The OARSI score evaluates the medial tibial plateau of a knee joint,
because this is the region with the most prominent OA features in the ACLT + pMMx
model.?° Measurements of parameters needed for the OARSI score were made using
the Axiovision software.

Data analyses and statistics

Protease activity in synovial fluid or synovium conditioned medium samples with or
without a specific serine protease inhibitor AEBSF was compared using a paired one
tailed t-test. PGE; content in total rat knee homogenates between knees injected with
celecoxib-loaded or non-loaded microspheres was compared using an unpaired one
tailed t-test. Semi-quantitative scores on histological sections intra-articular injected
with non-loaded or celecoxib-loaded microspheres were compared using a chi-squared
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test. PEA content in intra-articular injected OA and healthy knees at different time
points were compared using a Kruskal-Wallis test, followed by a post hoc analysis.
Differences between healthy and OA knees in knees injected with non-loaded or loaded
microspheres were evaluated using a Wilcoxon's matched pairs signed rank test.
Statistical differences in histology scores in OA-induced knees at 3 and 12 weeks after
intra-articular injections were analysed using a Kruskal-Wallis test.

Results

Release of a small molecule from PEA is inflammation responsive in vitro

An effective tool to study the potential inflammation-responsive drug release from PEA
in vitro, is the HI-60 neutrophil like cell line, which is a commonly used model to study
neutrophil functions and inflammatory cell responses.! The hypothesis for an
inflammation responsive release rate of a small molecule from PEA was challenged by
loading the polymer with fluorescein and evaluating the fluorescein release rate after
exposure of the fluorescein-loaded PEA to HI-60 cell lysates in vitro.

Following an initial burst release, release of fluorescein in PBS buffer was low and
followed zero order release kinetics (Figure 7.3). After zero order release kinetics was
reached, a HI-60 cell lysate was added to the fluorescein loaded polymer. As shown in
Figure 7.2, this resulted in increased release of fluorescein. Subsequent addition of a
serine protease inhibitor, 4-(2-aminoethyl) benzene sulfonyl fluoride hydrochloride
(AEBSF), to the cell lysate reduced the fluorescein release rate to release rates seen in
PBS buffer. In conclusion, release of a small molecule from PEA was responsive to
inflammation-related serine protease derived PEA degradation.

Figure 7.3 Inflammation responsive release of a small molecule from PEA. PEA was loaded with
fluorescein and incubated in PBS buffer for 60 days (release series 1). Alternatively,
fluorescein loaded PEA was incubated in PBS buffer, a HI-60 neutrophil like cell lysate was
added after 26 days and a HI-60 neutrophil like cell lysate + a serine protease inhibitor AEBSF
(0.5 mM) after 33 days. Finally, lysate without inhibitor was added after 47 days (release
series 2). Absorbance was measured spectrophotometrically at 490 nm. Data are mean + SD,
N =3 per time point.

144


https://www-sciencedirect-com.ezproxy.ub.unimaas.nl/science/article/pii/S0168365916311750?via%3Dihub#f0015
https://www-sciencedirect-com.ezproxy.ub.unimaas.nl/science/article/pii/S0168365916311750?via%3Dihub#f0010

Celecoxib-loaded PEA microspheres as an auto regulatory drug-delivery system after intra-articular injection

Serine proteases are present intra-articular and produced by
osteoarthritic synovial tissue in vitro

After confirming inflammation-responsive release of a small molecule from PEA by
serine proteases, we next evaluated serine protease activity in synovial fluid and
synovium conditioned medium of OA patients. Synovial fluid or synovium conditioned
media contained proteolytic activity and a specific serine protease inhibitor AEBSF was
able to significantly reduce proteolytic activity in synovial fluid and synovium
conditioned medium, indicating that at least a part of the proteolytic activity detected
is serine protease driven (Figure 7.4).
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Figure 7.4 Serine protease activity in synovial fluid and synovial tissue from OA patients. Synovial fluid

(ten times diluted) or synovium conditioned media were incubated with a fluorescein labelled
casein and fluorescence was measured 24 h after incubation. Trypsin (1 ug/mL) was used as a
positive control.

Celecoxib is released from PEA microspheres in vitro and bioactive in vivo

Celecoxib-loaded PEA microspheres were prepared and SEM analysis showed spherical
structures (Figure 7.5A). Particle size was found to be 10-100 um (Figure 7.5B).

To investigate whether celecoxib-loaded PEA microspheres are able to slowly release
celecoxib, in vitro release performance was determined throughout 80 days. Following
a short initial burst release of ~ 15% of total drug load in the first days, celecoxib was
slowly released throughout time (Figure 7.5C).

Celecoxib release and bioactivity in vivo were evaluated by measuring PGE, content in
healthy or OA-induced total rat knee homogenates, injected with non-loaded or
celecoxib-loaded PEA microspheres. One week after injections with celecoxib-loaded
PEA microspheres, PGE; content was significantly lower (P = 0.047) in OA knees injected
with celecoxib-loaded microspheres compared to OA knees injected with non-loaded
microspheres, indicating that celecoxib is released from PEA microspheres and
bioactive in vivo (Figure 7.5D).
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Figure 7.5 Celecoxib from celecoxib-loaded PEA microspheres is released in vitro and bioactive in vivo.
Scanning electron microscope image of PEA microspheres (A) and size distribution of PEA
microspheres (B). The concentration of celecoxib release in PBS medium as determined by
HPLC throughout time. The release is expressed in percentage of theoretical celecoxib load
(C). PGE; content (in pg per mg knee homogenate) in total OA rat knee homogenates 1 week
after injections with non-loaded or celecoxib-loaded microspheres (n=7 for non-loaded
microspheres and n=7 for celecoxib-loaded microspheres) (D).

Entrapment of microspheres within the synovial membrane and
biocompatibility

Intra-articular biocompatibility of PEA microspheres was investigated by scoring
histological sections of rat knees injected with non-loaded or celecoxib-loaded
microspheres semi-quantitatively.

Non-loaded and loaded microspheres were found in all OA and healthy knees 3 weeks
after injections. The microspheres were found to be entrapped in the synovium and no
necrosis or thickening of the synovium as a reaction to the injection of the
microspheres was observed (Figure 7.6A). Microspheres were surrounded by
mononuclear inflammatory cells and giant cells (Figure 7.6B and 7.6C). Small
microspheres 5 um in size where seen, but also bigger microspheres 15-20 um in size.
Twelve weeks after injection, microspheres were smaller in size and not found in all
knees. Microspheres could be found in 2 OA-induced and 2 healthy knees injected with
non-loaded microspheres and 3 OA-induced and 4 healthy knees injected with
celecoxib-loaded microspheres. Semi-quantitative scoring of histological sections
revealed a slight to moderate presence of giant cells, macrophages and fibroblast-like
cells surrounding the microspheres in a greater part of the animals. No significant
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differences were observed in semi-quantitative scoring of histological sections between
rats injected with loaded or non-loaded PEA microspheres (Table 7.2).

A

Microsphems . Joint Space.

Figure 7.6 Entrapment of microspheres in the synovium. Haematoxylin & eosin-stained section of
healthy knee 3 weeks after injection with non-loaded microspheres (A). Thionine-stained
sections of OA-induced knees 3 weeks after injection non-loaded microspheres (40 x
magnification) (B) or celecoxib-loaded microspheres (40 x magnification) (C). Red asterisks in
(B) and (C) depict a giant cell.
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PEA microspheres degrade in vivo and show auto-regulatory degrading
behaviour

To evaluate in vivo degradation of the microspheres, the amount of PEA was measured
directly, three or twelve weeks after intra-articular injections with PEA microspheres.
PEA content was not significantly different between healthy or OA-induced knees
directly after injections with microspheres. Three weeks after intra-articular injections,
PEA content was significantly reduced in OA-induced knees injected with both non-
loaded and loaded microspheres by 34% and 31% respectively while PEA content in
healthy knees injected with non-loaded and loaded microspheres was reduced by 7%
and 9% respectively, not reaching statistical significance (Figure 7.7A).

Figure 7.7 In vivo degradation of PEA microspheres and auto regulatory behaviour of celecoxib-loaded
PEA microspheres. PEA levels in knees measured directly after injection (post-injection
control), three weeks and twelve weeks after injection. Data are mean + SEM, n=6. * p<0.05,
** p<0.005. Because no degradation is to be expected directly post injection, we injected
celecoxib-loaded microspheres as controls at this time point (post-injection control).
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Twelve weeks after intra-articular injections, healthy and OA-induced knees injected with
both non-loaded and loaded microspheres showed significantly reduced PEA-levels
(>80%), indicating that in vivo degradation of the microspheres occurred (Figure 7.7B).
Interestingly, PEA degradation was significantly higher in OA-induced knees injected with
non-loaded microspheres, compared to healthy knees injected with non-loaded
microspheres (Figure 7.7B). On the other hand, no significant differences were observed
in PEA levels in OA-induced and healthy knees injected with celecoxib-loaded
microspheres. Moreover, loading PEA microspheres with celecoxib significantly inhibited
PEA degradation in OA-induced knees (Figure 7.7B).

In vivo effects of intra-articular injections with celecoxib on joint
pathology

After confirming in vivo degradation of PEA microspheres, we next evaluated the
effects of injections with celecoxib-loaded microspheres on joint pathology in OA-
induced rat knees.

Whole-joint histology revealed healthy cartilage in healthy knees (Figure 7.8), while OA-
induced knees displayed OA-like changes twelve weeks after intra-articular injections
(sixteen weeks after OA-induction) (Figure 7.8). No significant difference was observed
in the OARSI cartilage degeneration score (Figure 7.9) between rats injected with 0.9%
NaCl, non-loaded microspheres and celecoxib-loaded microspheres.

200 pm
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Figure 7.8 Twelve weeks after Intra-articular injections with microspheres in OA-induced or healthy

knees. Thionine-stained Histological sections of the medial tibial plateau of OA (left panel,
16 weeks after OA induction) or healthy knees (right panel) 12 weeks after injections with
0.9% NaCl (A), non-loaded microspheres (B) and celecoxib-loaded microspheres (C). OA
severity was comparable between all groups and injections with microspheres did not result
in cartilage damage.
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Figure 7.9 Effects of intra-articular injections with celecoxib on cartilage pathology in OA-induced rat

knees. Thionine-stained histological sections of the medial tibial plateau of right rat knees
were scored for cartilage degeneration score at 3 and 12 weeks after intra-articular injection
with 0.9% NaCl, non-loaded microspheres or celecoxib-loaded microspheres. No significant
differences were seen between groups. Each dot, square or triangle represents a separate
animal. N =7 for control, N = 6 for non-loaded microspheres, N =6 for loaded microspheres
at week 3 and N=6 for control, N=7 for non-loaded microspheres, N=6 for loaded
microspheres at week 12.

Discussion

In this study we have investigated the potential to use PEA as a biomaterial for an auto
regulatory intra articular drug delivery system. First, inflammation-responsive release
of a small molecule was confirmed in vitro. Next, PEA microspheres were loaded with
an anti-inflammatory drug celecoxib and investigated in vivo.

Release of a small molecule fluorescein from PEA was increased after exposure to
lysates from the neutrophilic cell line HI-60 and addition of a specific serine protease
inhibitor reduced fluorescein release. This result indicates release of fluorescein from
PEA after inflammation-related enzymatic degradation. Since serine proteases are key
components of the inflammatory response,*? these findings highlight the potential of
PEA drug delivery systems to be used in drug delivery systems for the treatment of
diseases with an inflammatory component such as osteoarthritis, in which drug release
will be reactive to the disease process.

After conforming the inflammation responsive properties of PEA, biocompatibility of
PEA microspheres was investigated in vivo. Intra-articular injection of microspheres was
well tolerated: no abnormal behaviour was observed in rats and also no infections
occurred. All rats gained in weight equally (data not shown) and no death was
observed. Three weeks after intra-articular injections, microspheres were found back in
the knees of all rats injected with microspheres. The microspheres were entrapped in
the synovium surrounded by giant cells, mononuclear inflammatory cells and fibroblast
like cells. Entrapment of microspheres in the synovium has been shown earlier in rat
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and rabbit knees.???® The synovial membrane displays ability to remove foreign
particles, which is the most likely explanation for this phenomenon we observed.?
Macrophages have been shown to take up particles in the micrometre size range 2 in
our study we did not observe endocytosis of our microspheres. We did not see any
necrosis or thickening of the synovium as a reaction to the injection of the
microspheres, confirming biocompatibility of PEA microspheres. In short, we conclude a
normal and mild foreign body response.

The fact that we found fewer microspheres twelve weeks after injections with PEA
microspheres compared to three weeks after injections indicated in vivo degradation of
the polymer, but we also evaluated degradation quantitatively by measuring PEA levels
in total rat knee joints. PEA microspheres degraded in vivo and PEA levels were reduced
to 20% twelve weeks after intra-articular injections. As OA is considered to have an
inflammatory component, our hypothesis was that there would be more degradation of
microspheres in an OA-induced knee. Consistent with this hypothesis, PEA degradation
was significantly increased in an OA-induced knee compared to a healthy knee.
Interestingly, loading the microspheres with celecoxib significantly reduced degradation
as PEA levels were significantly higher in OA-induced knees injected with celecoxib-
loaded microspheres compared to OA-induced knees injected with non-loaded
microspheres. These in vivo data are in accordance with our in vitro data indicating that
inflammatory cells are able to enzymatically degrade PEA microspheres, and that
celecoxib is able to inhibit this process, highlighting the potential of celecoxib-loaded
microspheres to use as a controlled DDS with an auto regulatory behaviour.

Different carriers such as microspheres, liposomes and hydrogels have been
investigated in intra-articular treatment with use of synthetic and natural polymers.?6-%7
While most studies report intra-articular biocompatibility of the DDS investigated,
information about degradation behaviour of the DDS investigated in vivo is lacking.
Bedouet et al. investigated PEG-hydrogel based microspheres and observed slow
degradation over 60 days in vitro, but did not investigate degradation behaviour in
vivo.?? In another study performed by Sandker et al., an acyl-capped PCLA-PEG-PCLA
polymer based hydrogel depot was investigated.®® Fast degradation of the hydrogel
after intra-articular injection occurred and the depot could not be detected after
3 weeks. Arankumar et al. show intra-articular retention of PCL microparticles for
6 weeks, by using in vivo fluorescence imaging.3® We here show retention of PEA
microspheres for at least 12 weeks after intra-articular injection and in addition show
an auto regulatory degradation behaviour of PEA microspheres: an intra-articular DDS
degradation mechanism not earlier described. This auto regulatory degradation
behaviour is beneficial from 2 points of view. Firstly, degradation and thus drug release
will follow disease activity. Secondly, the microspheres potentially reside in the joint for
a longer period of time and thus fewer injections will be needed.

Our PEA degradation data in vivo indicate slow and bioactive release of celecoxib over a
period of 12 weeks. Bioactivity of celecoxib from PEA microspheres in vivo was also
proven by performing PGE, measurements in total rat knee homogenates. Rat knees
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injected with celecoxib-loaded PEA microspheres contained significantly lower PGE;
levels compared to rat knees injected with non-loaded PEA microspheres.

Based on in vitro release rates and average synovial fluid volume of a rat, in vivo
celecoxib concentrations in the knee joint were calculated to be 10 uM, the
concentration celecoxib in which efficient anti-inflammatory effects are shown in
various intra-articular tissues.*® However, extrapolation of release rates from in vitro to
in vivo is complicated. In addition to diffusion derived release, degradation derived
release is another important component influencing drug release in vivo.

Moreover, drug release in vivo is influenced by the highly viscous synovial fluid.** Due
to the small synovial fluid volumes in a rat knee, we were unable to investigate local
celecoxib concentration in the synovial fluid. To determine celecoxib release in vivo and
evaluate systemic celecoxib concentrations, we performed a celecoxib-specific ELISA on
plasma samples of rats which received non-loaded and celecoxib-loaded PEA
microspheres three, six, nine and twelve weeks after injections. The detection limit of
this ELISA is ~ 0.25 ng/mL and 10 out of 42 tested plasma samples of rats injected with
loaded microspheres were just above detection limit versus 3 out of 42 tested plasma
samples of rats injected with non-loaded microspheres. While we can only speculate
about absolute celecoxib concentrations in plasma, these data indicate low systemic
concentrations of celecoxib in vivo (<0.5 ng/mL), which will result in reduced risk of
systemic side effects. Radioactively labelling drugs such as celecoxib and examining
release behaviour in vivo may provide valuable data to predict release behaviour of
drugs loaded in a DDS in future experiments.

Because several studies have shown chondroprotective effects of celecoxib in vivo, we
also evaluated the effects of intra-articular injections with celecoxib-loaded
microspheres on OA progression.*>* Intra-articular injections with celecoxib-loaded
microspheres did not result in reduced OA pathology as evaluated by histological
analysis in cartilage, consistent with two other studies showing chondroneutral effects
of celecoxib in vivo.3** Contradictory reports on OA modifying properties of celecoxib
may be caused by differences in OA model used. Beneficial effects of celecoxib in OA
models based on mechanical instability can be restrained by increased loading of the
affected joint due to analgesic effects of celecoxib. Moreover, the amount of synovial
inflammation is different in several OA models, and the effectiveness of an anti-
inflammatory drug like celecoxib may be proportional to the amount of inflammation
present. Although we investigated the amount of synovial inflammation in our OA
model by scoring sub synovial proliferation and inflammatory cell infiltration on
histological sections, synovitis at the time points we evaluated was too minimal even in
untreated OA-induced knees, consistent with earlier reports.*® Other models which
display more inflammation,*”*® may be useful to investigate the role of celecoxib on
(synovial) inflammation.



Chapter 7

Conclusion

PEA microspheres displayed good intra-articular biocompatibility and degraded in an in
vivo OA model. Degradation of PEA microspheres was significantly higher in an
inflammatory environment, while loading the microspheres with celecoxib decreased
PEA degradation suggesting a DDS with auto regulatory behaviour. We propose the use
of PEA microspheres loaded with an anti-inflammatory drug as an auto regulatory drug
delivery system to evaluate analgesic and OA disease modifying effects of a broad
range of drugs in knee OA.
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General discussion

As described in the general introduction of this thesis, cartilage damage can occur in
different ways. Pathologic stresses can either cause a focal cartilage defect, or trigger a
catabolic process that disturbs the joint homeostasis and initiate pre-osteoarthritis
(pre-OA).12 When not adequately treated, focal cartilage defects, as well as pre-OA, will
inevitably lead to diffuse cartilage damage (i.e., OA).3

In this thesis we combined basic science with the scope of a clinician towards a clinical
translation of cartilage damage treatment. Endochondral ossification is an
indispensable process in the human body. In early life most of our bones form through
EO, and in case of major trauma, EO plays a key role in bone fracture healing.
Unfortunately, it also often occurs in articular cartilage repair interventions and fuels
the development of osteoarthritis.>®

The process of EO in a damaged joint can be influenced on many levels (Figure 8.1)
(e.g., patient risk factors, joint and tissue alterations, and growth factors/molecular
signalling pathways). Growth factors have multiple, sometimes opposing functions and
despite extensive research there is no unambiguous solution on how to use them to
direct a signalling pathway to prevent unwanted EO of (repaired) articular cartilage.”®
The focus of the research described in this thesis was to investigate the influence of
patient characteristics in focal cartilage damage and repair with a focus on the process
of EO. Specifically, to understand the role of EO, and to elucidate at which level
interventions have the capacity to prevent undesirable EO in the treatment of focal
cartilage damage and diffuse cartilage damage (i.e., osteoarthritis).

Figure 8.1  The process of endochondral ossification can be influenced on many different levels. From left
to right are depicted the levels described in this thesis. (A) the level of the cell, and growth
factors and signalling pathways, (B) the cartilage tissue level, (C) the level of the joint, (D) the
patient level, and (E) the population level, which is discussed in future perspectives.

The influence of patient characteristics on cartilage repair

Previous research has addressed that patient selection is important and supports in
improving the outcome of cartilage repair surgery.>° The work in this thesis confirmed
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findings described in literature, but in addition demonstrated in Chapter 2 that patient
characteristics remain of influence on the outcome of cartilage repair surgery by
perichondrium transplantation (PT) even after a long-term follow-up. The influence of
tissue and patient characteristics as described in Chapter 2 (i.e., increased age, previous
surgery and increased time of symptoms) on the outcome of cartilage repair surgery is
linked to an impaired joint homeostasis.>*!! A healthy joint homeostasis is described as
the stable equilibrium of all the joint tissues, without inflammation in a well-functioning
articulation.’! However, when the joint homeostasis is impaired, at least the local
environment will be in an inflammatory state, which will inherently influence the
process of EQ.1%12 Age, previous surgery and increased time of symptoms are non-
reversible patient characteristics that are risk factors for a lasting, chronic inflammatory
state of the joint. Chronic inflammation is detrimental for the healing process of all
tissues and should be avoided.® In contrast, an acute inflammatory reaction is found to
be essential for the healing of, amongst others, damaged bone, and blocking it will
hamper bone healing.* Although many different cytokines are linked to either acute
inflammation, chronic inflammation, or both,’® there is no strict point in time that
differentiates between acute and chronic inflammation in tissue healing or repair. An
interesting topic to analyse in more detail is the different effects of inflammation on EO
in fracture healing, cartilage repair surgery, and osteoarthritis (OA). Chronic
inflammation in bone fracture healing negatively influences the balance between bone
formation and resorption, impairing EO.%® In cartilage repair surgery the presence of
chronic inflammation is linked to an impaired outcome as a result of fibrosis and early
OA changes.’! Interestingly, the formation of osteophytes and subchondral bone
sclerosis (as a result of EO) are elements of the structural changes in an OA joint, and
the presence of chronic inflammation does not prevent this EO in an OA joint.1”!8 The
role of inflammation on chondrogenesis and osteogenesis during EO in fracture healing,
focal cartilage damage, and OA is thus complex and can be influenced on many
different levels.

In Chapter 3 we analysed PT-patients from the cohort in Chapter 2 and compared them
to autologous chondrocyte implantation (ACI) patients in more detail using a high-field
7T MRI. Assessment at this level (i.e., obtaining the compositional information of
(repaired) cartilage tissue by 7T MRI) enables to explore research topics that would
otherwise only be able by the use of (non-ethical) invasive procedures like arthroscopy
and biopsies. The 7T MRI facilitates the assessment of the joint and cartilage over
several timepoints and is able to detect (biochemical) changes such as decreased GAG
content, which would not be detectable in a reliable fashion at lower-field MRI.*° In our
7T-MRI analysis of this small group of patients, who were still without major revision
surgery of the knee, we found a high prevalence of intralesional osteophytes (10) in
both PT and ACI patients. Intralesional osteophytes are the result of (unwanted) EQ.%°
We discussed that the most likely cause of 10 formation in our population was the use
of marrow stimulating techniques (MST) in prior surgery and the use of periosteum and
perichondrium as defect cover.
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The release of MSCs from the bone marrow cavity after MST, or precursor cells from
the periosteum or perichondrium can be a contributing factor to this EO process. The
cells from these sources probably still have a high susceptibility to environmental
influences (e.g., growth factors) that can induce EO of these cells.* The differentiation
process of MSCs starts early after surgery but the repair tissue is described to remodel
up to 1 year after initiation of the differentiation processs.?! Possibly this occurs via a
similar mechanism of EO in which osteophytes at the peripheral junction of articular
cartilage and bone are being formed in the process of OA.2° The prevalence of
intralesional osteophytes in repaired cartilage is increased after MST.? Intralesional
osteophytes are described to impair the outcome of cartilage repair surgery by
increasing the mechanical stiffness of the subchondral bone plate and thereby
elevating shear stresses in the cartilage.?® In addition, intralesional osteophytes are also
described to compromise the opposing cartilage tissue.? To our knowledge, a detailed
evaluation of these morphological and biochemical characteristics of intralesional
osteophytes and its effect on the outcome of cartilage surgery has not been described
before. A detailed mapping of these detrimental morphological characteristics of the
intralesional osteophytes and biochemical assessment of opposing cartilage tissue is
expected to aid in the prediction of cartilage repair surgery failure. Subsequently,
increased accuracy in failure prediction could facilitate an early re-intervention and
possibly prevents further deterioration of the joint. However, 10 formation has not yet
been assessed comprehensively over multiple timepoints to assess the course of its
growth. At this time, it is not yet possible to predict 10 formation on an individual level
and consensus is that intralesional osteophytes have to be prevented in general.?

To prevent intralesional osteophytes as a result of unwanted EO, multiple alterations in
cartilage repair procedures have been implemented.?*?> A small subgroup of PT
patients (n=14) was given non-steroidal anti-inflammatory drugs (NSAIDs) (that inhibit
COX-1 and COX-2) postoperatively. This decreased the incidence of intralesional
ossification.?® In later generations of ACI, decreased |0 was achieved by replacing
periosteum tissue for a collagen membrane as a defect cover, as well as the use of
selected chondrocytes (2" generation ACI). The use of scaffolds (3" generation ACI)
and Spherox®, spheroids that contain chondrocytes with a self-synthesized extracellular
matrix (4" generation ACI) further decreased I0 formation.?” Furthermore, treatment
of the subchondral bone has been critically evaluated by Gomoll and colleagues.?’ As a
result, current guidelines advise the use of MST (which are based on the release of
MSCs) only in small defects <2-4cm? when the risk for revision surgery is low.2>%
Interestingly, 10 formation is present in 25% of these small defects after
microfracture.?° However, two thirds of these defects with 10 formation still had a good
fill and clinical outcome.?® Morphology of the 10 has not been described systematically
in these studies except for their size (small vs. large) in the studies of Demange et al.
and Gomoll et al.2$272930 As we hypothesized that 10 morphology (e.g., penetration of
the surface by an 10) influences mechanical stress and subsequent joint inflammation,
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it would be interesting to investigate the correlation between 10 morphology,
composition, defect size and (clinical) outcome.

Defect and joint characteristics such as defect size, location and morphology as well as
patient characteristics such as increased age, time of symptoms and previous surgery
potentially lead to differences in inflammation and joint homeostasis.»*! The outcome
of cartilage repair surgery is inevitably influenced by these factors. In addition, cartilage
repair surgery likely induces a ‘second inflammatory hit’ with a chondrodegenerative
process as described in anterior cruciate ligament reconstruction.3! Increased
expression of inflammatory cytokines in synovial fluid can be found up to 5 years after
anterior cruciate ligament reconstruction.3? A chronic inflammatory state of the joint
after cartilage repair surgery will impair tissue regeneration. It is therefore important to
recognize patient characteristics that increase the risk on a chronic inflammatory state
of the joint, and to apply proper patient selection. However, since surgery itself induces
chronic inflammation,?! patient selection alone will not be able to prevent chronic
inflammation completely. Therefore, in the next part of this thesis we analysed possible
strategies to improve the outcome of cartilage repair surgery on the tissue and cellular
level.

Controlling endochondral ossification in cartilage formation

The influence of COX-2 inhibition on the chondrogenic phase of endochondral
ossification was demonstrated in previous work from our group.3*3* In addition, our
group showed that COX-2 expression follows a biphasic pattern in EO. The first
expression peak is during early chondrocyte differentiation and the second expression
peak during chondrocyte hypertrophy.®®> We investigated this mechanism further in
Chapter 4 of this thesis. In a model consisting of bone fracture healing, growth plate
development and ectopic cartilage formation, we demonstrated that COX-2 inhibition
impaired bone fracture healing, and that COX-2 inhibition impaired chondrogenic
differentiation in both ectopic cartilage formation and the growth plate.

As stated in the first part of this discussion, an acute inflammatory response is essential
for fracture healing.'>'® Several studies investigating the influence of COX-2 inhibition
on fracture healing describe an effect in the early (inflammatory) phase of the healing
process.®37 |n addition, we proposed an effect on early chondrogenic differentiation to
be at least partially responsible for impaired fracture healing. In Chapter 4, we found
that COX-2 inhibition led to impaired chondrogenesis. This suggests an essential role for
inflammation in early chondrogenic differentiation in in vivo ectopic cartilage
formation, similar to its essential role in fracture healing.3 Contrasting findings were
previously described by Heldens et al., who found that in vitro inhibition of
inflammation can partially rescue chondrogenesis.® It is important to note that still no
in vitro model exists that resembles the complexity of the in vivo EO process.}? Often
only single cell-sources are used for in vitro experiments. Furthermore, to induce in
vitro chondrogenic differentiation, several factors like transforming growth factor beta
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(TGF-B) and dexamethasone have to be added.?® These molecules have a potent effect
on inflammation and EO and will inherently influence the model and possibly alter the
measured outcome.!?**2 |n an jn vivo model, the induction of chondrogenic
differentiation by these anti-inflammatory molecules is not needed. Our use of an in
vivo model could therefore explain the contrasting finding on the inhibition of
inflammation on chondrogenesis. The use of different inflammatory molecules (COX-2
versus (interleukin (IL)-1 alpha and tumour necrosis factor (TNF)-alpha) could be
another explanation.®®

Based on the presence of EO in the growth plate, fracture healing, and in our model of
newly formed cartilage, we speculate that a similar EO process causes |0 formation in
MSC-based cartilage repair techniques (e.g., microfracture, PT, and bone marrow
aspirate concentrate (BMAC)). The knowledge on EO, gained by in vitro as well as in
vivo models of COX-2 inhibition, can be used to our advantage in order to use celecoxib
(CXB) or other selective COX-2 inhibitors to optimize (ectopic) cartilage formation in
cartilage repair strategies. At the time of articular (cartilage repair) surgery,
inflammation is inherently present in the joint, which may lead to unwanted cartilage
degradation and OA changes.3'*3 Next to the inhibition of EO described above, another
effect of COX-2 inhibition by celecoxib at the time of, or shortly after cartilage repair
surgery is its anti-inflammatory effect on the whole joint.** The inhibition of
inflammation and conditioning of the joint homeostasis at this timepoint is expected to
prevent the joint from reaching a catabolic threshold and thereby improve the outcome
of cartilage repair surgery based on the preservation of homeostasis.® Ideally, the
essential acute inflammation and early chondrogenesis processes should remain
unaffected, but the unwanted chondrocyte hypertrophy and possibly chronic
inflammation should be inhibited. Depending on the used clinical cartilage repair
technique, the cell source can be different. When using MSCs as a cell source compared
to (selected) chondrocytes, EO and subsequent (unwanted) chondrocyte hypertrophy
are expected to occur at a different point in time after surgery. A possible strategy to
preserve the acute inflammation essential for the healing process would be to adjust
the timing and extent of COX-2 inhibition. Based on our observations that CXB
prevented ISl formation (Chapter 4), immediate post-operative COX-2 inhibition may
inhibit the initial chondrogenic differentiation and undesirably prevent cartilage
formation in a bone marrow stimulation technique. However, COX-2 inhibition in
already differentiated chondrocytes (e.g., ACl, Minced cartilage, and Hedgehog)
specifically inhibits hypertrophic differentiation and could be used directly after surgery
to prevent chondrocyte hypertrophy and avoid EO and potentially improve the clinical
outcome. Therefore, COX-2 inhibition should be properly timed depending on the used
cartilage repair technique.

Another strategy to improve cartilage formation is described in Chapter 5. We used our
model of ectopic periosteal chondrogenic differentiation to investigate whether the
addition of the chondrogenic proteins COMP and aggrecan (ACAN) to surgically
introduced subperiosteal agarose gel is able to improve cartilage formation. The
addition of COMP or aggrecan improved the quality of ectopically generated cartilage
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by significantly inhibiting unwanted chondrocyte hypertrophy. Controlling chondrocyte
hypertrophy in EO and preventing a chronic inflammatory state of the joint, without
inhibiting the ‘essential’ early phase of inflammation and chondrogenic differentiation
provides an interesting starting point to design new strategies to improve cartilage
repair. In addition, targeting chondrocyte hypertrophy and EO is increasingly
recognized as a possible strategy in the treatment of OA.*® Therefore, gained
knowledge on processes and signalling pathways of EO in cartilage repair also
contributes to the improvement of OA treatment.

Drugs and delivery systems targeting EO in cartilage damage

Improving treatment strategies for focal cartilage repair is important to prevent
deterioration of the joint into OA, but as discussed earlier in this thesis, after exclusion
of non-suitable patients, focal cartilage repair surgery is only applicable in a relatively
small group of patients. However, the inhibition of chondrocyte hypertrophy and
unwanted EO are potentially applicable on a larger scale in the treatment of OA as
well.*® Prevention is the best treatment of all diseases, including OA. However,
prevention will not always be possible. Early diagnosis and treatment are crucial to
prevent further irreversible damage to the joint when OA has occurred (secondary
prevention), and if possible, treat the reversible damage.?’

Despite extensive and promising research, to date, no clinically implemented non-
surgical OA disease-modifying therapy exists.*® Currently, non-OA disease-modifying
therapies focus on patient education, physical therapy, and pain relief (e.g., oral
analgesics, topical analgesics, and intra-articular cortisone or hyaluronic acid) until
finally joint arthroplasty is required.*® In selected cases, surgical options to postpone
joint arthroplasty are cartilage or meniscal repair or replacement, re-alignment
osteotomies or knee joint distraction.®® An improved joint homeostasis after knee joint
distraction was proposed by Wiegant et al.,>! and more recently, gene transcriptional
changes in synovial fluid that are potentially beneficial for the joint homeostasis were
described in more detail by Sanjurjo-Rodriguez et al.>?> A more recent paper confirms
that re-alignment osteotomies and knee joint distraction provide clinical benefit to
patients and increased radiographic joint space width, but there was no significant
improvement of cartilage quality, as determined by delayed gadolinium-enhanced MRI
of cartilage (dGEMRIC).5® An interesting topic of research is therefore the improvement
of the joint homeostasis by combining future disease modifying OA treatment that act
on the biological level with the optimization of biomechanical properties. The balance
between treatment of structural changes (load bearing capacity) versus joint
inflammation and pain is also influenced by personalized joint preserving treatments in
which lifestyle, activity and coping play an important role in further reducing
inflammation.> The disturbed joint homeostasis in OA is, amongst others, represented
by inflammation and increased chondrocyte hypertrophy.>**> Therefore, strategies
aiming at the inhibition of (unwanted) inflammation and chondrocyte hypertrophy are
of interest.
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Local pharmacological treatment of joint disease has many advantages over systemic
treatment (e.g., better bio-availability and less systemic side-effects). In addition, an
intra-articular drug delivery system (DDS) can improve pharmacokinetics of drugs used
in OA treatment. Therefore, we provided an overview of (candidate) drugs for an
effective OA treatment, what kind of drugs can be incorporated in a DDS, and which
polymers are considered suitable to provide for such delivery systems in Chapter 6. The
ideal drugs for treatment of OA are believed to be disease-modifying osteoarthritic
drugs (DMOADs).* However, OA is a disease which often progresses slowly over time
and may remain asymptomatic until structural joint damage is present.>® Therefore, it is
difficult to provide evidence for the joint preserving properties of DMOADs in clinical
trials and getting DMOADSs approved for clinical application is challenging.>” The already
clinically applied Glucocorticoid (GC) and hyaluronic acid (HA) injections are believed to
provide a fairly good relief of symptoms and improve function over the short- and
medium-term.>®>° However, there is little to no evidence of disease modification by GC
and HA injections, and their use is debated in literature.*® Despite the current decrease
in popularity of GC and HA injections, there are some very interesting recent studies
that show the potential of intra-articular injections of GC, HA and other drugs. Pre-
clinical studies showed that a single, posttraumatic IA injection of dexamethasone has
the potency to inhibit joint inflammation and potentially restore joint homeostasis
without being chondrotoxic, thereby preventing post-traumatic OA.%° Intra-articular
injections of hyaluronic acid are described to act chondroprotective, possibly by
inhibition of TNF-a. and thereby suppressing inflammation in the joint.®* Inflammation is
an essential step in EOQ, and together, the role of inflammation and EO in joint
degradation is substantial.5? Therefore, we investigated the effect of CXB, released
from a polyester amide (PEA) drug delivery system in an OA model in Chapter 7. The
PEA-CXB microsphere caused no adverse reaction. The microsphere degradation and
drug release rate of the CXB-PEA microsphere (which is degraded by proteolytic
enzymes) suggests an anti-inflammatory and auto-regulatory effect of CXB released
from the microsphere. This auto-regulatory effect makes the PEA-CXB microsphere an
interesting DDS-drug combination in OA treatment. Data from our animal model did
not show histological OA disease modification in a 12-week follow-up after injection of
a PEA-CXB microsphere. However, the diminished in vivo ectopic cartilage formation in
Chapter 4 indicating an anti-hypertrophic effect of celecoxib on chondrocytes, and the
PEA-CXB microsphere degradation and drug release rate described in Chapter 7
suggested the capacity of the PEA-CXB microsphere to reduce joint inflammation.
Increased inflammatory and degeneration biomarkers (e.g., IL-6, MMP13, and COMP),
and concurrently hypertrophic biomarkers (e.g., COL10A1 and Runx2) are already
present in the stage of early OA.%® Therefore, the inhibition of chondrocyte
hypertrophy, inflammation and possibly subsequent (chronic) pain by the PEA-CXB
microsphere can be valuable in the treatment of OA. This might be especially the case
when functional and structural alterations leading to persistent inflammation in the
joints of OA patients have been addressed.5*%¢ In OA, where inflammation is critical, a
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treatment with an auto-regulatory behaviour, in which increased inflammation causes
increased release of the drug, is very encouraging. In future experiments, combinations
of PEA microspheres with other (OA) drugs would be worthwhile to consider. Whether
the auto-regulatory effect will remain is likely dependent on the anti-inflammatory
action of the incorporated drug. This anti-inflammatory effect can either be a
characteristic of the used drug, or an indirect result of an OA disease modifying effect
and subsequent reduced inflammation of the joint. The degree of inflammation in the
joint, the release of the drug from the PEA-microsphere, and its associated anti-
inflammatory effect have to be well balanced in order to create an adequate auto-
regulatory effect. The PEA-CXB microsphere could also be valuable in the prevention of
post-surgical (chronic) inflammation in patients who underwent cartilage repair
surgery. Thereby potentially reducing 10 formation or cartilage degradation that results
from chronic inflammation.®” In a setting where patient selection is applied and there
are no functional and structural alterations leading to persistent joint inflammation, the
inhibition of inflammation and EO by the PEA-CXB microspheres might be more capable
of modifying OA disease progression. However, this hypothesis should be tested in
future experiments.

Concluding remarks and future perspectives

The worldwide burden of OA is rising rapidly and OA is becoming more prevalent in
relatively young patients.>%872 As a result, TKA is performed more and more often in
patients younger than 65 years of age, with a subsequent risk for revision surgery later
in life.”>’* Therefore, more attention is needed for joint preserving strategies before
proceeding to joint replacement. However, for successful joint preservation, a timely
recognition and adequate treatment of cartilage damage is needed. The work
presented in this thesis demonstrates, at the ‘patient level’, that adequate patient
selection can improve the long-term outcome of cartilage repair surgery. In the
underlying ‘cell, tissue and joint level’, inflammation and EO are critical processes, not
only in the growth plate and fracture healing, but also in ‘new’ cartilage formation. The
right amount of inhibition of inflammation by NSAIDs in a correct temporospatial
manner can subsequently inhibit the (often undesired) EO process and improve the
treatment of articular cartilage defects and OA. Sustained-release treatment strategies,
such as the auto-regulatory PEA-CXB microsphere, that aim at the inhibition of
inflammation and EO are potential options to improve the joint homeostasis and
intervene at a promising level for the optimization of cartilage repair strategies and
early OA treatment. However, because of the complexity of treating the damaged joint
it is essential that all preconditions are optimized in order to improve the chance of a
successful outcome.

In addition to the suggestions for future research described above (i.e., exploring
individualized treatment, inhibition of inflammation and EO, and sustained release of

drugs in cartilage repair surgery and OA), orthopaedic surgeons will have to change
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their approach to the patient with joint pain. The underlying causes for joint pain (e.g.,
patient characteristics, psychosocial and biomechanical factors, and cartilage damage
(either focal defects or (early) OA)) should be carefully assessed before starting
symptomatic treatment. When underlying causes are not addressed, they will lead to
persisting inflammation, an impaired joint homeostasis, and continued degradation of
the joint. Better use of (high-resolution) MRI, potentially combined with the use of a
biomarker, could act as a useful tool for the diagnosis and follow-up of cartilage
damage and its treatment. The insight in joint inflammation and homeostasis, which
can potentially be improved by intra-articular anti-inflammatory injections may offer
novel conservative and operative treatment strategies. As such, immobility is a chronic
disease potentially leading to other chronic diseases needing more attention and
control in a more personalized manner.”®
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Summary

Life expectancy has increased worldwide and as a way to improve quality of life,
physical exercise is recommended, even at an older age. The positive effects of exercise
have been extensively described in the literature. Ironically, mechanical trauma due to
exercise is described as the biggest cause of focal articular cartilage defects. When
damaged, articular cartilage possesses little regenerative capacity and is prone to
continued degeneration. In the process of articular cartilage damage and joint
degeneration, an important component is the altered expression of biomolecular
factors affecting the homeostasis of articular cartilage and increasing unfavourable
endochondral ossification (EO) of the cartilage tissue. The work presented in this thesis
focusses on understanding alterations in the role of EO in focal and diffuse articular
cartilage damage and possibilities to use the biomolecular mechanisms that are active
in EO for the treatment of articular cartilage damage.

In the first part of this thesis, the influence of patient characteristics on the outcome of
cartilage repair surgery and the role of EO in this process was investigated. In Chapter
2, we analysed patients 25 years after their perichondrium transplantation (PT) and
found that the risk of failure (receiving major revision surgery) was lower and knee
function (measured by International Knee Documentation Committee (IKDC)-score) was
better when adequate patient selection was applied. Factors that significantly changed
the risk of failure in our patient study population were: prior surgery to the index knee
and a longer time of symptoms prior to cartilage repair surgery. A younger age at the
time of surgery was associated with a better IKDC-score at 25 years follow-up. A
morphologic and biochemical evaluation of the cartilage repair by 7T MRI was
performed in patients from the same PT-cohort and compared to a cohort of
autologous chondrocyte transplantation (ACT) patients with a similar follow-up time in
Chapter 3. We found no correlation between clinical questionnaires and the MOCART
(Magnetic Resonance Observation of Cartilage Repair Tissue) score or biochemical
impairment of the grafts. Intralesional osteophytes were common in both the PT and
ACT patients. These osteophytes can result in biochemical damage to the opposing
tibial cartilage. This was more dependent on osteophyte morphology (i.e., an
osteophyte extending into the surface of the graft) than the amount of calcification of
the graft.

In the second part of this thesis, it was investigated how the process of EO can be
influenced. In Chapter 4, we showed that Cyclo-oxygenase-2 (COX-2) inhibition not only
impaired endochondral ossification in the growth plate and fracture callus, but also in
periosteal cartilage formation in an in vivo rabbit model. The inhibition of COX-2 was
achieved by the use of celecoxib, a selective COX-2 inhibiting drug that belongs to the
class of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs). Supported by previous work
from our group that showed a bi-phasic pattern of COX-2 expression in EO, these
results indicate that celecoxib impairs not only hypertrophic differentiation, but also
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the chondrogenic phase of EO in specific circumstances. Another way to influence the
process of EO was investigated in Chapter 5. The engineering of cartilage tissue from
progenitor cells is often hampered by unwanted EO. To overcome the problem of
adverse chondrocyte hypertrophic differentiation, a previously used biogel to induce
ectopic cartilage formation was supplemented with the major cartilage proteins
aggrecan and cartilage oligomeric matrix protein (COMP). We found that these proteins
were able to improve the process of ectopic cartilage formation in an in vivo rabbit
model by suppressing hypertrophic differentiation of the engineered cartilaginous
tissue.

In the final part of this thesis, possible treatment options were explored to improve the
intra-articular environment in order to reduce joint pain and to postpone or prevent
progression of cartilage damage into osteoarthritis (OA). Currently available oral drug
therapy has many disadvantages that can be overcome by intra-articular administration
of appropriate drugs. However, drug residence time in the joint is generally short and a
drug delivery system (DDS) is needed to improve the efficacy of intra-articular therapy
for cartilage damage. Different types of DDSs are: prolonged release systems,
controlled release systems, and autoregulatory systems. The literature review
performed in Chapter 6 showed that DDSs can be made from different materials. Since
the use of polymers for the development of DDSs, much progress has been made. The
use of DDSs for the treatment of OA is promising, but a disease-modifying combination
of a DDS and drug has not yet been demonstrated in clinical trials. Chapter 7 of this
thesis describes the development and testing of the polyester amide-celecoxib PEA-
CXB-microsphere as a DDS. Pharmacokinetic properties and response to an
inflammatory (OA) environment was tested in vitro in cell lysates obtained from a
neutrophil-like HI-60 cell line. Subsequently, biocompatibility and degradation of the
PEA-CXB microspheres were tested in an in vivo rat model where the anterior cruciate
ligament was transected and a partial medial meniscectomy was performed to induce
post-traumatic OA. The PEA-microsphere caused no adverse reactions and was found
suitable as a DDS. The PEA-CXB-microsphere did not show an OA disease-modifying
effect. However, increased degradation of the microspheres was present in OA knees,
whereas celecoxib loading of the microspheres reduced microsphere degradation,
suggesting a DDS with an auto-regulatory behaviour. In Chapter 8, key findings of this
thesis were put in perspective.

The worldwide burden of OA is rising rapidly, especially in relatively young patients.
When total knee arthroplasty is performed in young patients, they are at increased risk
for revision arthroplasty later in life. Therefore, more attention for joint preserving
strategies is needed. For successful joint preservation, a timely recognition, patient
selection, and adequate treatment of cartilage damage and OA are needed. Adequate
treatment can be achieved by lifestyle, pharmacological, and surgical interventions and
combinations thereof. The work presented in this thesis demonstrates that the
improvement of joint preservation can be addressed at these different levels and from
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different viewpoints/insights (e.g., cell and patient). However, most important for
successful joint-preserving treatment of patients with joint damage is a change in the
approach to the clinical problem by orthopaedic surgeons, other healthcare providers
and scientists. An approach in which the ‘patient journey’ of a person with a healthy
joint can be followed and guided by the right interdisciplinary collaboration up to joint
replacement surgery. This provides the right care at the right time and place to keep
people and patients moving and thus prevent other chronic diseases.

179






Nederlandse samenvatting

Nederlandse samenvatting

De wereldwijde levensverwachting neemt toe en ter verbetering van de kwaliteit van
leven wordt lichaamsbeweging geadviseerd, zelfs op gevorderde leeftijd. De positieve
effecten van lichaamsbeweging zijn uitgebreid beschreven in wetenschappelijke
literatuur. Ironisch genoeg is een mechanisch trauma bij sporten beschreven als de
grootste oorzaak van lokale kraakbeendefecten. Kraakbeen heeft weinig regeneratieve
capaciteit en een beschadiging van kraakbeen leidt daardoor vaak tot verdere
degeneratie. Een belangrijke component in het proces van articulaire kraakbeenschade
en degeneratie van het gewricht is de veranderde expressie van biomoleculaire
factoren. Deze biomoleculaire factoren beinvioeden de homeostase van het gewricht
en zorgen voor een toename van ongewenste endochondrale ossificatie (EO) van het
articulaire kraakbeen en osteofyt vorming.

Het werk in dit proefschrift focust op het begrijpen van veranderingen in de rol van EO
in focale en diffuse schade aan articulair kraakbeen en op de mogelijkheden om gebruik
te maken van de biomoleculaire mechanismen die actief zijn in EO voor de behandeling
van beschadigd articulair kraakbeen.

In het eerste deel van dit proefschrift werd de invioed van patiéntkarakteristieken op
het resultaat van kraakbeenchirurgie onderzocht, met ook de rol van EO in dit proces.
In Hoofdstuk 2 werd een groep patiénten 25 jaar na perichondrium transplantatie (PT)
geanalyseerd, waarbij perichondrium van de rib getransplanteerd werd naar de knie.
We ontdekten dat het risico op falen van deze ingreep (gedefinieerd als het ondergaan
van een grote hersteloperatie) lager was en dat de functie van de knie (gemeten door
middel van de International Knee Documentation Committee (IKDC) score) beter was
wanneer adequate patiént selectie werd toegepast. Factoren die het risico op falen
significant verhoogden, waren een eerdere operatie aan dezelfde knie en een langere
duur van de symptomen voorafgaand aan de kraakbeenoperatie. Een jongere leeftijd
ten tijde van de operatie werd geassocieerd met een betere IKDC-score na 25 jaar
follow-up. Een morfologische en biochemische evaluatie van het herstelde kraakbeen
werd door middel van een 7 tesla (7T) MRI verricht in patiénten van hetzelfde PT cohort
en de resultaten werden vergeleken met een cohort patiénten die in dezelfde periode
een autologe chondrocyten transplantatie (ACT) hadden ondergaan (Hoofdstuk 3). Er
werd geen correlatie gevonden tussen klinische vragenlijsten en de MOCART (Magnetic
Resonance Observation of Cartilage Repair Tissue) score of biochemische verslechtering
van de kraakbeentransplantaten. In zowel PT als ACT patiénten kwamen intralesionale
osteofyten frequent voor. Deze osteofyten kunnen leiden tot biochemisch aantoonbare
schade aan het tegenoverliggende tibiale kraakbeen. Deze schade was meer afhankelijk
van de morfologie van deze osteofyten (i.e., een osteofyt die tot in het oppervlak van
een transplantaat groeit) dan van het percentage verkalking van het transplantaat.

In het tweede deel van dit proefschrift onderzochten we hoe het EO-proces beinvioed
kan worden. In Hoofdstuk 4 toonden we aan dat cyclo-oxygenase-2 (COX-2) inhibitie
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niet alleen EO in de groeiplaat en in de fractuurcallus verminderde, maar ook de
periostale kraakbeenvorming in een in vivo konijnenmodel. De inhibitie van COX-2 werd
bereikt door het gebruik van celecoxib, een selectief COX-2 remmend medicijn dat valt
in de groep Non-Steroidal Anti-Inflammatory Drugs (NSAIDs). Ondersteund door
voorgaande studies van onze onderzoeksgroep die een bifasisch patroon van COX-2
expressie in EO aantoonden, laten deze resultaten zien dat celecoxib niet alleen
hypertrofe differentiatie van kraakbeencellen remt, maar ook de chondrogene fase van
EO in bepaalde omstandigheden kan remmen.

Een andere manier om het EO-proces te beinvloeden werd onderzocht in Hoofdstuk 5.
Het vervaardigen van kraakbeen uit progenitorcellen wordt vaak belemmerd door
ongewenste EO. Om het probleem van nadelige hypertrofe differentiatie van
chondrocyten tijdens ectopische kraakbeenvorming te voorkomen werd een eerder
gebruikte biogel aangevuld met de belangrijke kraakbeeneiwitten aggrecan of cartilage
oligomeric matrix protein (COMP). Deze eiwitten bleken in staat te zijn om het proces
van ectopische kraakbeenvorming te verbeteren in een in vivo konijnenmodel, door het
onderdrukken van hypertrofe differentiatie van het gevormde kraakbeenweefsel.

In het laatste deel van dit proefschrift werden potentiele behandelopties onderzocht
die het intra-articulaire milieu kunnen verbeteren om gewrichtspijn te verminderen en
progressie van kraakbeenschade naar artrose uit te stellen of te voorkomen. De huidige
beschikbare orale medicamenteuze behandelingen hebben vele nadelen die kunnen
worden overwonnen door intra-articulaire toediening van geschikte medicatie. Het
medicijn blijft echter vaak maar een korte tijd in het gewricht aanwezig en er is een
medicijnafgiftesysteem nodig om de effectiviteit van intra-articulaire therapie voor
kraakbeenschade te verbeteren. Verschillende soorten medicijnafgiftesystemen zijn:
Verlengde afgifte systemen, gecontroleerde afgifte systemen of autoregulatoire
systemen. De literatuurstudie verricht in Hoofdstuk 6 liet zien dat medicijn-
afgiftesystemen gemaakt kunnen worden van verschillende materialen. Sinds het
gebruik van polymeren voor de ontwikkeling van medicijnafgiftesystemen is er veel
progressie geboekt. Het gebruik van medicijnafgiftesystemen voor de behandeling van
artrose is veelbelovend, maar er is nog geen klinische trial die aangetoond heeft dat
deze medicijnafgiftesystemen in combinatie met medicijnen in staat zijn het
ziekteproces van artrose te veranderen. Hoofdstuk 7 van dit proefschrift beschrijft de
ontwikkeling en het testen van de polyester amide-celecoxib (PEA-CXB) micropartikel
als medicijnafgiftesysteem. De farmacokinetische eigenschappen en reactie op een
inflammatoire (artrotische) omgeving werden in vitro onderzocht in cellysaten
verkregen van een neutrofiele HI-60 cellijn. Vervolgens werden de bio-compatibiliteit
en degradatie van de PEA-CXB micropartikel getest in een in vivo rat model waarbij
post-traumatische artrose was geinduceerd door middel van het doornemen van de
voorste kruisband en gedeeltelijke verwijdering van de mediale meniscus. De PEA-CXB
micropartikels veroorzaakten geen detecteerbare bijwerkingen en waren geschikt als
medicijnafgiftesysteem. Een verandering van het artroseproces door de PEA-CXB
micropartikels werd niet aangetoond. In rattenknieén met artrose was er een
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toegenomen degradatie van de micropartikels en de toevoeging van celecoxib aan de
partikels zorgde voor een afname van dezelfde degradatie, wat toebedeeld werd aan
auto-regulatoire eigenschappen van het medicijnafgiftesysteem. In Hoofdstuk 8
werden de belangrijkste bevindingen van dit proefschrift in breder perspectief
geplaatst.

De wereldwijde ziektelast van artrose stijgt snel, met name in relatief jonge patiénten.
Wanneer een totale knieprothese wordt geplaatst bij jonge patiénten is het risico op
een revisie operatie groot. Daarom is er meer aandacht nodig voor gewrichtssparende
behandelingen. Voor een succesvolle gewrichtssparende behandeling zijn een tijdige
herkenning, patiéntselectie en behandeling van kraakbeenschade en artrose nodig. Een
adequate behandeling kan bestaan uit leefstijl, farmacologische en/of chirurgische
interventies. De bevindingen in dit proefschrift tonen dat de verbetering van
gewrichtssparende behandelingen bereikt kunnen worden op verschillende niveaus en
vanuit verschillende perspectieven (bijvoorbeeld vanuit de cel en vanuit de patiént).
Echter, het belangrijkste voor een succesvolle gewrichtssparende behandeling van
patiénten met gewrichtsschade is een verandering in de benadering van het klinische
probleem door orthopedisch chirurgen, andere zorgverleners en wetenschappers. Een
benadering waarbij de “patient journey” van een persoon met een gezond gewricht tot
aan een gewrichtsvervanging gevolgd en begeleid kan worden door middel van de
juiste interdisciplinaire samenwerking. Hierdoor wordt de juiste zorg op de juiste tijd en
plaats geboden om mensen en patiénten in beweging te houden en zo andere
chronische ziekten te voorkomen.
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Cartilage is a durable, but flexible tissue that occurs throughout the body. In articular
joints, hyaline cartilage comprises a layer that covers the ends of the bones and
provides a surface with very low friction that makes movement possible and at the
same time functions as a shock absorber. Unfortunately, cartilage has a very low
healing capacity. Therefore, damage to articular cartilage is not resolved and often
leads to a pathway of joint deterioration and finally osteoarthritis (OA). Articular
cartilage lesions are found in up to 62% of the knees of adults without any symptoms of
joint pathology.! When cartilage degradation becomes symptomatic, or even
progresses into OA, this can have an enormous impact on a person’s life. Osteoarthritis
is a leading cause of disability worldwide and its burden is only expected to increase
due to the ageing population and increasing incidence of obesity.>® Furthermore,
disabling OA leads to a substantially reduced long-term work participation and is
therefore a major economic concern as well.* The most frequently applied therapy for
end-stage OA is arthroplasty, but the results of total knee arthroplasty (TKA) in working
patients are dissatisfying and one third of patients does not return to work after TKA.®
The lifetime risk of implant revision is increased in younger patients (up to 35% for men
in their early 50s).% In addition, the median time to revision is significantly shorter in
patients who were younger than 60 at the time of TKA.® It is thus of great social and
economic value to prevent, or at least postpone progression towards end-stage OA and
subsequent (early) TKA. Therefore, the main goal of this thesis was to elucidate how
the process of endochondral ossification (EO) can be influenced to improve the
treatment of damaged cartilage (i.e., focal cartilage defects and OA).

Conclusion of main findings

The process of EO is an essential factor in cartilage damage and repair. The findings in
this thesis confirm that patient characteristics can negatively influence the outcome of
cartilage repair surgery. Potentially by impairing the joint homeostasis and increasing
joint inflammation and subsequent EO of the repaired cartilage tissue. The work in this
thesis underlines the potential of inhibiting inflammation and influencing the EO
pathway with the aim to improve cartilage repair and OA treatment by reducing
undesired chondrocyte hypertrophy.

Implications for research

The influence of inflammation and patient characteristics on the outcome of cartilage
repair surgery and OA treatment is widely recognized, but still not fully understood.”®
The data in this thesis demonstrate that adequate patient selection can improve the
outcome of cartilage repair surgery. In addition, the added value of 7T MRI is
underlined. The detailed visualization of morphological and biochemical differences
(such as increased calcification of repaired cartilage) suggests that inflammation and EO
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can influence the results of articular cartilage repair. This shows that innovations in
imaging, such as (high-field) MRI, can aid in an increased understanding of the
mechanisms of treatment failure and subsequently provide directions to improve
treatment strategies. However, the influence of EO on the quality of cartilage repair
tissue and subsequent clinical outcome should be further elucidated in prospectively
designed studies. Increased knowledge on the use of 7T MRI also provides a way to
evaluate articular cartilage non-invasively and at multiple timepoints, facilitating future
clinical research on the influence of EO on articular cartilage damage and repair. This
future research could elaborate on the work presented in this thesis that describes the
potential improvement of ectopic cartilage tissue formation by influencing
inflammation and EO via the inhibition of cyclooxygenase (COX)-2. In addition, the
chondrocyte hypertrophy-suppressive effect of aggrecan and cartilage oligomeric
protein (COMP) without impairing cartilage formation provides an interesting starting
point for future studies.

Implications for individual patients and society

Good surgeons know how to operate, better ones when to operate, and the best when
not to operate.® This was stated in a BMJ editorial dating back to 1999, but is still
applicable. Not performing unnecessary surgical procedures protects patients from
avoidable strain. In addition, it decreases hospital costs and all other socioeconomic
costs involved with the surgery. Key findings in this thesis increased the knowledge on
risk factors and adequate diagnostic tools to detect cartilage defects and (early) OA.
Early detection of cartilage damage provides the opportunity to improve the ‘patient
journey’ by starting early with a suitable treatment, preserve a functional joint and
prevent loss of mobility in patients. This can subsequently avoid costly procedures in
progressed OA such as revision of total knee arthroplasty or socioeconomic costs
caused by disability in patients of working age. Furthermore, an increased
understanding was obtained on the role of inflammation and EO on the treatment of
cartilage damage and OA by the development of the PEA-CXB microsphere. Derived
strategies could further elaborate on the inhibition of chondrocyte hypertrophy and
inflammation to treat cartilage damage and potentially lead to a reduction of the
amount of (early) TKA and subsequent revision TKA. Next to reduced socioeconomic
costs, a reduction in the amount of (early) TKA can also decrease secondary
(psychological) complaints and improve the quality of life of OA patients.

Implications for health care professionals

Next to the implications for the individual patient and society described above, the
research results presented in this thesis are valuable for health care professionals as
well. We found that late and multiple surgeries in older patients decrease the chance of
success in focal cartilage repair surgery. This underlines the importance of adequate
early treatment of articular cartilage damage to prevent further deterioration of the
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joint. This can be achieved by educating primary physicians to recognize patients with
possible articular cartilage damage that are suitable for early referral to an orthopaedic
surgeon. This might be even more applicable for physical therapists, as in the Dutch
health care system, physical therapy is often the first line of treatment for patients with
(minor) musculoskeletal complaints. Orthopaedic surgeons can benefit from a timely
referral and potentially provide less invasive, joint preserving treatments.

Communication towards health care professionals

A timely treatment of articular cartilage damage can prevent further deterioration of
the joint.291! |n addition, the findings in this thesis showed that a timely treatment of
cartilage damage decreases the risk of treatment failure and subsequent TKA. To
facilitate this timely treatment of articular cartilage damage, primary healthcare
providers involved in the treatment of patients with focal cartilage defects or (early) OA
have to be taught that early referral can be joint-preserving. To educate health care
providers, publishing research results in peer reviewed journals is essential, but is not
enough. Medical information is abundantly available on the internet. However, keeping
an overview is complex and the abundant information is impossible to interpret and
apply for all different health care providers.? For the results of this thesis (and other
research) to consistently reach all relevant health care providers, communication will
have to be improved. In the following years there will have to be significant
advancements in the infrastructure of electronic health records. The currently, not
directly linked electronic health records of (amongst others) primary physicians,
physical therapists and orthopaedic surgeons will have to be linked or integrated so
that all health care providers can have the access to relevant information and are
provided with adequate feedback on their treatment actions, ideally supported by
scientific research. This can be facilitated by the use of a personal health environment
in which personal medical data is owned by the patient and can be shared with
different institutions.™
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Het dankwoord is waarschijnlijk het meest gelezen onderdeel van ieder proefschrift.
Maar dat is logisch en ook terecht. Want zonder de hulp van alle mensen om mij heen
was dit proefschrift nooit tot stand gekomen en dit is de plek om deze mensen te
bedanken. Het voordeel van ongeveer 10 jaar over het schrijven van dit proefschrift
doen is dat ik ontzettend veel mensen heb leren kennen. Al deze mensen hebben op
hun eigen unieke manier bijgedragen aan dit proefschrift. De ene door
wetenschappelijke samenwerking, de ander, minstens zo belangrijk, door te zorgen
voor ontspanning tussen de bedrijven door. Het nadeel van zoveel mensen
tegenkomen in 10 jaar tijd is dat ik zeker enkele mensen vergeet persoonlijk te
benoemen, waarvoor hierbij mijn excuses en alsnog bedankt!

Promotor prof. dr. L.W. van Rhijn, beste Lodewijk. Dank voor het vertrouwen en de
kansen die je me geboden hebt. Het begon 10 jaar geleden met de start van dit
promotietraject. Maar ook toen ik als AIOS bij je kwam met diverse ideeén was je
ondanks je overvolle agenda altijd bereid om te luisteren.

Dankbaar voor het belang inzien en mede mogelijk maken van mijn huidige
combifunctie met MIT. Een mes dat nu al aan twee kanten snijdt om zowel MIT als de
orthopedie toekomstbestendig te maken. Ik had graag nog vele projecten samen met je
uitgevoerd in het MUMCH+, maar het ga je goed in Utrecht!

Promotor prof. dr. T.J.M. Welting, beste Tim. Bij onze kennismaking was je bang dat je
deze clinicus met 0,0% labervaring zou overrompelen en misschien wel wegjagen met
je gedetailleerde visie op de chondrocyt en vele andere cellen. Het tegendeel was
echter waar. Het enthousiasme waarmee jij kunt praten over ‘celletjes’ heeft me
aangestoken om deze kant van de orthopedie te doorgronden. En hoewel ik kon balen
van de zoveelste revisie met ‘toch nog een opmerking’ had ik me zonder jouw kritische
blik nooit zo wetenschappelijk kunnen ontwikkelen.

Copromotor dr. P.J. Emans, beste Pieter. Je ziet altijd de grote lijnen en hebt je blik
gericht op de toekomst. Maar in tegenstelling tot wat ik in het begin van mijn
promotietraject nog wel eens dacht, ontgaan ook de kleine details je niet.

Geen enkel gesprek met jou is saai. (Mocht dat toch dreigen dan is een klein balletje
opgooien over Trump, neanderthalers of een goed boek weer voldoende voer voor
discussie)

Ondanks dat we het lang niet altijd eens zijn over de invulling van ons vak heeft dit
alleen maar geleid tot hoogwaardige discussies en heb je me altijd gesteund en vooral
ook geholpen om te komen tot waar ik nu ben.

Dank ook aan de leden van de beoordelingscommissie. Prof. dr. A.E.R.C.H. Boonen,
Prof. dr. M. Poeze, Prof. dr. J.H.M. van Zundert, Prof. dr. G.M.M.J. Kerkhoffs en Dr. L.B.
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Creemers voor de tijd die u heeft genomen om mijn proefschrift kritisch te lezen en
beoordelen, alsmede voor de bereidheid zitting te nemen in de beoordelings-
commissie.

Ik wil ook alle patiénten bedanken die hebben deelgenomen aan de onderzoeken die
de totstandkoming van dit proefschrift mogelijk hebben gemaakt.

Beste co-auteurs, dank voor alle hulp aan de manuscripten in dit proefschrift. Dear co-
authors, thank you for all your help with the collaborations and help on the
manuscripts of this thesis. Een speciaal woord van dank voor Liesbeth, dank voor al je
ervaring en hulp om de bureaucratische paden zo soepel mogelijk te bewandelen. Maar
minstens zo veel dank voor het bieden van een luisterend oor als ik weer eens één van
mijn frustraties kwijt moest. Toch wel fijn dat het trial-bureau zo dicht bij onze
assistentenkamer zat. Dear Lars, dear prof. Peterson, | am grateful that we have met. |
admire your enthusiasm for the field of orthopedic surgery and research which
continuous even after your retirement. Beste Esther, als jij niet de stoute schoenen had
aangetrokken en onze zeer ervaren collega op 7T gebied aangesproken had op een
congres was hoofdstuk 4 nooit geworden wat het nu is. Dear professor Trattnig, dear
Siegfried, thank you for sharing your tremendous amount of experience on
musculoskeletal imaging with us and for the great ICRS conference we had in Vienna.

Beste stafleden en arts-assistenten orthopedie MUMC+. Ik heb mijn opleiding met veel
plezier doorlopen en veel van jullie geleerd. Bedankt voor de tijd en kansen die ik kreeg
om mij te ontwikkelen tot de orthopeed die ik nu ben. Ook dank aan de
traumachirurgen voor jullie aandeel hierin. In een aantal jaren is de samenwerking
tussen orthopedie en traumachirurgie enorm gegroeid en verbeterd. Jullie andere kijk
op het vak houdt ons scherp!

Bedankt ook aan het secretariaat, het trialbureau, de poli, gipskamer en de
verpleegafdeling orthopedie voor alle leuke momenten. Bedankt voor de gezelligheid
met de dames waarmee ik als fellow mijn kamer mag delen en ook Wiel die echter
lekker beneden op de poli is blijven zitten. Niet te vergeten alle collega’s op de SEH en
OK waar ik toch een aanzienlijke tijd heb gespendeerd en altijd fijn heb samengewerkt.

Beste orthopeden en chirurgen van het VieCuri in Venlo. Bedankt voor de leerzame tijd
die ik bij jullie heb mogen doorbrengen. Vanuit de wetenschap terug de kliniek in was
even omschakelen, maar door de prettige leeromgeving en hulp van ervaren collega’s
voelde ik mij direct thuis. Bedankt ook aan alle andere ex-collega’s uit het VieCuri.

Een bijzonder woord van dank voor de leden van “de Fahrgemeinschaft” voor de
gezellige momenten onderweg. Ik had vooraf nooit verwacht met zo veel plezier om
6.15 uur ‘s ochtends de auto in te stappen op weg naar het werk (vooral op de
vrijdagen).
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Dank aan de orthopeden van het Maxima Medisch Centrum. De kwaliteit van de
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