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Chapter one12

1. Burden of Osteoarthritis 

Osteoarthritis (OA) is a chronic and degenerative disease affecting synovial 

joints, and a leading cause of disability worldwide1. OA is among the most prevalent 

musculoskeletal disorders and the most common form of arthritis, affecting roughly 9 and 

18% of men and women above the age of 60, respectively2,3. These percentages are 

predicted to increase in the coming years due to aging of the population and an ever-

increasing prevalence of obesity worldwide2,4. 

Currently, no disease-modifying therapies are available, with treatment being limited 

to physiotherapy, diet, pain management, and surgical joint replacement at an end-

stage5,6. Subsequently, OA constitutes a major socio-economic burden affecting both 

health and social care systems3, with an estimated cost of 8500 euros per patient per 

year on surgical interventions, pain medication and indirect costs related to productivity 

loss7. Considering that OA is a heterogeneous disease and patients display different 

phenotypes, therapy efficiency is further limited by their use on unselected patient 

populations8. Hence, improved patient stratification based on disease phenotype and 

biomarker profiles will be a crucial step towards elucidating OA pathology, and guiding 

patient selection and treatment optimization8-10. 

Additionally, there is an unmet need for the development of new drugs and 

treatment schemes that not only treat the symptomatic disease, but also slow down 

the progressive and chronic degenerative processes5,6. Even though there were some 

promising preclinical candidates, including growth factors, anti-inflammatory drugs 

or enzyme inhibitors, so far none has been approved by regulatory agencies due to 

their lack of efficiency in humans5,6. Therapeutic efficiency is often hampered by the 

limited availability of the drugs within the joint environment, therefore improved therapy 

outcomes could potentially be achieved through the development of platforms for 

controlled and targeted drug release11,12.

It is evident that many obstacles need to be overcome before efficient therapies 

reach the clinic. First, patient populations need to be defined based on their OA phenotype 

and specific dysregulated pathways. Secondly, the development of new therapeutics 

targeting the aforementioned OA-specific mechanisms will be pivotal. Likely, treatment 

strategies will benefit from the incorporation of the new therapeutics into drug delivery 

platforms aiming at prolonged drug retention and targeting in the diseased joint. Last but 

not least, new in vitro and preclinical multimodal monitoring tools need to be developed 

to better measure and screen treatment outcomes at preclinical stages. In this thesis, it is 

postulated that OA research is multifaceted, and that by combining patient stratification, 

target discovery and drug development, and the use of preclinical monitoring tools more 

efficient OA therapies can be developed.
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2. The joint in health and disease 

2.1 Joint structure and anatomy 

Synovial joints are crucial components of the musculoskeletal system as they 

represent the anatomical structure that connects bones and allow for body movement. 

Articular cartilage (AC) is located at the surface of bones in the joint, and due to its 

unique mechanical and load-bearing properties, it allows for smooth and frictionless 

movements13. Lining the inner part of the synovial capsule is a thin membrane of 

connective tissue, or synovium, that is responsible for producing synovial fluid, which 

plays a crucial role in joint biomechanics, lubrication and cartilage homeostasis14. AC is 

an avascular tissue, hence nutrition is largely dependent on solute diffusion from the 

synovial fluid13,15. On the other hand, the synovium contains both blood and lymphatic 

vessels, in addition to nerve fibers14. The meniscus is a cartilaginous structure located 

between articular cartilage surfaces, functioning as shock absorbing and load distribution 

component. Finally, the ligaments and muscles around the joint are largely responsible 

for holding the joint together. 

Articular cartilage is composed of a dense and tightly packed extracellular matrix 

(ECM), which, in turn, has two major macromolecules: collagens and proteoglycans13. 

Collagen molecules, mostly collagen type II, account for around 70% of the total dry weight 

of cartilage and they form a fibril network where the proteoglycans are contained13,16. 

Proteoglycans are composed by an aggrecan core unit and glycosaminoglycan (GAG) 

chains, and, in cartilage, they form large complexes with hyaluronic acid13. Proteoglycans 

represent 30% of the cartilage dry weight, and due to their fixed negative charge, water 

molecules are attracted to the collagen-proteoglycan network13. In fact, water is the most 

abundant component in AC, representing around 70% of the wet weight13. The high 

water content, together with the osmotic pressure generated by the negative charge 

of proteoglycans, provides cartilage matrix with its essential shock absorption and load 

dissipation properties13. Additionally, other macromolecules are present within the AC at 

lower percentages, i.e. collagen type IV, III and XI, and elastin13,16. 

 AC can be divided into 4 regions: the superficial, medial, deep and calcified layer. 

While collagen density is higher in the superficial when compared to deeper layers, 

proteoglycans and water distribution displays an opposite gradient, with higher amounts 

in the deep zone13. Likewise, articular chondrocytes, the only resident cell type in AC, 

display an anisotropic organization, with an elongated morphology in superficial layers 

and a rounder shape in deeper areas. Chondrocytes are relatively quiescent cells with low 

metabolic activity and reduced regenerative capacity. These cells are also responsible 

for ECM production and remodeling, through synthesis of matrix components, enzymes 

(i.e., metalloproteinases and aggrecanases), and inflammatory mediators13,17. 

2.2 Osteoarthritis and joint damage 

Even though OA is known to be a complex disease with multiple etiologies, it is 

widely accepted that biomechanical (i.e., trauma, instability) and biochemical factors 
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act on the chondrocytes, altering their phenotype and gene expression patterns17. In 

OA, chondrocytes enter a proliferative state while simultaneously synthesizing matrix 

components, in an attempt to repair matrix damage17-19. However, the production of 

matrix-degrading proteinases and inflammatory cytokines is also increased, which leads 

to progressive loss of collagen type II and aggrecan1,17. Metalloproteinases (MMPs), and 

in particular MMP-13, are mainly responsible for the breakdown of collagen molecules20,21, 

while the ADAMTS (A Disintegrin And Metalloproteinase with Thrombospondin motifs) 

family, namely ADAMTS-4 and 5, are the key players in aggrecan degradation20-22.

Degradation products of both collagen and aggrecan, among other matrix components, 

further stimulate cartilage degradation and inflammatory responses. In addition, structural 

organization of collagen fibrils is altered, affecting the three-dimensional (3D) architecture 

of the cartilage matrix and rendering it less resistant to mechanical stress23.

Besides cartilage, bone is also affected in OA. During OA, there is a thickening 

of the subchondral plate, together with formation of bone spurs at the cartilage edges 

(osteophytes), and bone cysts in the subchondral bone24. Subchondral bone thickening 

results from an increased vascularization and enhanced cartilage calcification25. Lately, 

it has been suggested that subchondral bone has more than a passive role in OA 

pathogenesis, with compelling evidence showing subchondral changes associating with, 

or even preceding, cartilage damage10,26-28. This phenomenon is likely to occur through the 

local production of soluble mediators in the subchondral bone that contribute to defective 

cartilage remodeling and hence degradation29,30. The diffusion of soluble mediators is 

thought to be enhanced due to increased porosity of subchondral bone during OA30. 

Contrary to other types of arthritis, such as rheumatoid and psoriatic arthritis, OA is 

not clinically regarded as an inflammatory disease10,31. Nevertheless, inflammation of the 

synovium, also known as synovitis, is associated with clinical symptoms of OA, disease 

progression and worsening of cartilage degradation through the production of soluble 

mediators31-33. Synovitis is thought to occur in response to injury and degradation of cartilage 

matrix, and it is characterized by cell infiltration (macrophages, B cells and T-lymphocytes) 

and production of inflammatory mediators32. Upon release of matrix degradation products, 

an inflammatory cascade is initiated through production of cytokines and chemokines that 

further activates chondrocytes and induce matrix degradation. In a vicious cycle, this will 

lead to additional cytokine and enzyme production by the synovial and cartilage cells, 

perpetuating cartilage degradation31,32. Also upon traumatic injury, such as meniscus tears 

or ligament injuries, patients display signs of synovial inflammation and distinct cytokine 

profiles in the synovial fluid34-40 and traumatic injuries are known to be a risk factor for the 

development of OA33,41,42.

Pro-inflammatory mediators such as interleukin-1 (IL-1), tumor necrosis factor alpha 

(TNF-α), prostaglandins and nitric oxide (NO) have been proposed to be associated with 

cartilage degradation through up-regulation of MMPs and ADAMTSs31,43,44, although their 

clear involvement in OA pathology has not been proven. Other cytokines such as IL-6, 

oncostatin M (OSM) and IL-17 have also been associated with synovial inflammation and 



Introduction and Thesis Outline 15

cartilage damage31,32. The inflammatory cascade also affects the NF-kb signaling pathway, 

which was shown to be abnormally up-regulated in osteoarthritic chondrocytes and to 

induce expression of MMPs and ADAMTSs45-47. Furthermore, inflammatory pathways are 

tightly related with symptomatic pain in OA, through the increase of local levels of nerve 

growth factor (NGF) and subsequent activation of peripheral nociceptors31. 

The increasing prevalence of OA has been paralleled with the completion of 

numerous clinical trials that have failed to show significant therapeutic effects of a wide-

range of drugs. In the following subchapters, a summary of the motives leading to clinical 

trial failure is done, together with potential strategies that can improve OA treatment in the 

future setting the scene for this thesis.

3. Current treatments, limitations and future directions

Current clinical approaches for OA mainly aim at symptom management and 

relief. Although not very efficient, physical therapy and weight loss aim at restoring and 

strengthen muscle and joint function, while reducing the mechanical stress. On the other 

hand, pharmacological therapy resorting to analgesics or non-steroidal anti-inflammatory 

drugs (NSAIDs) leads to effective but short-lived pain relief. Additionally, these strategies 

do not target the pathological mechanisms underlying OA, hence cartilage degradation 

progresses up to a stage where surgical replacement of the joint may be indicated. 

In the last years, many biological therapies have been tested in clinical trials, yet with 

rather disappointing results6,8. Ranging from growth factors to anti-inflammatory drugs 

and enzyme inhibitors, the different classes of therapeutics have failed to demonstrate 

significant disease-reverting effects after successful and promising preclinical testing. In 

brief, negative results can be divided in lack of efficiency in reverting the pathological 

process and the occurrence of severe side effects and toxicity. In Chapter 2, an extensive 

review on each drug category is included, together with a summary of the clinical trials 

involving these, and the reasons leading to unsuccessful trials and negative results.

OA, as a multifactorial disease, involves the action of different effector molecules, 

hence therapies might benefit from the development of different drug types, which 

can target pathways or molecules that are otherwise “undruggable”. Emerging drug 

categories such as ribonucleic acid (RNA) therapeutics have triggered substantial interest 

by academia and industry due their high targeting specificity and tailorability. Additionally, 

it has been proposed that intra-articular controlled delivery of disease-modifying agents 

might increase the benefit:risk ratio of such molecules by, on one hand, increasing the 

local concentrations of the drug and, on the other, decreasing systemic exposure8,11,12.

OA is not only a disease with multiple etiologies, but it can also be manifested 

with different phenotypes. While in some patients cartilage might be the most active 

component in the pathological process, some other subgroups might have higher degrees 

of inflammation. The degree of synovitis and the inflammatory profiles are different 

among patients, and even in the same patient throughout the course of the disease48,49. 
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Thus, therapy efficiency in specific phenotypes of OA can be overshadowed by testing in 

unselected patient populations. Hence, there is a need to define patient populations and 

phenotypes, providing a more personalized approach in OA treatment8,50,51.

3.1 RNA therapeutics and drug delivery

Over the past years, RNA therapeutics have emerged as potential drug candidates 

to target and treat diseases at the RNA level52,53. These molecules act on the translation 

mechanisms, namely at the messenger RNA (mRNA) level, hence modifying gene 

expression and protein production. Contrary to small molecule drugs or inhibitors that act 

at the protein level, by intervening at the translational level, RNA therapeutics produce 

a faster and longer lasting effect52,53. More importantly, they can be designed to virtually 

target any mRNA, expanding the range of “druggable” targets without significantly 

altering the characteristics of the drug (e.g., pharmacokinetics and pharmacodynamics). 

These therapeutics can be roughly divided into two main categories: double 

stranded small interfering RNAs (siRNAs) or single stranded antisense oligonucleotides 

(ASOs)52,53. While their mechanism of action is different, both strategies generally result 

in the degradation of the target mRNA or inhibition of the translation processes, which 

ultimately results in a reduction of the protein expression52,54. siRNAs will bind to their 

target mRNA, and consequently activate a group of cytoplasmic enzymes that will cut 

the mRNA strand. On the other hand, ASOs are smaller oligonucleotides composed by 

RNA or DNA nucleotides and bind to their target mRNA sequence through Watson-Crick 

base pairing. Additionally, ASOs can bind to micro RNAs (miRNAs) and pre-mRNAs (in 

the nucleus). Once bound to their target, they can act by inducing target degradation, 

translation arrest or by modulating mRNA splicing. 

Despite the initial promises and enormous potential of these molecules, in vivo 

instability, off-target effects and the low cellular uptake constituted a major challenge 

before they could be clinically applied. Recently, chemical modification of siRNAs 

and ASOs have rendered them more resistant to endonuclease degradation and 

conferred them with higher binding affinity and specificity. Nonetheless, cellular uptake 

and endosomal escape still constitute a major challenge, namely for siRNAs that 

generally require the use of delivery systems, such as liposomes, nanoparticles or viral 

vectors52,55. ASOs, however, due to their smaller size and chemical modifications, are 

taken up by the cells and are able to escape the endosome without the aid of any 

carrier, in a process denominated gymnosis55-59. The substitution of one oxygen by a 

sulfur atom in the phosphate group of the nucleotides originated the phosphorothioate 

backbone modification60,61. Furthermore, nucleotide modifications such as 2’-O-methyl 

(2’-OMe), 2’-O-methoxyethyl (2’-OMOE), and Locked Nucleic Acids (LNAs) have been 

used55. These modifications gave ASOs an improved stability and higher hydrophobicity 

that is essential for interacting and crossing the lipid bilayers of cell membranes and 

endosomes54,62-64. Importantly, these modifications do not impair ASO interaction with its 

target or degradation machinery. On the other hand, siRNA is more sensitive to chemical 
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modifications as they can impair RNA interference mechanisms65-68, hence very limited 

modifications are possible55,67. Due to their high therapeutic potential, ASOs are being 

explored as therapies for cancer69,70, neurological disorders71, immunodeficiencies72, and 

cardiovascular and metabolic diseases73,74.  In OA, several matrix-degrading enzymes 

and pro-inflammatory molecules are up-regulated and their in vivo inhibition has been 

shown to delay cartilage degradation. In this regard, ASOs can potentially be developed 

for the knockdown of one, or perhaps, several targets simultaneously.  

For drugs targeting tissues and cells in the joint, local administration offers many 

advantages as compared to other forms of administration, such as systemic or oral 

routes11,12. Contrary to systemic applications, local drug delivery provides higher drug 

bioavailability in the joint and reduced systemic side effects. Additionally, as opposed 

to other forms of arthritis, OA affects usually a single joint and, therefore, the localized 

nature of the disease makes it suitable for intra-articular drug delivery11. 

The rationale behind intra-articular drug delivery is that the drug is incorporated 

in a delivery platform (i.e., hydrogels, micro- or nanoparticles), which are subsequently 

injected intra-articularly. Depending on the type and properties of the delivery platform, 

it can act as i) a simple drug depot that will release the drug in a controlled manner over 

time or ii) actively target specific cells and tissues within the joint environment, such as 

chondrocytes, synoviocytes or macrophages. By providing a controlled and prolonged 

drug retention within the joint, delivery systems also diminish patient discomfort and 

infection risk by decreasing the number of necessary injections11,12. The recent advances 

in intra-articular drug delivery systems are extensively reviewed in Chapter 2 and 

elsewhere11,75.

3.2 Target discovery, drug development and patient stratification 

Although OA is generally limited to a single joint, there is a considerable range 

of heterogeneity in disease features and phenotypes, which results from distinct 

biochemical and molecular processes9,10. As mentioned before, this has been proposed 

as a major cause of failed clinical trials, as these are generally carried out in unselected 

patient populations, potentially camouflaging significant therapeutic effects in specific 

OA subgroups8. Currently, it is postulated that there are three main subpopulations in 

OA, namely i) mechanically-driven, ii) inflammation-driven, and iii) bone-driven8,50,76. Yet, 

these phenotypes are not static, but rather dynamic and interchangeable as the tissues 

communicate with each other50,77. Moreover, interaction with a variety of environmental/

risk factors such as genetics, metabolism and hormonal dysregulation will define 

disease progression rate and phenotype50. Nowadays, OA diagnosis is performed with 

a combination of clinical manifestations and radiographic imaging, nevertheless both 

symptoms and radiographic OA are generally significant and visible at later disease 

stages. Hence, the development and validation of novel technologies (e.g., imaging) and 

biomarkers will be crucial for early diagnostics, differentiation between OA phenotypes, 

monitoring of disease activity and progression9,78. Additionally, this will elucidate the 
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pathogenesis behind the different phenotypes, provide potential targets for drug 

development, and guide patient selection for clinical trials8-10,50,51. 

Currently, conventional radiography is the gold standard in diagnosis and evaluation 

of OA79. Additionally, joint space narrowing is the only FDA-approved structural and 

endpoint marker to assess the efficacy of disease-modifying drugs80. However, 

radiography reduces the joint environment to 2D images, and more importantly, it lacks 

the sensitivity to show and monitor relevant disease-associated changes in soft tissues, 

namely cartilage, synovium, and meniscus79. More recently, techniques such as magnetic 

resonance imaging (MRI) and ultrasound (US) have been applied in OA research for their 

unique characteristics in imaging soft-tissue structure and morphology79,81,82. Both MRI 

and US have been shown to be sensitive at imaging inflammation83-86, bone changes87-89, 

and cartilage degradation90,91. Furthermore, these techniques allow imaging of the joint 

as a whole organ. 

Different animal models of OA are reported in literature and are nowadays used 

for both pathogenesis studies and preclinical testing of different therapeutics92. While 

some are naturally occurring, the most widely used models OA is induced as disease 

progression is usually faster, hence shortening the duration of the studies. Additionally, 

induced OA models usually only recapitulate specific processes and phenotypes OA, 

and therefore lack the complexity of OA observed in humans92,93. Therefore, careful 

selection of preclinical models is necessary for the study the different OA processes, 

as well as to assess the efficacy of therapeutics targeting phenotypic-specific pathways.

Further insight into the mechanisms of disease and tissue involvement, together 

with implementation of novel and more complete imaging technologies, will shed 

light on which effectors are important in the pathologic process of the different OA 

phenotypes78,94. Combined efforts between imaging, and discovery of new targets and 

effector molecules will allow patient stratification and patient-specific drug development. 

3.3 Pre-clinical imaging and monitoring tools in cartilage engineering and OA 

research

As mentioned above, the development of novel imaging modalities will be detrimental 

for the early detection of OA and differentiation between disease phenotypes. Equally 

important is the development of monitoring tools for in vitro and pre-clinical assessment 

of therapeutic efficacy of novel approaches. 

Tissue engineering and regenerative medicine are currently one of the most 

promising therapeutic approaches for OA5,95,96. These strategies involve the use of cells, 

biomaterial scaffolds, and/or stimulatory factors (e.g., mechanical stimuli and growth factors) 

aiming at production of cartilage-like tissue in an attempt to repair damaged cartilage95,96. 

However, in vitro research carried out in OA and cartilage repair is limited to destructive 

and invasive methods to assess tissue and matrix quality97,98. Immunohistochemistry and 

biochemical assays at mid- or endpoints provide limited spaciotemporal information on 

the constructs and tissues being studied. Therefore, there is an undeniable necessity for 
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the development of techniques that enable non-destructive and longitudinal monitoring 

of engineered (cartilage) constructs97-99. Some of these techniques encompass imaging 

modalities such as computed tomography (CT)100,101, MRI102-105, US106-108, and optical imaging, 

as well as advanced toolkits for measuring cellular activity and matrix production109. 

The implementation of these techniques will provide non-destructive monitoring of 

engineered (cartilage) constructs, allowing the same samples to be followed overtime 

and avoiding erroneous extrapolations among samples. Ideally, these techniques will 

also deliver detailed information on the 3D architecture and structural organization 

of such constructs and their matrix components. Importantly, these modalities could 

potentially serve as a screening tool for optimal sample selection prior to implantation in 

animal models and, perhaps, in human patients.

4. Aim and thesis outline

The main aim of this thesis is to explore the current status of cartilage repair, and to 

show proof-of-concept of new technologies that can be used to advance and potentiate 

OA treatment. OA is a multifactorial condition affecting the synovial joints and, to date, 

no disease-modifying treatment is available. This comes after a plethora of failed and 

unsuccessful clinical trials. The negative outcomes are usually a result of: i) targeting 

the wrong effector molecules or lack of drug specificity, ii) route of administration, iii) 

testing of therapies in unselected patient populations. Hence in this thesis it is postulated 

that a “paradigm-shift” is necessary to advance OA treatment. Research is warranted on 

the mechanisms underlying the different disease phenotypes, definition of biomarkers, 

and on the development of biomarker-targeted drugs. Likely, efficiency of therapeutic 

strategies will potentially be higher in targeted OA phenotypes, rather than general 

populations.

Firstly, in chapter 2, the currently available treatments for OA are overviewed, 

together with a review on the clinical trials carried out so far. Additional focus is given to 

preclinical developments in bioactives against OA, as well as to recent developments in 

drug delivery systems. Moreover, a head-to-head comparison is made between OA and 

intervertebral disc degeneration, from pathology to treatment strategies, as both clinical 

entities may profit from advances in the drug delivery field. 

In chapter 3, we investigate the suitability of using a hydrogel platform for the delivery 

of modified ASOs targeting ADAMTS5 as an approach for sustained intra-articular gene 

silencing of OA-related genes. Furthermore, in chapter 4, we explore the applicability of 

such antisense drugs on human cartilage explants. ASOs are known for their capacity 

for unassisted internalization, yet, cartilage matrix is very compact and drug diffusion 

has been shown to be extremely difficult. Hence, in this chapter, we study the diffusion 

properties of modified ASOs in cartilage explants, as well as their ability to transfect 

chondrocytes in situ and promote efficient and functional gene knockdown. 
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As mentioned previously, OA patients can display different phenotypes, which 

represent different mechanisms underlying the active disease. Hence, therapy 

efficiency will likely benefit of targeting the right patient population. In chapter 5, we 

map the expression of OSM in two animal models of OA, and explore its correlation 

with prevalence of hallmarks of arthritis, namely cartilage damage, inflammation and 

osteophytes. Furthermore, we explore the correlation of OSM with other inflammatory 

cytokines measure in the synovial fluid of OA patients.

In chapter 6, we describe the development of a quantitative and imaging method for 

monitoring of cartilage tissue engineered constructs in vitro. Cartilage tissue engineering 

research is currently limited to destructive analytical methods such as histology and 

biochemical assays. In this chapter, we introduce a novel method that allows for non-

destructive and longitudinal quantification of proteoglycans and 3D imaging of tissue-

engineered constructs.   
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Abstract

Osteoarthritis (OA) and intervertebral disc degeneration (IVDD) as major cause of 

chronic low back pain represents the most common degenerative joint pathologies 

and are leading causes of pain and disability in adults. Articular cartilage (AC) and 

intervertebral discs are cartilaginous tissues with a similar biochemical composition and 

pathophysiological aspects of degeneration. Although treatments directed at reversing 

these conditions are yet to be developed, many promising disease-modifying drug 

candidates are currently under investigation. Given the localized nature of these chronic 

diseases, drug delivery systems have the potential to enhance therapeutic outcomes 

by providing controlled and targeted release of bioactives, minimizing the number of 

injections needed and increasing drug concentration in the affected areas. This review 

provides a comprehensive overview of the currently most promising disease-modifying 

drugs as well as potential drug delivery systems for OA and IVDD therapy. 
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1. Introduction

Musculoskeletal diseases are a major cause of disability and morbidity worldwide2,3. 

Osteoarthritis (OA) and low back pain (LBP) associated with chronic and progressive 

degeneration of articular cartilage and intervertebral discs (IVDs), respectively, account 

for more than 50% of patients with musculoskeletal diseases3. For early stages, current 

treatments are generally focused on pain management, while surgical intervention is 

often needed for late-stage disease. Despite the extensive and compelling preclinical 

evidence on the efficacy of different therapeutic molecules (i.e. growth factors and 

cytokine inhibitors), to date, no disease-modifying treatments aiming at tissue repair and 

regeneration are available5,6. The clinical trials carried out so far have shown disappointing 

results, as the drugs showed only short-lived to no beneficial effects6. This is mainly 

attributed to the heterogeneous and multifactorial profile of the diseases, as different 

tissues and different pathways, from inflammation to degeneration, are involved in their 

pathophysiology 5,6,110. Equally important, the short half-life of the bioactives within the joint 

and the disc limits the duration of their therapeutic activity, hence decreasing efficacy6,12,111. 

In this regard, drug delivery systems might play a crucial role as part of novel therapeutic 

strategies due to their capacity to incorporate different types of drugs, tunable release 

profiles and targeting ability. By concentrating and prolonging the presence of the drugs 

in the tissues, these systems might contribute to improved drug efficacy and therapeutic 

effect12,111. 

This review focuses on state-of-the-art bioactives targeting joint degeneration, 

and current developments on drug delivery systems that can be used to enhance their 

efficacy

2. Synovial joints and intervertebral discs: histological, biochemical and physio-

pathological features

Synovial joints and IVDs are crucial tissues for body movement and shock absorption 

due to their unique properties of load distribution, gliding and wear resistance. Articular 

cartilage is located at the end of long bones in synovial joints, which in turn are together 

by ligaments and a dense fibrous connective tissue forming the articular capsule13,112. 

Lining the inner part of the synovial capsule is the synovial membrane, which is crucial 

for maintaining joint homeostasis14. The intervertebral discs (IVDs) are composed by two 

different tissue types: an outer lamellar structure called annulus fibrous (AF) enclosing an 

inner gelatinous structure called nucleus pulposus (NP) which acts as a shock absorber. At 

their upper and lower side, IVDs are limited by cartilaginous endplates and the vertebral 

bodies113,114. In the AC, chondrocytes can assume different morphologies whether they are 

located in the superficial, middle, deep or calcified layer of the cartilage13,112. In the IVDs, 

the fibrocartilaginous AF contains fibroblast-like and spindle-shaped cells, whereas the 

NP contains rounded chondrocyte-like cells114. 
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In the AC, collagen type II represents 90-95% of total collagen fibers and provides 

resistance to tensile loads. In addition, the collagen network also contains collagen types 

I, III, IV, V, VI, IX, XI 13,23. Proteoglycans are also a key component of cartilage matrix due 

to their highly-charged nature, which attracts and retains water within cartilage (65-80% 

wet weight), enabling resistance against compressive forces and mechanical loading13,115. 

Cartilage matrix also contains a small amount of other non-collagenous proteins such 

as lubricin and elastin, which are necessary to reduce friction during load-bearing 

articulating activities and provide elasticity to the matrix, respectively13,112. In IVDs, the 

external part of the AF is rich in collagen type I, while collagen type II and proteoglycans 

are found in the inner NP tissue. Both articular cartilage and IVDs are characterized by 

an absence of vascular, neural and lymphatic networks, except for the outer AF which 

contains a limited number of blood vessels and nerves13,110. Cartilage nutrition depends on 

the diffusion of nutrients present in the synovial fluid and basal subchondral bone (bone 

marrow) and on compression and relaxation cycles of the tissue13,116, whereas IVDs rely 

mainly on diffusion through the cartilaginous endplate117,118. The lack of vascular networks 

contributes to the lack of regenerative capacity of these tissues, and additionally makes 

them less accessible to systemically administered drugs. 

Not only the risk factors for OA or intervertebral disc degeneration (IVDD) are similar 

(i.e. trauma, aging, obesity, and abnormal mechanical stress)1,110, but also the pathological 

evolution of both diseases share common aspects. During the development of disease, 

the cells undergo a phenotypic switch which leads to disruption of tissue homeostasis and 

impaired extracellular matrix (ECM) turnover1,17, accompanied by low grade inflammation31,119 

(Figure 1). Cells form clusters, their balance in collagen production switches from collagen 

II to collagen I, concomitant with the upregulation of matrix-degrading proteinases (i.e. 

metalloproteinases and aggrecanases) and inflammatory cytokines1,13,120. Hypertrophic 

differentiation is observed at later stages and, ultimately, cells undergo apoptosis1,120,121.  

This abnormal response results in a decreased amount of proteoglycans, and collagen 

type II, increased collagen I, and loss of water. Macroscopically, fibrillation of the 

cartilage surface and fibrotic changes in the NP are observed. In the AF, the shear stress 

caused by tissue degeneration stimulates fibrosis and production of nitric oxide by 

resident cells122. The perpetuation of such pathological changes and the progression of 

degeneration lead to inflammation, stiffness and pain1,110. In IVDD, pain is likely induced 

by neovascularization and spreading of sensory nerves into the endplate and inner 

annulus123-125. With disease progression, increased tissue calcification occurs. Although in 

OA vascular penetration into the decalcified layer is seen1,13, in the degenerating IVD the 

number of capillary buds in the endplate is reduced126. Additionally, cellular senescence 

has been proposed as a mechanism involved in both OA and IVDD121,127. Senescence, 

which is a stress-response mechanism, is characterized by cell cycle arrest, resistance to 

apoptosis and a pro-inflammatory phenotype127,128. Senescent cells have been found to 

be more prevalent in OA cartilage and IVDD than in healthy tissue129. Additionally, in the 

joint, senescent cells can also be found in other tissues such as the synovium, a structure 

that plays a major role in OA development and progression127,128. 
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In sum, OA and IVDDs involve cell phenotype changes that, by promoting 

inflammation and matrix degradation, drive tissue and joint degeneration. Therefore, 

there is an urgent need for the development of novel therapeutic strategies aimed at 

blocking disease progression and/or promoting tissue regeneration.

Figure 1: Schematic representation of a diarthrodial joint and intervertebral disc and the 
main pathological and morphological changes in OA and IVDD including cartilage degradation, 
osteophytes formation and synovial inflammation.

3. Current clinical approaches for OA and IVDD

First-line therapies for OA and IVDD generally aim at relieving pain and improving 

function, with a combination of analgesic pharmacological and non-pharmacological 

treatments. Non-pharmacological approaches include exercise and physiotherapy130-132. 

Pharmacological therapy for OA or IVDD is largely represented by analgesics, non-

steroidal anti-inflammatory drugs (NSAIDs), and opioids131-133. The administration of oral 

analgesics, such as paracetamol, represents the first therapeutic solution to control mild 

pain133,134. However, paracetamol is often not effective, leading physicians to prescribe 

NSAIDs (e.g. ibuprofen) at the lowest effective dose and for a limited time , due to the risk 

of side effects in the gastrointestinal (GI) tract and antiplatelet activity135-137. Alternatively, 

in OA, cyclooxygenase (COX)-2 selective NSAIDs were shown to have the anti-

inflammatory and analgesic efficacy of traditional non-selective NSAIDs, with significantly 

reduced GI-related side effects138. However, concerns on the cardiovascular effects of 

COX-2 inhibitors have been raised139,140. In disc degeneration and low back pain, muscle 

relaxants are sometimes used to control non-specific musculoskeletal pain141-143. Opioids 

are used as an alternative to NSAIDs for both OA and IVDD related back pain10,133,134, yet 

this carries a significant risk of side-effects and addiction135,144. Local injection of steroids 

and corticosteroids has also been used in the clinic for pain management of moderate-

to-severe pain, although much more frequently in OA137,145-147. Also here, adverse reactions 

such as tissue injury by repeated injections, infections and stimulation of inflammation by 

crystallized corticosteroids can occur136. 

Intra-articular hyaluronic acid (HA) injections are frequently used for symptom relief 



Chapter two28

in OA in an attempt to restore the viscoelasticity of the synovial fluid11,136. The alleged 

analgesic effect of HA has been shown to be dependent on its molecular weight, with 

higher molecular weight possibly producing more effective and durable effects148. 

Platelet-rich Plasma (PRP) injection is another intra-articular therapy recently introduced 

as an experimental treatment for OA 149,150. PRP is a preparation of concentrated blood 

plasma with increased platelet concentration, growth factors and other mediators149. It 

has been suggested to have anti-inflammatory effects, and may reduce pain (105) and 

efficiency has been suggested to be higher and more uniform than HA150,151. However, the 

Osteoarhritis Research Society International has recently officially recommended against 

the use of PRP “because the evidence in support of these treatments is of extremely low 

quality” and “formulations themselves have not yet been standardized” 152. The latter is 

related to the myriad of procedures to prepare PRP149,152.

When pain management is no longer effective, invasive surgical interventions are 

necessary, such as end-stage total joint replacement for OA132 and spinal fusion for disc 

degeneration153. Unfortunately, prostheses have a limited lifetime and revision surgeries 

have a much higher risk of failure, posing problems for younger patients. Additionally, 

analogous to the treatment of traumatic cartilage defects154, autologous chondrocyte 

implantation (ACI) was tested in patients with knee OA, with a significant clinical 

improvement after a 5-year evaluation period155. However, this technique would be only 

applicable to patients with small sized and limited number of lesions. Additionally, the 

population followed in this study was relatively young155. Altogether, even though these 

surgical approaches are effective at reducing pain, their efficacy is often suboptimal in 

terms of stability and integration, thus failing to restore function156. 

The increasing prevalence of both OA and IVDD as well as the lack of optimal 

treatment represents a major socio-economic burden worldwide, and therefore strongly 

calls for more effective therapeutic solutions. In the coming years, the identification of 

new therapeutic targets followed by the development of disease-modifying drugs for OA 

(DMOADs) and IVDD aiming at restoring tissue quality and function will be crucial. 

3.1 Drugs: the old and the new

The abovementioned treatments focus mainly on symptom treatment rather than on 

reducing, halting or even reversing disease progression5,157. An ideal disease-modifying 

agent should focus on either inhibiting catabolic pathways or stimulating repair and 

regeneration158,159. However, and despite their enormous potential, to date no disease-

modifying agents have been approved for OA or IVDD, owing to their side effects when 

administered systemically, short half-life in the tissue when injected locally, and ultimately, 

their lack of efficacy11,160. Some of the DMOADs and disease-modifying drugs for IVDD 

being tested in clinical trials are summarized in Table 1 and Figure 2 and described in the 

next sub-chapters.
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Table 1: Pre-clinical disease modifying drugs for OA and IVDD.
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Table 1: Pre-clinical disease modifying drugs for OA and IVDD (continuation).

3.1.1 Antibodies and cytokine inhibitors

Therapies using monoclonal antibodies and cytokine inhibitors have been the 

most tested strategies so far. A monoclonal antibody raised against nerve growth factor 

(NGF), called Tanezumab, was shown to be effective in reducing pain in hip and knee OA 
161. However, serious adverse events were noted, including knee osteonecrosis, rapid 

progression of OA, and increased incidence of total joint replacement. Although side 

effects were mainly observed when combined with NSAIDs, some clinical trials have 

come to a halt161-163. Another similar clinical trial administering Tanezumab subcutaneously 

showed significant function and pain improvements in patients with moderate to severe 

hip or knee OA, yet more adverse events and total joint replacements were observed164. 

Conflicting results were also obtained with TNFα inhibition. Intra-articular administration 
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of Adalimumab, an antibody against TNF-α, was shown to improve pain and function 

scores in a trial in knee OA178, but did not have any therapeutic effect in erosive hand 

OA179. Similarly, use of anti-cytokine therapy for low back pain as been investigated, yet 

the majority of trials concerned patients with sciatica associated with disc herniation, 

without any reference to disc degeneration180. Also here, the results of the trials are 

conflicting amongst each other. Several studies reported improvements in back and 

leg pain and function upon subcutaneous or epidural injection of Etanercept, a TNF-α 

selective inhibitor169,181. Yet, in two other studies Etanercept did not lead improved primary 

outcomes, leg pain and disability index, when compared to placebo or steroid-treated 

groups 182,183. Whether these treatments are also able to promote disc regeneration 

remains unclear. Il-1 has also been targeted in joint degeneration. Anakinra, a IL-1 receptor 

antagonist (IL-1Ra), did not lead to symptomatic improvements compared to placebo in 

a 3-month follow up clinical study for OA165. Likewise, in a study where AMG 108, an 

antibody against IL-1 receptor 1, was administered IV or subcutaneously in OA patients, 

no beneficial clinical effects were observed when compared to the placebo group at 

a 3-month follow-up166. Interestingly, in a pre-clinical study conducted in arthritic mice, 

combined antibody-mediated inhibition of IL-17 and TNF-α showed improved cartilage 

protection when compared with single inhibition, showcasing the beneficial therapeutic 

effect of multi-target blockade184. Similarly, combined inhibition of IL-1α and IL-1α showed 

improved cartilage protection when compared to single inhibition in a mouse model of 

OA185. Nevertheless, in a clinical trial where patients with knee OA were bi-weekly treated 

subcutaneously with Lutikizumab, a bispecific antibody for IL-1v and IL-1α, no beneficial 

effects were observed in pain scores, synovitis or cartilage thickness over a 50-week 

period167. Similar results were observed in a clinical trial testing bi-weekly subcutaneous 

administration of Lutikizumab for the treatment of erosive hand OA168. Despite a decrease 

in serum levels of inflammatory markers, no significant pain or function improvements 

were observed when compared to placebo group168. 

3.1.2 Enzyme inhibitors

Another class of agents that has been proposed as therapeutics for degenerative 

joint diseases is the enzyme inhibitors, namely MMPs inhibitors186. These inhibitors are 

synthetic agents that mimic the role of endogenous tissue inhibitors of metalloproteinases 

(TIMPs). Yet, despite promising preclinical data showing chondroprotective effects in 

OA186-188, clinical trials have failed to show efficacy of these agents in humans so far and an 

association with severe side effects6,172,173,189. Oral administration of doxycycline, a general 

MMP inhibitor, did not have any effect on symptom reduction and was associated with 

more severe side effects in patients with OA172. Similar results were observed for oral 

administration of PG-116800, another broad-range MMP inhibitor173. No changes were 

observed in pain and function scores when compared to placebo group, yet there 

was an increased occurrence of musculoskeletal toxicity173. The side effects are likely 

associated with the broad spectrum of inhibition of such molecules and the variety of 

roles MMPs play in several tissues throughout the body, together with the fact that the 
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drugs have been mainly administered orally or systemically for long periods6. 

Currently, efforts are focused on the development of more specific MMP inhibitors, in 

particular for MMP-13, which is thought to be the most important MMP in OA cartilage6,190-193. 

Likewise, the ADAMTS enzyme family has an important role in cartilage degradation. 

M6495, a nanobody against ADAMTS-5 previously shown to be chondroprotective194,195, 

is currently being tested in clinical trials for its safety, tolerability and pharmacokinetics 

upon subcutaneous injection (NCT03224702, NCT03583346). Additionally, the safety 

and efficiency of the small molecule inhibitor GLPG1972 targeting ADAMTS5 are being 

currently evaluated in Phase I and II clinical trials (NCT03311009, NCT03595618)

iNOS has been linked to progressive degeneration in OA196, and its inhibition led 

to decreased levels of catabolic effectors in a OA dog model197. An iNOS inhibitor has 

also entered a phase II clinical trial for treatment of knee OA, however, no functional 

benefit or pain decrease were observed when compared to the placebo group upon 

oral administration174. Calcitonin, a small peptide that was shown to have protective 

effects on cartilage and bone in preclinical studies198-200, also failed to improve treatment 

outcomes in two phase III clinical trials carried out in OA patients177. In this study, the 

authors hypothesized the lack of efficacy could be derived, among others, from the low 

exposure to the compound177.

3.1.3 Growth factors

Growth factors have also been proposed for treatment of knee OA. In a randomized, 

double-blind, placebo-controlled trial, BMP-7 was intra-articularly administered to knee 

OA patients, showing good tolerability and safety profiles201. Even though a symptomatic 

improvement was observed, no follow-up studies have been carried out so far. Based 

on preclinical studies in rabbit models of IVDD showing the potential of growth and 

differentiation factor-5 (GDF-5)202 and BMP-7203,204 to restore disc height and structure, 

phase I and II clinical trials have been carried out testing the safety and efficacy of 

intradiscal injection of recombinant human GDF-5 and BMP-7. However, these trials 

have been discontinued for unknown reasons. In a placebo-controlled trial, FGF-18 (or 

sprifermin) was injected intra-articularly to knee OA patients in single or multiple doses 

over a 3-week period171. FGF-18 has been previously reported to exert anabolic effects 

on chondrocytes and cartilage205,206. After 1 year follow-up, while lower cartilage volume 

loss and increased joint width in the lateral compartment was reported in patients treated 

with FGF-18, higher pain relief was observed in the placebo group. 

3.1.4 Gene and oligonucleotide therapy

Gene therapy offers unprecedented tools for the modulation of gene products 

involved in pathological and repair pathways207,208. As the exact causes behind OA 

remain unknown, gene therapy for OA focuses on either up-regulating therapeutic 

genes or down-regulating disease-associated genes using plasmid DNA, mRNA or short 

oligonucleotides, such as small interfering RNA (siRNA) and antisense oligonucleotides208. 

Together, these strategies have the common goal to halt degeneration while improving 
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local repair and regeneration 208. Both strategies can be employed by means of non-

viral or viral transfection, and theoretically be performed ex vivo, where cells are 

transfected prior to transplantation into the joint, or in vivo, upon direct gene transfer to 

joint tissues207,208. While viral gene delivery strategies for OA have been already tested 

in clinical trials209,210, non-viral gene delivery is still in its infancy. The main limitation of 

non-viral strategies is the low efficiency of gene transfer and subsequently low levels 

of transgene expression, and the transient effects, as opposed to viral approaches211. 

For IVDD-associated chronic low back pain, clinical trials using either non-viral or viral 

gene therapy have not been carried out so far212. While the preclinical potential of gene 

therapy to treat degenerative joint diseases is established213,214, more preclinical and 

clinical trials need to be carried out to assess the safety and efficacy of such strategies. 

The investigation of epigenetic changes during OA development also offers the 

potential to discover novel therapeutic targets. Recent studies showed that a wide range 

of microRNAs (miRNAs) plays important roles in the maintenance of cartilage homeostasis, 

and consequently in the pathological processes preceding or sustaining OA and cartilage 

degradation215-222. MiRNA-140 was shown to exert a crucial role in cartilage development 

and homeostasis223,224. Intra-articular injections of miRNA 140 led to anti-inflammatory effects, 

cartilage matrix production and slower OA progression in both mice225 and rat226 models 

of OA . Recent preclinical studies showed the feasibility of antisense oligonucleotide-

mediated silencing of  microRNA-181a-5p227, a microRNA found to be increased in OA 

cartilage220. Intra-articular injections of a modified antisense oligonucleotide led to 

attenuation of cartilage degradation and reduction of catabolic molecules in two rodent 

models of OA227. Likewise, evidence is being gathered on the involvement of miRNAs in 

disc degeneration228-230.  Modified antisense oligonucleotides may in addition be potential 

alternatives to small molecules for the inhibition of other OA-associated proteins231-233. More 

recently, other epigenetic regulators such as long noncoding RNAs and circulating miRNAs 

have been investigated for their roles in the pathophysiology of OA and, therefore, their 

potential use as biomarkers and therapeutic targets234-236. Although there is substantial in 

vitro evidence supporting the potential of these molecules or their inhibitors as therapeutics 

for both OA or IVDD, a better understanding of their spatiotemporal expression is necessary 

to avoid cytotoxicity and off-target effects212,237,238. Moreover, efficient and targeted delivery 

of miRNAs or their inhibitors for therapeutic purposes should be carefully evaluated due 

to potential degradation by RNases and Toll-like receptor-mediated immune system 

activation221,230,239. 

3.1.5 Others

The Wnt signaling pathway is known to be not only a key regulator of joint and 

disc development and function, but also a relevant component involved in joint and 

disc pathology and hence degeneration5. Hence, the Wnt pathway has been a studied 

therapeutic target for OA and IVDD. Phase I and II clinical trials have been carried out 

testing the safety and efficacy of SM04690, as treatment for OA175,176. In these clinical trials, 

SM04690 improved pain and function according to the WOMAC score175,176. A follow-up 
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phase III clinical trial is currently underway (NCT03928184). The same drug was also 

proposed as therapeutic for IVDD, following a preclinical study where matrix production 

and disc height were observed in a rodent-model of disc degeneration240. The molecule 

has since then entered a phase I clinical trial for treatment of disc degeneration, yet the 

study was halted for business reasons (NCT03246399). 

Lately, a new class of drugs targeting senescence mechanisms is emerging as 

a new therapeutic approach for OA241. UBX101, a drug that increases p53 activity and 

hence inducing apoptosis in senescent cells, entered a phase clinical trial to evaluate 

safety and tolerability in OA patients242. This drug was previously shown to be effective in 

eliminating senescent cells and in slowing down disease progression in a mouse model 

of OA128. While senescence has been pinned out as a hallmark of IVDD, the development 

senolytic drugs for disc degeneration is still in its infancy243. 

Figure 2: Pre-clinical drugs that are currently in testing as disease-modifying agents for OA and 
IVDD therapy, ranging from cytokine/enzyme inhibitors to promoters of anabolic pathways.

All in all, most of the novel pharmacological treatments for OA and IVDD show little 

to no efficiency in cartilage repair in clinical studies, although being promising in pre-

clinical research. Most of the drawbacks of the previously tested drugs are related with 

either prolonged systemic overexposure and subsequent off-target side effects such 

as for the enzyme inhibitors, but also short bioavailability in the target tissue leading to 

a lack of efficacy, especially for small molecule drugs are likely to have played a role. 

Additionally, and specially for IVD, due to the avascularity, presence of endplates and 
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absence of a synovial space, systemically-administered drugs have limited bioavailability 

within the local tissue111. Therefore, improved therapeutic outcomes are likely to be 

obtained through local injections in drug delivery platforms. These systems can be 

tailored to provide local and a sustained drug release, as well as targeting of specific 

cell/tissue types. 

4. Drug delivery systems

Several approaches have been taken towards the application of biocompatible 

and safe drug delivery platforms for the improvement of therapeutic outcomes (Table 2 

and Figure 3). Among these strategies, microparticles and hydrogels are used as drug 

depot for local extracellular drug release. Continuous drug release over time or upon 

endogenous (e.g. enzymatic activity, temperature, pH) or external stimuli (e.g. ultrasound) 

can be tailored to achieve drug concentrations within the therapeutic window for 

prolonged periods of time12. On the other hand, since OA and IVDD involve different 

tissues with varied roles during pathogenesis, drug delivery using targeting moieties may 

facilitate and improve drug delivery to specific cells and tissues. 

Figure 3: Schematic representation of the different drug delivery platforms according to their 

size, from nano to macrosystems.

4.1 Microparticles

Microparticles are micron size particulate systems. Due to their size, ranging from 

one to hundreds of microns, injected microparticles can be well retained within the 

joint cavity, escaping the main mechanisms of clearance: vasculature and the lymphatic 

system12. Microparticles can be designed to encapsulate a variety of drug candidates, 

ranging from small hydrophobic drugs such as corticosteroids and non-steroidal anti-
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inflammatory drugs (NSAIDs) to large macromolecules such as enzymes and antibodies 

and therefore offering the possibility to encapsulate drug-modifying OA drugs (DMOADs). 

To tune their degradability and hence their release profile, microparticles can be 

formulated using different biomaterials. 

Up until now, only one microparticle–based drug delivery system has reached 

the clinic. This product is based on triamcinolone acetonide-loaded poly(lactic-co-

glycolic acid) (PLGA) microspheres and commercialized under the name of Zilretta® /

FX006244. In OA patients, the system showed improved joint retention and prolonged 

anti-inflammatory effects compared to the injection of bolus TAA (Kenalog 40®)245. 

However, in a phase-3 clinical trial, FX006 failed to outperform the standard of care bolus 

suspension of microcrystalline TAA in the primary outcome parameter. Nevertheless, the 

novel formulation did show significantly better results in several secondary outcome 

parameters246. A new clinical trial is ongoing to evaluate the effect of FX006 on synovial 

inflammation in OA patients247. 

Other microparticle formulations, ranging from synthetic to natural polymers have 

been used in preclinical studies. Microspheres derived from the synthetic polyester 

amide (PEA) polymer and loaded with triamcinolone acetonide (TAA), were tested 

in several models of joint pathology248. In collagenase-induced OA rats, the TAA-

PEA microparticles showed a retention time of over two months and reduction of 

inflammation248. In addition, the TAA-PEA formulation was also shown to be superior to 

TAA-loaded PLGA microparticles in reducing pain, swelling, lameness and synovitis in a 

rat model of acute arthritis249. In a trauma-induced OA model, reduction of PGE2 levels, 

synovial inflammation, osteophyte formation and subchondral bone sclerosis were 

observed using celecoxib-loaded PEA microspheres, whereas extended exposure to 

TAA enhanced degeneration250,251. In a canine model of IVDD, celecoxib-loaded PEA 

microspheres inhibited osteophyte formation and sclerosis similarly to the rat OA model, 

and even prevented further degeneration. However, TAA delivery in the same model only 

reduced the expression of a pain marker252,253. In contrast, in a rat model of IVD trauma, 

prevention of IVD degeneration was observed after delivery of corticosterone using 

tricalcium phosphate (TCP) microcapsules254. A new drug formulation, combining synthetic 

poly(lactic) acid (PLA) nano- and microparticles, encapsulating drug nanocrystals of a few 

hundred nanometers, allowed an extended release profile of the encapsulated drugs, 

specifically kartogenin and p38α/α MAPK inhibiton255,256. Using these drug formulations, a 

protective effect on cartilage integrity and reduction of disease markers were observed in 

an OA mouse model255,256. Microparticles of silk fibroin, a natural polymer, also increased 

the retention of a fluorescent dye within the joint cavity after intra-articular injection257. 

By exploiting their biodegradability and biocompatibility, PRP-containing gelatin hydrogel 

microspheres were shown to significantly delay OA and IVDD progression in ACLT and 

degenerated IVD rabbit models258-260. 

Another approach towards controlling drug release dynamics and avoid the 

typical drug burst release of microparticles was reported in a study where ibuprofen 

was chemically functionalized to the backbone of a polymer chain instead of loaded 
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into the particles261. Here, a methacrylic derivative of ibuprofen was co-polymerized with 

an oligo(ethylene-glycol) methacrylate and poly(PLGA-PEG) dimethacrylate, and used to 

form microparticles of 40-100 µm. The release of regenerated ibuprofen was obtained 

by hydrolysis of the ester bond, allowing a gradual release of 13% over a three month 

period261.

Sustained delivery of IL-1ra-loaded PLGA microspheres in IVDD led to attenuation 

of NP degeneration in in vitro human IVD tissue culture262. Regenerative factors have 

been formulated in microparticle drug delivery systems to a much lesser extent. Only 

in one study PLGA microparticles loaded with dexamethasone and FGF-2-embedded 

heparin/poly(L-lysine) nanoparticles were shown to promote rat MSC proliferation and 

differentiation into NP cells in vitro263 and induce partial tissue regeneration in a rat model 

of disc degeneration264. 

4.2 Nanoparticles

Nanoparticles can be either exploited to increase drug retention time or to target 

specific areas within the joint, as their smaller size allows for efficient use of targeting 

moieties and facilitates penetration and diffusion within the dense cartilage matrix. 

Using different nanoparticle formulations and production methods, size and surface 

properties can be modulated, allowing loading of a large range of drugs. However, 

the resulting drug release profile depends on several factors such as pH, temperature, 

nanoparticle degradation, drug diffusion and loss of binding interactions. Different types 

of nanoparticles have been widely used for OA and IVDD treatment in preclinical animal 

models, including polymeric nanoparticle, micelles and liposomes.

4.2.1 Polymeric nanoparticles

Polymeric nanoparticles can be derived from several biocompatible and 

biodegradable polymers, allowing tuning of their drug loading and release properties. 

In addition, due to their small size and flexibility, polymeric nanoparticles can be 

functionalized to allow targeted delivery to specific tissues or cells by the addition of 

extracellular matrix- or cell-binding ligands. For instance, using the collagen II α1-binding 

peptide (WYRGRL) nanoparticles retention was increased 72-fold within the articular 

cartilage of murine knee joints, exploiting the tissue as a drug reservoir265. Targeting 

can also be achieved by making use of electrostatic interaction. Avidin is a positively 

charged protein with an isoelectric point of ~8 in physiological conditions and with a 

hydrodynamic radius of 7 nm which makes it small enough to diffuse through the dense 

cartilage matrix266. Due to its positive charge, avidin has a strong affinity to the negatively 

charged cartilage matrix, and this facilitates a faster penetration and longer retention 

of the protein carrier within cartilage266-268. Drugs like dexamethasone and insulin-like 

growth factor 1 (IGF-1) were conjugated to avidin nanoparticles through a biotin linker 

allowing the loading of the carrier with potentially four different molecules266-268. Avidin 

nanoparticles showed full thickness penetration into the articular cartilage of rat knee 

joints, a half-life of 29 hours and retention time within the joint of 7 days267. This study 
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shows how the engineering of nanoparticles can improve the delivery of therapeutics to 

specific cell types or areas. Amine terminal polyamidoamine (PAMAM) dendrimers were 

functionalized with poly(ethylene glycol) (PEG) and utilized to deliver insulin-like growth 

factor 1 (IGF-1) for the regeneration of articular cartilage in a rat model of OA269. The 

electrostatic interaction between the positively charged dendrimer and the negatively 

charged cartilage matrix allowed a 10-times higher nanoparticle retention up to thirty 

days. The subsequent in vivo study in an OA rat model demonstrated improved cartilage 

repair when using IGF-1 conjugated to dendrimers as opposed to injection of free IGF-

1269. Altogether, these studies highlight the beneficial effect of using positively charged 

nanoparticles and their interaction with the negatively charged matrix for OA treatment.

An example of nanoparticles used for IVDD therapy are albumin/heparin 

nanoparticles which were used for the release of stromal cell-derived factor-1α (SDF-1α) 

and the recruitment of bone marrow resident mesenchymal stem cells (MSCs)270. Using 

this strategy, regeneration of the damaged disc compared to the delivery SDF-1α without 

delivery system was reported. 

4.2.2. Micelles

Micelles are supramolecular self-assembled nanoparticles that spontaneously form 

upon hydration of amphiphiles. Amphiphiles are molecules which contain a hydrophilic 

and a hydrophobic part. When hydrated in aqueous solution, amphiphiles reorganize 

themselves to form nanoparticles containing a hydrophobic core and a hydrophilic 

external shell facing the water media. These vesicles are formed in aqueous solution 

when the amphiphilic molecule reaches a certain concentration threshold known as 

critical micelle concentration (CMC). These particles allow the encapsulation of poorly 

soluble hydrophobic drugs within the hydrophobic core271. Expectably, incorporation 

of hydrophilic molecules is rather difficult and dependent on covalent conjugation to 

the external hydrophilic shell of the micelles272. The vesicle diameter usually ranges 

between 10 to 100 nm, depending on the ratio between the hydrophilic and hydrophobic 

part of the amphiphilic molecule. Size can also vary depending of the nature of the 

encapsulated drug. Advances in polymer chemistry, and the use of block copolymers 

with lower CMC for the preparation of polymeric micelles has been yielding vesicles with 

higher in vivo stability, which makes them suitable candidates for drug delivery271. Several 

micelle formulations have been investigated for OA therapy. Rapamycin-loaded micelles 

delivered intra-articularly in a gelatin hydrogel were shown to delay OA progression in 

arthritic mice273. In a similar approach, PEGylated kartogenin-based micelles delivered 

in a HA hydrogel were used to prevent OA progression in an anterior cruciate ligament 

transection (ACLT) rat model274. PEGylation is a common strategy to provide particles 

with stealth properties and allow longer circulation time and retention in vivo. Several 

other micelle formulations have been tested for the treatment of inflammatory arthritis 

by delivering dexamethasone275-278, cyclosporin-A279, and indomethacin280. The covalent 

entrapment of dexamethasone in core-crosslinked polymeric micelles composed 

by poly(ethylene glycol) (PEG) and poly(N-(2-hydroxypropyl)methacrylamide-lactate) 
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(pHPMAmLac
n
) rendered particles with controllable and tunable release kinetics. Once 

injected in two animal models of rheumatoid arthritis, the micelles induced improvements 

in arthritic scores275. Also folic acid-functionalized polysialic acid/cholesterol micelles 

loaded with dexamethasone demonstrated improved arthritic scores when compared to 

non-targeted micelles and dexamethasone alone281. 

Micelle polyplexes composed of polyethylene glycol-polyamino acid block 

copolymers and loaded with an anabolic mRNA were also used for IVDD therapy in a 

rat model of disc degeneration282. The strategy led to maintenance of disc integrity and 

prevention of inflammation induced by administration of naked mRNA. MiR-29a-loaded 

micelle polyplexes encapsulated into hydrogels were also used for IVDD treatment in 

animal models283. The polymers of both hydrogel and particles were MMP-responsive, 

causing the release of micelles from the gel. Subsequent removal of the PEG shell from 

particles, enhanced their cellular uptake and endosomal escape. The strategy led to 

reduced MMP-2 levels and attenuation of IVD fibrosis in vivo283. 

4.2.3 Liposomes

Liposomes, which were the first nanoparticles to be translated to clinical applications, 

are synthetic vesicles made of phospholipid bilayer(s) and structurally arranged as a cellular 

membrane284-286. Phospholipids are natural amphiphiles which contain a hydrophobic 

apolar tail and a hydrophilic polar head. The size of the liposomes can range from 50 nm 

to 5 µm, depending on the number of bilayers constituting the liposome. As opposed 

to micelles, liposomes contain a hydrophilic core and a hydrophobic lipid outer bilayer 

which allows the encapsulation of hydrophilic and hydrophobic drugs, respectively284,287. 

Among the different attractive properties of liposomes, particular attention is given 

to their elevated degree of biocompatibility, the possibility of encapsulating drugs of 

different nature, and their wide range of functionalization possibilities284. Similarly, to 

micelles, liposomes have highly versatile physical and chemical properties that can be 

tailored according to the intended use. Different components can be added to the lipid 

bilayer to achieve longer circulation times, targeting of specific tissues and controlled 

release profiles. 

The use of liposomes for treatment of joint diseases has been explored in the 

last decades. For instance, a study demonstrated the feasibility of targeted liposomal-

based delivery of plasmid DNA to chondrocytes288. Efficient in vivo gene transfer 

and expression in chondrocytes was observed upon intra-articular injection in rats. 

Expression of the exogenous gene was limited to chondrocytes located in both 

superficial and middle layer. The limited penetration and transfection of the 200 nm 

vesicles again draws attention to the importance of the particle size for efficient full 

depth diffusion, and therefore efficacy. Multilamellar liposomes were used for intra-

articular controlled delivery of dexamethasone and diclofenac289. The liposomes were 

composed of soybean phosphatidylcholine and dipalmitoyl phosphatidylethanolamine, 

and further functionalized with HA and collagen to increase their bioadhesive properties 

and affinity for extracellular matrix289,290. Single or combined delivery of dexamethasone 
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and diclofenac reduced knee-joint inflammation in a MIA-induced rat model of OA over 

a time span of 17 days289. Furthermore, HA-coated liposomes were shown to have a 

greater effect when compared to the collagen-coated counterpart, which was attributed 

to higher cartilage? binding affinity289,290. Similarly, liposomes formulated from soybean 

phosphatidylcholine and cholesterol for encapsulation and delivery of celecoxib and 

embedded within a HA gel protected cartilage from degeneration as compared to 

the free celecoxib in a rabbit model of OA291. However, as the effect of the liposome 

alone was not evaluated, the beneficial effect cannot be attributed with certainty to the 

controlled and sustained release of celecoxib, especially as liposomes are known to 

increase joint lubrication292,293. Nevertheless, this dual treatment modality of liposomes 

does increase their attractivity as therapeutic strategy in degenerative joint disease. 

The use of liposomes for IVDD treatment has been minimally investigated so far, 

but a study optimized lipofectamine for the transfection of a human telomerase reverse 

transcriptase (hTERT) construct in cultured NP cells294.  Liposomal siRNA could also 

downregulate Caspase 3 and ADAMT5 levels in a rabbit model of disc degeneration, 

showing beneficial effects compared to saline control295.

In the past years, also drug delivery systems derived from cell membranes have 

been a subject of research as, due to their autologous nature, they can reduce adverse 

effects observed with exogenous liposomes. One example of cell-derived particles are 

nanoghosts, MSC-derived nanoparticles obtained after removal of the cell content and 

subsequent extrusion296. Nanoghosts have been recently applied for drug delivery in 

mouse models of cancer, leading to significant results in terms of tumor regression and 

mouse survival296. In addition, because of the possibility to produce these nanoparticles 

in larger scale, they also offer a significant advantage in comparison with exosomes, 

which lack satisfactory scalable production methods297.

4.3 Hydrogels

Similarly to microparticles, hydrogel can be used as drug delivery systems for small 

and big molecules, acting as a localized drug depot. Hydrogels are 3D water-containing 

structures formed by crosslinked natural or synthetic polymers. Importantly, their physical 

properties such as density and porosity can be tuned by adjusting polymer composition 

and concentration, therefore allowing for optimal drug incorporation and release298,299. 

While the high water content gives the hydrogel a biocompatible profile, the polymer 

mesh provides adjustable mechanical properties298,299. Moreover, drug release profiles 

can be further modified by adjusting polymer crosslinking and degradability. Hence, 

many hydrogel formulations have been explored for intra-articular and intra-discal drug 

delivery, ranging from natural-derived (alginate, chitosan, collagen, gellan gum, hyaluronic 

acid) to synthetic materials (Polyethylene glycol, poly-N-isopropylacrylamide, polyvinyl 

alcohol, polyvinylpyrrolidone).

For OA treatment, HA-hydrogels represent the most frequently used formulation 

because of the improvement of joint function through slow release of HA and the possible 

loading of several drugs. For instance, a HA-doxycycline hydrogel was demonstrated 
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to have improved pharmacokinetic and therapeutic profiles over HA or doxycycline 

alone300. Upon partial meniscectomy and unilateral fibular ligament transection in rabbits, 

the proposed system displayed decreased occurrence of fibrilation and osteophyte 

formation. Importantly, lower degrees of pain were observed for rabbits treated with the 

HA-doxycycline formulation.  A HA-based hydrogel was also shown to improve SDF-1 

delivery and rectruitment of MSCs in an ex vivo model of nucleotomy301.

Stimuli-responsive hydrogels have also attracted great interest due to their ability 

to release the drug after chemical or physical stimuli. A  thermoresponsive hydrogel 

composed by PCL-PEG-PCL triblock copolymer loaded with celecoxib was demonstrated 

to have a sustained drug release of about 4-8 weeks upon intra-articular injection in 

rats 302. In addition, hydrogel systems in which the release of therapeutics is triggered 

by the overexpression of tissue remodeling enzymes have been developed 303. Using 

this strategy, TAA-loaded hydrogel disassembly and drug release were demonstrated 

to be specifically triggered by synovial MMP levels in vitro, and dependent on arthritis 

flares in vivo303. In a canine model of IVD degeneration, a thermoresponsive poly-N-

isopropylacrylamide MgFe-layered double hydroxide hydrogel was used for celecoxib 

delivery304. Despite the excellent in vivo biocompatibility, the strategy only led to a limited 

reduction of prostaglandin levels in a canine model of mild IVD degeneration, requiring 

further investigation in models with a more severe phenotype304.

Hydrogels represent a very versatile drug delivery systems which has also 

been applied for gene therapy such as modulation of disease-causing genes or anti-

chondrogenic factors through the delivery of siRNA, antisense oligonucleotides and anti-

miR drugs232,233,305,306. 

In a large animal model of disc degeneration, BMP-2 and BMP-2/7 heterodimers 

were conjugated to a HA hydrogel and intradiscally injected307. Even though conjugation 

was shown to be effective, no improved disc regeneration was observed, in what the 

authors hypothesized to be related to low dosage and low release from the hydrogel. 

Table 2: Main drug delivery systems for OA and IVDD.
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5. Conclusions and Future Perspectives

The articular cartilage and intervertebral disc are tissues with similar structural and 

biochemical properties. There is an unmet clinical need for new therapeutic molecules 

that can act on the effector pathways that lead to degeneration, aiming at repair and 

regeneration. Different disease modifying drugs have been proposed and extensively 

tested in vitro and in pre-clinical models. However, the undesired side effects and limited 

efficacy observed in clinical trials have delayed their clinical approval. One of the factors 

greatly affecting therapeutic efficacy lies on the short-term retention of many drugs within 

joints and limited targeting to specific tissues. Thus, the combination of an effective 

disease-modifying drug with a safe delivery strategy is a crucial step forward towards 

regeneration. 

In terms of drug delivery strategies applied in OA and IVDD, microparticles and 

hydrogels are currently being used as site-specific drug depots. Both systems can derive 

from different synthetic or natural polymers and, depending on the production methods, 

degradation and drug release profiles can be tuned according with the application and 

target tissue. Besides the enhanced bioavailability and prolonged therapeutic periods, 

these systems reduce the need for multiple injections and systemic drug exposure. In 

addition, hydrogels can also be applied for cell delivery or recruitment and differentiation 

of endogenous MSCs. On the other hand, the selective targeting of different cell/

tissue types in different disease stages using functionalized nanoparticles could allow 

a more selective and patient-specific therapeutic strategy. Positive outcomes have 

been obtained in preclinical models using either polymeric nanoparticles, liposomes or 

micelles. For cartilage targeting, small size and positive charge are ideal requirements 

for drug delivery within the matrix. Nanoparticle functionalized with cartilage-binding 

peptides and liposomes are also attractive platforms due to their ability to favor drug 

accumulation in specific areas and intrinsic lubricative properties, respectively. IVDD 

therapy have been less explored so far. Microparticles demonstrated how enhanced 

therapeutic outcomes can be obtained through sustained delivery of off-the-shelf drugs. 

Hydrogels have still only been largely explored for cell homing or delivery properties, 

yet more drug delivery applications in preclinical models are needed. Since the ideal 

strategy should adapt the drug delivery to the actual disease stage, enzyme-responsive 

hydrogels are an exciting option which was proven effective. Furthermore, since the NP 

is more prone to degeneration, more attention has been paid to the regeneration of this 

tissue. However, future therapies should aim at restoration of both NP and AF. 

Importantly, also the choice of drug is a crucial step towards the design of an efficient 

therapy. Current disease modifying disease drugs for OA and IVDD allow wide intervention 

on many aspects of the diseases, ranging from blockage of matrix-degradative enzymes, 

inflammation and bone resorption to stimulation of new ECM synthesis. Selecting the 

best drug and intervention time goes in parallel with the necessity of the identification of 

novel disease biomarkers. It is also conceivable that multiple drugs at different disease 

stages might be more effective, favoring the parallel development of multiscale-drug 



delivery platforms. 

A final consideration for the development of any drug delivery approach regards 

their biocompatibility and cytotoxicity. In the future, a larger focus on studies of specific 

methods to identify local and systemic off-target effects might facilitate the screening and 

translation of safe and effective drug delivery systems into clinical practice.

To sum up, ongoing studies on the pathophysiology of OA and IVDD, the 

development of therapeutic aimed at blocking disease progression or inducing a 

regenerative response, and the optimization of drug delivery strategies have the 

potential to meet the current necessities for curative therapies. 
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Abstract

To date no disease-modifying drugs for osteoarthritis (OA) are available, with 

treatment limited to the use of pain killers and prosthetic replacement. The ADAMTS 

(A Disintegrin and Metallo Proteinase with Thrombospondin Motifs) enzyme family is 

thought to be instrumental in the loss of proteoglycans during cartilage degeneration 

in OA, and their inhibition was shown to reverse osteoarthritic cartilage degeneration. 

Locked Nucleic Acid (LNA)-modified antisense oligonucleotides (gapmers) released from 

biomaterial scaffolds for specific and prolonged ADAMTS inhibition in co-delivered and 

resident chondrocytes, is an attractive therapeutic strategy. Here, a gapmer sequence 

identified from a gapmer screen showed 90% ADAMTS5 silencing in a monolayer 

culture of human OA chondrocytes. Incorporation of the gapmer in a fibrin-hyaluronic 

acid hydrogel exhibited a sustained release profile up to 14 days. Gapmers loaded in 

hydrogels were able to transfect both co-embedded chondrocytes and chondrocytes in 

a neighboring gapmer-free hydrogel, as demonstrated by flow cytometry and confocal 

microscopy. Efficient knockdown of ADAMTS5 was shown up to 14 days in both cell 

populations, i.e. the gapmer loaded and gapmer-free hydrogel. This work demonstrates 

the use applicability of a hydrogel as a platform for combined local delivery of 

chondrocytes and an ADAMTS-targeting gapmer for catabolic gene modulation in OA.
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1. Introduction

Osteoarthritis (OA) is the most common joint disorder in the aged population, and a 

leading cause of morbidity worldwide due to functional impairment and pain1. Defined as 

a chronic and progressive disease of the whole joint, OA is predominantly characterized 

by cartilage degeneration, subchondral sclerosis, osteophyte formation, and inflammation 

of the synovial capsule1,308. At the cellular level, OA is marked by an increased production 

of catabolic molecules leading to progressive and irreversible loss of collagen and 

aggrecan1,17. To date, disease modifying therapies remain unavailable, and OA treatment 

is limited to corticosteroid administration for pain relief and prosthetic replacement of 

the affected joints at an end stage1,3,5. One feature correlated with pain and radiographic 

stage in OA patients is the presence of cartilage lesions of variable size309-311. These are 

generally a result of weakening of the joint and a factor highly associated with disease 

progression312. Such lesions may be a viable target for regenerative approaches. 

Autologous chondrocyte implantation (ACI), or MACI (matrix-assisted ACI) have shown to 

be effective in repair of focal lesion of the cartilage after joint trauma, but such approach 

will not be viable in the OA joint, as long as both the transplanted cells and those in the 

neighboring tissue are in a permanently catabolic state313. 

Among the major catabolic factors in OA, the matrix degrading ADAMTS (a disintegrin 

and metallo proteinase with thrombospondin motifs) family, in particular ADAMTS4 and 

ADAMTS5, were shown to be instrumental in the degenerative events that lead to 

OA314,315. These enzymes are known to be synthetized not only by chondrocytes but 

also other joint tissues, such as the synovium316. Inhibition of these proteases prevented 

degradation both in human cartilage explants315,317,318 and in animal models of OA, even 

reversing cartilage degeneration319-321. Hence, their inhibition is a promising therapeutic 

approach in OA. Nevertheless, non-specific small molecule drugs can cause side effects 

upon systemic administration and are, even if administered locally, rapidly cleared 

resulting in reduced duration of action11. 

Gene silencing strategies have shown great potential  in overcoming these 

setbacks55. However, the efficiency of small interfering RNAs is dependent on viral or 

non-viral vectors for cellular internalization, which can pose additional issues regarding 

toxicity55,322. In this regard, locked nucleic acid (LNA)-modified gapmers are a particularly 

attractive alternative. Gapmers are single stranded antisense oligonucleotides (ASOs) 

composed by a central block of DNA flanked by modified nucleotides62. Once inside the 

cell, gapmers arrest protein translation by activation of RNAse H1-mediated messenger 

RNA (mRNA) cleavage or steric hindrance of the splicing or translational machinery54. 

The presence of LNAs together with phosphorothioate (PS) backbone modifications 

confer improved stability and resistance to endonuclease degradation, hence improving 

the pharmacokinetic profiles62,63. Together with the smaller size of the molecule, these 

modifications are thought to promote unassisted cellular internalization by a process 

denominated “gymnosis”56-59,323. 

Even though chemical modifications of ASOs have been shown to enhance silencing 
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potency and pharmacokinetic profiles with concomitant prolongation of effects54, rapid 

systemic clearance may still reduce longevity of therapeutic efficacy. Additionally, 

intravenous administration might further limit drug bioavailability in avascular tissues such 

as cartilage. Hence, direct intra-articular administration in controlled release systems can 

minimize systemic side-effects while allowing for a higher and prolonged bioavailability 

of the therapeutics in the joint environment11,324. Biomaterial carriers, such as hydrogels, 

are ideally suited as local sustained release reservoir for drugs11,324-326. 

We hypothesize that the combination of chondrocytes and ASOs in a hydrogel 

scaffold for re-surfacing and treatment of focal lesions in OA joints will provide prolonged 

inhibition of ADAMTS expression both in transplanted chondrocytes and surrounding 

joint tissue cells. Ultimately, this treatment strategy targets OA by sustained silencing of 

OA-related genes in combination with cell therapy for regeneration. Here, we show proof 

of principle for this approach by using a fibrin (F) and hyaluronic acid (HA) hydrogel (F:HA) 

as a platform for combined delivery of cells and an ADAMTS5-targeting ASO in a novel in 

vitro system mimicking chondrocyte delivery for cartilage resurfacing and its interaction 

with surrounding native joint tissues exposed to a pro-inflammatory environment.

2. Materials and methods

2.1 Materials

The F:HA hydrogel at a ratio of 3.2:1 was manufactured and provided by ProCore 

Bio-med Inc. (Israel), at final concentrations of 6.21 and 1.94 mg/mL of fibrinogen and 

HA, respectively. ASOs sequences were designed by JW and YC and purchased from 

Eurogentec (Netherlands).

All ASOs were synthesized as all-phosphorothioate linked sequences except for 

the Cy5-labeled gapmer, which was synthesized as an all-phosphorodiester sequence 

(Table 1). The golden standard siRNA was used as a control. Previously described siRNA 

sequences targeting ADAMTS5 and α-catenin interacting protein 1 (CTNNBIP1) were 

purchased from Eurogentec (Table 1)315,327. CTNNBIP1 was shown to be a potential off-

target of ASO3.

Table 1. ASOs and siRNA sequences

“l” denotes for locked nucleotide bases. “*” denotes for phosphorothioated DNA bases. “d” 
denotes for DNA nucleotides.
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2.2 Cell isolation and culture

Human articular chondrocytes were isolated from articular cartilage from patients 

with OA undergoing total knee arthroplasty. The anonymous use of redundant tissue 

for research purposes is part of the standard treatment agreement with patients in the 

University Medical Center Utrecht and was carried out under protocol nº 15-092 of the 

UMCU’s Review Board of the BioBank. Chondrocytes were isolated by mincing and 

subsequently digesting the cartilage overnight at 37°C in Dulbecco’s Modified Eagle’s 

Medium Glutamax (DMEM, Thermo Fischer Scientific) supplemented with 0.15% (w/v) type 

II collagenase (Worthington Biochemical Corporation), 10% (v/v) Fetal Bovine Serum (FBS, 

Biowest) and 100 U/mL penicillin and streptomycin (Gibco).

Undigested debris were removed using a 70 µm cell strainer followed by a PBS 

wash. Cells were subsequently plated and grown in a humidified incubator at 37°C with 

expansion medium consisting of DMEM supplemented with 10% FBS, 0.2 nM ascorbic-

2-phosphate (Sigma-Aldrich), 100 U/mL penicillin and streptomycin and 10 ng/mL basic 

fibroblast growth factor (bFGF, R&D Systems). Medium was renewed every 3 days. Cells 

were expanded until passage one and either frozen or further expanded and used for 

experiments at passage 2.

2.3 Gene knockdown in monolayer

The four different ASO were tested in order to choose the most potent one resulting 

in sufficient silencing of ADAMTS5.  Human articular chondrocytes were plated at a 

density of 1 × 105 cells per well in 24-well plates and grown in DMEM containing 100 mg/

mL of penicillin and streptomycin, 0.2 nM Ascorbic-2-Phosphate, 1× Insulin-Transferrin-

Selenium-Ethanolamine (ITS-X, Thermo Fischer Scientific) and 50 ng/mL L-proline (Sigma-

Aldrich) for 24h in a humidified incubator at 37°C and 5% CO
2
. Gapmers were diluted in 

medium and added to the cells at a final concentration of 1 µM. Cells were cultured for an 

additional 72h and expression levels of ADAMTS5 were determined by Real-Time PCR 

(qPCR). Fold-change in gene expression was evaluated compared to non-treated cells 

as described in section 2.10. For screening experiments, the housekeeping gene 18S 

was used for normalization of ADAMTS5 expression. 

Cytotoxicity of the gapmers was determined by measuring cellular lactate 

dehydrogenase (LDH) release using the Cytotoxicity Detection KitPLUS (Roche) according 

to the manufacturer’s instructions. Culture media were collected 24h after adding the 

ASOs to the cells. The LDH activity in culture supernatant was measured at 490 nm and 

680 nm with a Benchmark Microplate reader (Bio-Rad). Viability of cells transfected with 

ASOs was calculated according to the manufacturer’s instructions. 

A similar experiment was set up to evaluate the effect of siRNA-mediated CTNNBIP1 

silencing on ADAMTS5 expression. Cells were cultured as described above, transfected 

with anti-CTNNBIP1 siRNA (20 nM) and Lipofectamine RNAiMAX (Thermo Fischer Scientific) 

and further cultured for 72h. Gene expression analysis of ADAMTS5 and CTNNBIP1 was 

performed as described above.
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2.4 Dose response of gapmer-mediated ADAMTS5 silencing in TNF-α/OSM-

stimulated OA chondrocytes

Human articular chondrocytes were plated at a density of 1 × 105 cells per well 

in 24-well plates and grown in DMEM medium containing 100 U/mL of penicillin and 

streptomycin, 0.2 nM ascorbic-2-phosphate, 50 ng/mL L-proline in a humidified incubator 

at 37°C, 5% CO
2
. After 24h tumor necrosis factor alpha (TNF-α) (10 ng/mL) and oncostatin M 

(OSM) (1 ng/mL) were added to the cells at concentrations of 10 and 1 ng/mL, respectively, 

to provide pro-inflammatory stimuli and thereby mimic a catabolic environment and 

enhancing ADAMTS5 expression.

Gapmer 3 was added to the cells at concentrations of 100, 250, 500 and 1000 

nM. As a positive control, anti-ADAMTS5 siRNA (20 nM) was added to the cells using 

Lipofectamine RNAiMAX according to the manufacturer’s instructions. The non-targeting 

sequence ASO 1 was added at a concentration of 1000 nM as a negative control. 

Cells were cultured for an additional 72h and expression levels of ADAMTS5 and 18S 

(housekeeping gene) were determined by qPCR. Fold-change in gene expression was 

evaluated relatively to non-treated cells. 

2.5 Release profiles 

To investigate the loading efficiency of the F:HA hydrogel and assess the gapmer-

release profiles, Cy5-labeled gapmer was incorporated in 150 and 300 µl of F:HA hydrogel 

at concentrations of 1 and 5 µM. After mixing the hydrogel and gapmer solutions, 10 µl of 

human thrombin (50 U/mL) in 1M CaCl
2
 were added, followed by a 40-minute incubation 

at 37°C in a 5% CO
2
 humidified incubator to allow polymerization. Hydrogels were then 

washed with DMEM medium and fluorescence was measured using Fluoroskan Ascent 

FL fluorometer (Thermo Fischer Scientific) with an emission/excitation pair of 620/670 

nm. DMEM medium was used as release buffer. After t0, hydrogels were incubated in 

1 mL release buffer at 37°C in 5% CO
2
 humidified incubator. At every timepoint, release 

buffer was completely removed, and new buffer added. Fluorescence in the medium was 

measured immediately after collection at the different timepoints up to 14 days. Loading 

efficiency of the gapmer on the hydrogels was calculated based on the initial amount 

of gapmer mixed in the hydrogel minus the non-incorporated gapmer removed during 

washing. The incorporated amount was then considered as 100% for the subsequent 

release measurements.

Release was calculated based on a standard curve (10 nM to 1000 nM) of Cy5-

gapmer prepared at t0. The series of samples composing the standard curve were 

incubated together with the hydrogels for the whole experiment, and samples were 

taken at every timepoint to account for decrease of fluorescence of the Cy5 label over 

time.

One hydrogel was harvested at day 3 and processed for analysis of gapmer 

distribution. The hydrogel was fixed in 4% formalin for 10 min followed by 5% PBS-BSA 

blocking for 30 min. Subsequently, the hydrogel was incubated for 1h at room temperature 

with 2 µg/ml anti-fibrinogen antibody (DAKO). Then, Alexa Fluor® 488-labeled secondary 
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antibody rabbit anti-goat (Thermo Fischer) was added at a concentration of 8 µg/ml and 

incubated for 1h at room temperature. Between each step, the samples were washed 

three times with PBS containing 0.05% Tween. Samples were imaged with a Leica SP8X 

(Leica) confocal microscope. Image processing and analysis was performed using Fiji 

(National Institutes of Health, Bethesda, USA) software version 1.50328.

2.6 Gapmer delivery in hydrogel culture

A 3D in vitro model composed of two separate hydrogel constructs was established 

(Figure 1): the top hydrogel containing OA chondrocytes (mimicking therapeutically 

“delivered cells”) and gapmers, and the bottom hydrogel containing OA chondrocytes 

only to represent “resident cells”. The top hydrogel was prepared by mixing 150 µl of 

F:HA hydrogel, 10 µl of cell suspension (2.5 × 105 cells) and  7.5 µl of ASO solution (final 

concentration 0.1 to 5 µM) in a 2 mL Eppendorf tube, whereas the bottom hydrogel was 

prepared by mixing the same hydrogel volume with 10 µl of cell suspension (2.5 × 105 cells) 

in a 48-well plate. For polymerization, thrombin (50 U/mL) was added to the hydrogels 

followed by incubation at 37°C for 30 min. After polymerization the top hydrogel was 

transferred to the 48-well plate upon addition of 1 mL of culture medium. This set-up was 

used for subsequent experiments.

Figure 1. Scheme of two-hydrogel in vitro model. Top hydrogel containing ASOs and 
OA chondrocytes (mimicking therapeutically “delivered cells). Bottom hydrogel containing OA 
chondrocytes only (“resident cells”)
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2.7 Diffusion and transfection studies

For quantitative assessment of gapmer-cell association, the in vitro model 

described above was cultured for 3 days with 0.1 and 1 µM Cy5-labeled gapmer in the 

top hydrogel. Upon harvesting the hydrogels were digested separately and processed 

for flow cytometry analysis. Digestion was carried out at 37°C for 20 min using 0.25% 

(w/v) trypsin (25200056, Thermo Fischer Scientific), followed by filtration through 0.22 

µm filters (Merck) to remove hydrogel debris. The cell suspension was centrifuged and 

resuspended (2×) in ice-cold PBS and stained with 100 ng/mL DAPI for 5 min, staining 

debris, and apoptotic and dead cells as an additional parameter for population gating. 

DAPI excess was removed by washing the cells in ice-cold PBS. Finally, cells were 

resuspended in a flow cytometry buffer (2% BSA, 2 mM EDTA, and 25 mM HEPES) and 

analyzed using a FACSCanto II (BD Biosciences) flow cytometer for DAPI (FL1 channel: 

405 nm excitation laser, 450/40 BP filter) and Cy5 (FL2 channel: 633 nm excitation laser; 

620/20 BP filter). Cell doublets and debris were gated out based on forward (FSC) and 

side (SSC) scatters. DAPI-negative cells were then analyzed for their Cy5 intensity. Ten 

thousand events were acquired, and data were further analyzed using FlowJo (TreeStar) 

software version 10.0. Experiment was performed in triplicate (n=3). 

Furthermore, confocal microscopy was performed to assess gapmer diffusion to 

the bottom hydrogel and transfection of embedded cells. The experimental set up was 

the same as described above. At the endpoint the hydrogels were washed twice with 

PBS and fixed in formalin for 1h, followed by DAPI stain (100 ng/mL) for 1h to ensure 

full thickness staining. Samples were imaged axially with a Leica SP8X (Leica) confocal 

microscope and a 20x objective. Image processing and analysis was performed using 

Fiji (National Institutes of Health, Bethesda, USA) software version 1.50 328.

2.8 Subcellular localization of gapmers

To assess subcellular localization of the gapmers, the in vitro model was used with a 

gapmer concentration of 1 µM in the top hydrogel and cultured for 3 days. At the endpoint, 

digestion of the hydrogels was carried out at 37°C for 20 min using trypsin, as described 

previously. Subsequently, the cells were plated in Cellview™ dishes (Greiner Bio-one) and 

cultured for 24h to allow cell attachment. 

Cells were fixed in 4% formalin for 10 min, followed by permeabilization with 0.2% 

PBS-Triton for 20 min. Blocking was performed using 5% PBS-BSA for 30 min followed by 

1h incubation at room temperature with 1.25 µg/ml anti-EEA1 (610456, BD Biosciences) or 

1.5 µg/mL anti-LAMP1 (H4A3, DSHB) antibodies targeting early endosomes and lysosomes, 

respectively. Subsequently, Alexa Fluor® 488-labeled secondary antibody goat anti-mouse 

(Thermo Fischer) was added at a concentration of 8 µg/ml and incubated for 1h at room 

temperature. Cells were counterstained with 2.5 µg/mL Phalloidin-TRITC (Sigma-Aldrich) 

and 100 ng/mL DAPI for 1 hour. Between each step, cells were washed three times with 

0.05% PBS-Tween. Images were acquired using a Leica SP8X confocal microscope (Leica) 

and 63×/1.4 oil-immersion objective. Image processing and analysis was performed using 

Fiji (National Institutes of Health, Bethesda, USA) software version 1.50328.
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2.9 ADAMTS5 silencing in TNF-α/OSM-stimulated OA chondrocytes

To evaluate the silencing efficiency of the gapmer, the in vitro model was cultured for 

7 and 14 days. ASO 1, 3 or anti-ADAMTS5 siRNA were embedded in the top hydrogel at 

concentrations of 5 (7 and 14 days) and 10 µM (14 days). After polymerization, the hydrogels 

were incubated with DMEM supplemented with 5 µM ε-aminocaproic acid (Sigma-Aldrich) 

to delay fibrin degradation329, 10 ng/mL recombinant human TNF-α and 1 ng/mL OSM. 

Medium was replaced twice a week and hydrogels were harvested for downstream 

analysis at days 7 and 14. The expression of ADAMTS5 and the housekeeping genes 

GAPDH, RPL19 and SDHA were measured by qPCR. ADAMTS4 expression was analyzed 

as a control for off target effects. Cells embedded in top and bottom hydrogels were 

analyzed individually. 

2.10 RNA isolation and qPCR 

Total RNA was isolated in TRIzol Reagent (Invitrogen) according to the manufacturer’s 

instructions. RNA was dissolved in DNAse/RNAse-Free water (Qiagen). Total RNA (200 

ng-500 ng) was converted to cDNA by High Capacity cDNA Reverse Transcription Kit 

(Thermo Fischer Scientific) using an iCycler Thermal Cycler (Bio-Rad) according with the 

manufacturer’s instructions. Real-time PCR reactions were performed using the iTAQ SYBR 

Green Reaction Mix Kit Mastermix (Bio-Rad) reaction kit according to the manufacturer’s 

instructions in an iCycler CFX384 Touch thermal cycler (Bio-Rad). Reactions were 

prepared in 10 µl total volume with 0.92 µl PCR-H
2
O, 0.04 µl forward primer (0.4 µM), 0.04 

µl reverse primer (0.4 µM) and 5 µl iTAQ SYBR Green Reaction Mix (BioRad) to which 4 µl 

of fifty times diluted cDNA was added as template. Expression of ADAMTS5, ADAMTS4, 

CTNNBIP1 and the housekeeping genes glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), ribosomal protein L19 (RPL19) and succinate dehydrogenase complex subunit 

A (SDHA) were analyzed by a three-step amplification qPCR. As mentioned above, for 

screening experiments, 18S was used as housekeeping gene. Data analysis and Cq 

values were obtained with a Bio-Rad CFX Manager 3.1 (Bio-Rad). Details of primers used 

in real-time PCR are listed in Table S1. The amplified PCR fragment extended over at least 

one exon border. In order to generate relative gene expression, the Pfaffl method was 

used to account for differences in primer efficiencies330.

2.11 Statistical analysis 

All data were analyzed using IBM® SPSS® Statistics version 21. Data were all normally 

distributed but violated the assumption of homogeneity of variances. One-way analysis 

of variance (One-way ANOVA) was used together with Welch test for the equality of the 

means. Post-hoc comparisons across groups were carried out using the Games-Howell 

post-hoc test. All the biological experiments were performed in three different donors 

(n=3). For every condition 4 biological replicates were used. 
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3. Results

3.1 Selection of anti-ADAMTS5 ASO sequences in 2D chondrocyte culture

A set of 3 gapmers (ASOs 2, 3 and 4) targeting human ADAMTS5 were designed 

and screened for ADAMTS5 silencing. At 1000 nM, gene silencing was shown to be 

higher for all donors with ASO 3, with above 10-fold (>90%) knockdown (Figure 2a). In 

contrast, ASOs 2 and 4 did not mediate significant ADAMTS5 silencing in comparison 

with non-treated cells. A non-targeting gapmer was used as a negative control (ASO 1) 

and did not significantly affect the expression of ADAMTS5. Based on this preliminary 

screening, ASO 3 was selected for subsequent experiments with ASO 1 used as a 

negative non-targeting control.

Figure 2. ASO-mediated ADAMTS5 silencing in primary human OA chondrocytes. a) ASO 
sequence validation. ADAMTS5 expression levels in primary human OA chondrocytes 72h after 
treatment with 1000 nM of different ADAMTS5-targeting ASO sequences. b) Dose response to 
different concentrations of ASO 3. ADAMTS5 expression levels in TNF-α/OSM-stimulated primary 
human OA chondrocytes 72h after treatment with different concentrations of the “best-performing” 
sequence (ASO 3). ASO 1 (non-targeting) and anti-ADAMTS5 siRNA were used as negative and 
positive controls, respectively. Data are presented geometric mean (mid-line) and 95% confidence 
interval (CI). Black: Donor 1; White: Donor 2; Gray: Donor 3. * represents statistically significant 
differences as depicted; # represents statistically significant differences to the TNF-α/OSM group; (*p 
< 0.05, **p < 0.01 and ***p < 0.001)

Gapmer-mediated silencing of TNF-α/OSM-stimulated ADAMTS5 expression by OA 

chondrocytes was then investigated. Similar to siRNA, the gapmer sequence was shown 

to promote a 4-fold decrease in ADAMTS5 at a concentration of 1000 nM. (Figure 2b). 

Silencing was also observed at a concentration of 500 nM. The non-targeting gapmer 

ASO 1 did not alter ADAMTS5 expression. Additionally, none of the concentrations were 

shown to be cytotoxic as measured by LDH release (Figure S1). 

3.2 Release kinetics

Gapmer incorporation efficiency, measured immediately after polymerization 

and washing, was shown to be around 93% for all conditions (Figure 3a, Table S1). All 

formulations displayed similar release profiles, characterized by a burst release of 50% 

of the cargo within the first 24h, followed by a gradual and sustained release until day 14.
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Figure 3. Gapmer release profiles. a) Cumulative release profiles of different hydrogel/gapmer 
formulations. b) Gapmer concentration in the medium. Different concentrations of Cy5-labeled ASO (1 
and 5 µM) were incorporated into different F:HA hydrogel volumes (150 and 300 µl). c) Co-localization 
of fibrin strands with gapmers. Fibrin was detected using an anti-fibrin antibody and an Alexa Fluor® 
488-labeled secondary antibody. Hydrogels were imaged using a confocal microscope. Bottom row 
represents a zoomed in picture of top row (white square). Scale bar: 10 µm.  

At day 14, 25-30% of the gapmer was still incorporated for all the tested formulations. 

The release during the first three days, gave rise to concentrations in the media of 

100, 500, 200 and 1000 nM for the 150 µl/1 µM, 150 µl/5 µM, 300 µl/1 µM and 300 µl/5 

µM hydrogel/gapmer formulations, respectively (Figure 3b). Confocal imaging of the 

hydrogel/gapmer system at day 3 showed co-localization of the gapmer with the fibrin 

fibers, indicating possible interaction between the two molecules (Figure 3c). This may 

explain the prolonged retention of the remaining 25-30% of gapmer inside the hydrogels. 

For subsequent 3D cell construct experiments, the formulations with 150 µl of hydrogel 

were used.
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3.3 Gapmer diffusion and transfection of chondrocytes in 3D structures

To evaluate gapmer diffusion from the hydrogel and subsequent entry into 

neighboring structures, a Cy5-gapmer-loaded hydrogel with chondrocytes was co-

cultured for 3 days together with another hydrogel containing only chondrocytes. At 

day 3, the gapmer had diffused and penetrated into the adjacent hydrogel as shown by 

confocal microscopy (Figure 4a). Co-localization was observed for DAPI and Cy5 signals, 

suggesting partial cellular accumulation of the released gapmer. Line-scan analysis 

further corroborated these findings. Histograms of the intensity profiles for DAPI and Cy5 

confirmed the peak overlap for both signals (Figure 4b). 

Figure 4. Gapmer diffusion and cellular association. a) 3D reconstruction of 350 µm of the 
bottom hydrogel 72h after culture with Cy5-labeled gapmer in the top hydrogel. Blue: DAPI, Red: Cy5. 
b) Line-scan analysis of intensity profiles for DAPI and Cy5. c) Representative flow cytometric analysis 
of OA chondrocytes cultured in the bottom and top hydrogels in the presence of 100 and 1000 nM 
gapmer or siRNA. d) Mean Fluorescence intensity and percentage of Cy5-positive cells. 

For a more quantitative assay, a similar experimental set up was used at two 

different concentrations of Cy5 labeled gapmer (100 and 1000 nM). After 3 days of culture, 

hydrogels were digested and cells were processed for flow cytometry. As a control, 

hydrogels loaded with equal concentration of Cy5 labeled siRNA were taken along. The 

percentage of Cy5-positive cells was above 95% for all the ASO conditions and did not 

change significantly with gapmer concentration (Figures 4c and 4d). A ten-fold increase in 

the mean fluorescence intensity is observed with the 1000 nM concentration compared 

with the 100 nM condition. Hydrogels containing siRNA showed similar patterns of 

fluorescence intensity and Cy5-positive cells. 
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3.4 Subcellular localization

As flow cytometry does not discriminate between association with the cell 

membrane or intracellular location, both hydrogels were digested, followed by plating 

of the cells in monolayer. Confocal imaging of the cells showed that the gapmer was 

located intracellularly and co-localized with lysosomes in cells from both top and bottom 

hydrogels (Figure 5). No intracellular co-localization was found for siRNA, indicating the 

positivity observed in flow cytometric analysis was likely due to membrane association 

rather than internalization. The gapmer did not co-localize with early endosomes as 

shown by using a marker for early endosomes (EEA1) (Figure S2). Gapmer accumulation 

in other vesicular structures other than lysosomes was suggested by punctate staining 

in structures negative for EEA1. Although intra-cellular trafficking may have been affected 

by the presence of PS modifications, co-localization using a PS ASO-Cy5 sequence was 

shown to be the same as the colocalization of the phosphodiester sequence (Figure S3)

3.5 Gapmer-mediated silencing of ADAMTS5 in 3D cell constructs

Silencing of ADAMTS5 in primary human OA chondrocytes upon TNF-α/OSM 

stimulation was assessed in the two-gel system. After day 7, ASO treatment induced a 

2.5- (60%) and 3.3-fold (70%) decrease in ADAMTS5 expression levels in the bottom and 

top hydrogels, respectively (p < 0.001, Figures 6a and 6b). 

At day 14, inhibition of ADAMTS5 was also observed. A 35% reduction in ADAMTS5 

expression was observed in the bottom hydrogel (Figure 6c), whereas a 45% silencing 

was observed for the top hydrogel (p < 0.01, Figure 6d). Additionally, at a gapmer 

concentration of 10 µM, silencing appeared to increase to 50 and 55% in the bottom (p 

< 0.05) and top (p < 0.001) hydrogels, respectively. Both ASO 1 (non-targeting) and siRNA 

showed no knockdown of ADAMTS5 expression at any of the studied timepoints. None 

of the tested sequences affected the levels of ADAMTS4 gene expression (Figure S4). 

However, a trend was noted towards a knockdown of CTNNBIP1 by ASO 3 (Figure 7) at 

day 7, which was lost at day 14. Regardless, gapmer effect on ADAMTS5 expression was 

shown to be direct and not mediated through CTNNBIP1 activity, as was shown by siRNA-

mediated silencing of the latter gene. (Figure S5).
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  Figure 5. Co-localization of ASOs and siRNA. OA chondrocytes were harvested from both 
bottom and top F:HA hydrogels after 3 days of culture and plated in monolayer for 24h. Lysosomal 
staining was performed using an anti-LAMP1 primary antibody and an Alexa Fluor® 488-labeled 
secondary antibody. Cells were counterstained with DAPI and Phalloidin-TRITC. Green: LAMP1 
(Lysosomes); Red: Cy5-gapmer/Cy5-siRNA; Blue: Nuclei; Purple: F-actin. White arrows indicate 
lysosomal co-localization. Scale bar: 20 µm. 
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Figure 6. Long-term gapmer-mediated ADAMTS5 knockdown in 3D cell constructs. Fold 
change in ADAMTS5 gene expression in both top and bottom F:HA hydrogels after 7 (a) and 14 (b) 
days of culture. ASO and siRNA sequences were incorporated in the F:HA hydrogel together with 
human OA chondrocytes and co-cultured with a secondary F:HA hydrogel containing cells only. 
Data presented are geometric mean (mid-line) and 95% confidence interval (CI). Experiment was 
performed in 3 biological replicates. Individual data points are represented in the graphs. Black: 
Donor 1; White: Donor 2; Gray: Donor 3. * represents statistically significant differences to the TNF-α/
OSM group; ° represents statistically significant differences to the non-treated group. (*p < 0.05, **p 
< 0.01 and ***p < 0.001)



Chapter three60

Figure 7. CTNNBIP1 expression. Fold change in CTNNBIP1 expression in both top and bottom 
F:HA hydrogels after 7 (a) and 14 (b) days of culture. ASO and siRNA sequences were incorporated 
in the F:HA hydrogel together with human OA chondrocytes and co-cultured with a secondary 
F:HA hydrogel containing cells only. Data presented are geometric mean (mid-line) and 95% 
confidence interval (CI). Experiment was performed in 3 biological replicates. Individual data points 
are represented in the graph. Black: Donor 1; White: Donor 2; Gray: Donor 3: Donor 3. ° represents 
statistically significant differences to the non-treated cells; (° p < 0.05, °° p < 0.01 and °°° p < 0.001)

4. Discussion

The ADAMTS enzyme family, in particular ADAMTS4 and ADAMTS5, play pivotal 

roles in proteoglycan degradation in OA, and inhibition of these molecules have proved 

to be beneficial for cartilage repair314. Antisense technologies offer unprecedented 

advantages when compared to other small molecule drugs, due to their higher target 

specificity and duration of action associated with arrest or interference with translation. 

Modified ASO gapmers are especially attractive due to their enhanced stability and 

capacity for unassisted internalization that offers gene silencing without the necessity for 

a transfection agent, which may simplify clinical translation. 

In this study, we show proof-of-concept for the feasibility of hydrogel-based delivery 

of cells and gapmers for long-term silencing of OA-related genes. For this purpose, we 
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established a culture model composed of two F:HA hydrogel constructs, one containing 

gapmers and OA chondrocytes mimicking a clinically implanted scaffold, and another one 

containing only OA chondrocytes mimicking resident joint cells. A sustained release for up 

to 14 days was found, with ≈ 25% of the gapmer retained at day 14, most likely associated 

with fibrin binding. Similar release profiles were observed across all the formulations, 

suggesting the system is not yet saturated, and higher gapmer concentrations can further 

be incorporated. Furthermore, efficient ADAMTS5 knockdown in 3D constructs of OA 

chondrocytes was observed at days 7 and 14 for gapmer concentrations of 5 and 10 µM.

The two other ASO sequences, although sharing the same targeting moiety, display 

significant differences in silencing activities. The differences are likely due to varying 

lengths and LNA composition, since one is 17-nucleotide long and has four flanking LNAs 

in comparison with the other 15-nucleotide ASO 3 contained three flanking LNAs. Even 

though counterintuitive, it has previously been shown that shorter ASOs with lower affinity 

can potentially perform better than longer ASOs with higher affinity for the same targeting 

site331-333. This is attributed to diminished accessibility to the target region for the larger 

ASOs, or by an increased probability for the formation of secondary structures 63. Clearly, 

there is a trade-off  reduction of off target effects by increasing gapmer length while 

maintaining its binding affinity to the target region (i.e. by lowering LNA content) might due 

to increased mismatched basepairs with the off-target region63. Additionally, the number 

and type of chemical modifications to the backbone of the ASOs were also shown to play 

a role in silencing efficiencies331,333. Altogether, these parameters are thought to affect the 

internalization capability of the ASOs, intracellular trafficking333, coupling and uncoupling 

to target mRNA before and after RNAse H1 cleavage, as well as RNAse H1 recruitment334. 

Hence, these findings show ASO design and respective modifications are crucial steps 

for an efficient antisense activity56. 

Additional validation of the most active gapmer was performed in TNF-α/OSM-

stimulated OA chondrocytes mimicking thereby the inflammatory joint environment. 

The selected sequence was shown to produce efficient silencing at concentrations 

above 500 nM and to yield ADAMTS5 knockdown levels comparable to lipofectamine/

siRNA control. The gapmer concentrations used in this study were efficient in the low 

micromolar range, as reported in other studies56,57,62,231, in contrast to the 50-times 

lower concentrations required for siRNA. Yet the absence of transfection agents shows 

superiority of the gapmers over siRNAs, which corroborates previous studies on limited 

unassisted internalization of siRNAs335.

From a clinical perspective it is important that sustained local release of the 

therapeutic molecule is achieved11,324. The F:HA hydrogel selected as a model system is 

currently being tested in clinical trials and fibrin and hyaluronic acid are already clinically 

used as cell carrier in surgical procedures336,337, and in intra-articular injections for joint 

lubrication338, respectively. The combination of ASOs with delivery platforms allows for 

sustained and prolonged silencing of their target genes, decreasing matrix degradation 

rate and enhancing repair and regeneration of the damaged tissue by both transplanted 

and endogenous cells.
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Upon incorporation in the F:HA hydrogel, a 14-day long release was observed and, 

at the endpoint, 25% of the gapmer remained within the hydrogel. It is worth noting that 

release experiments were performed in the absence of cells. The presence of cells 

within the hydrogel may have led to faster release profiles, due to higher degradation 

and contraction of the construct. However, upon implantation of the hydrogel within an 

articular focal lesion, diffusion would be limited mainly to the area exposed to synovial 

fluid, therefore, decreasing the surface-to-volume ratio, and theoretically, promoting 

a slower release. Gapmer retention at day 14 is likely due to electrostatic and/or 

hydrophobic interactions with fibrin strands, as previously demonstrated339. Hence, these 

results suggest that by varying fibrin and hyaluronic acid content, release kinetics can be 

further tuned.

The mechanisms by which gapmers are internalized are not fully understood yet, 

however some studies have proposed a two-step mechanism initiated by adsorption 

to the cell membrane, and subsequent internalization through multiple endocytic 

pathways57-59,323. Here, LNA-based ASOs were shown to be able to penetrate into a 

secondary three-dimensional cell construct and transfect “resident” cells upon release 

from the delivery platform. High cellular association rates were observed for both ASO 

and siRNA sequences, yet confocal imaging confirmed that only ASOs were able to 

enter cells as seen by cytoplasmic localization and lysosomal co-localization. Gapmer 

accumulation upon “gymnotic” delivery was also observed in vesicular structures other 

than lysosomes, which may have represented the so-called P-bodies56,58,59, perinuclear 

structures58, or others as reported in previous studies.

To what extent the gapmers in the lysosomes and the unspecified cytoplasmic 

aggregates found were active is not completely clear. Additionally, RNAse H1 is 

known to be present and mediate ASO-induced mRNA cleavage in both in cytoplasm 

and nuclei59,340. Accordingly, the silencing and imaging results from the current study 

corroborate previous findings that nuclear localization is not required for effective ASO-

mediated silencing56,58,59. Additionally, the possibility of diffuse cytoplasmic distribution 

cannot be discarded. 

After 1 week, effective silencing was found in both hydrogel constructs, suggesting 

proof of principle of delivery to adjacent tissues in vivo. Yet, relatively lower silencing was 

found after a longer period of time. Most likely, hydrogel loading and hence silencing 

can be optimized further, as was suggested by the effects of the higher loading. At the 

current release profiles, the highest loading applied would correspond to a maximum 

concentration in the lower range of non-toxic concentrations previously reported56,57,231. In 

addition, TNF-α and OSM levels in synovial fluid of OA patients were shown to be within 

in the pg/ml range, hence at least 100-times lower than used in this study341-343. Therefore, 

the 5-6 fold increase of ADAMTS5 expression observed in this study, which was shown 

to be only 2.4-fold in damaged cartilage area compared to healthy cartilage344, may have 

been more difficult to silence. 

Upon checking for off target effects, ADAMTS4 was not silenced by the gapmer 

sequence used, but CTNNBIP1 expression did appear to be inhibited at day 7, although 
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statistical significance was not reached. CTNNBIP1 is a protein that negatively regulates 

the α-catenin/Wnt pathway by preventing interaction between α-catenin and transcription 

factor 4345. The ADAMTS5 silencing was not mediated by CTNNBIP1, as shown by the 

lack of effect on ADAMTS expression upon siRNA-mediated silencing of CTNNBIP1. To 

what extent the limited effects on CTNNBIP1 found here will affect cartilage metabolism 

is unclear, as little is known about the role of this gene in this tissue. However, the notion 

that overexpression of this gene in mice caused disorders in cartilage development 346, 

may even suggest silencing may be beneficial. 

Although the initially envisaged clinical application of the current system is cartilage 

resurfacing in OA joints, gapmer delivery can be extended towards other orthopedic 

applications. Acute and traumatic injuries to the knee such as meniscus tears, anterior 

cruciate ligament injury or cartilage defects are known to be major risk factors for 

the development of post-traumatic OA41, which is most likely related to the increased 

production of several MMPs, aggrecanases and pro-inflammatory cytokines34,35,347,348. 

Indeed, ADAMTS4 activity was found to be a major predictor of postoperative outcome 

following (M)ACI for focal cartilage defect repair349. The use of the current hydrogel-

gapmer construct may therefore also enhance the treatment outcome of joint traumas 

such as cartilage defects, either as add on to (M)ACI, or as cell free system in microfracture 

for smaller sized defects350,351. Similarly, novel cell-based approaches towards meniscus 

repair could be enhanced using the current approach352. Importantly, the use of gapmers 

allows for further tailoring of treatment by mere selection of the target to be silenced. For 

example, we previously showed the feasibility of an anti-COX2 gapmer-loaded chitosan/

hyaluronic acid hydrogel as a strategy for targeted knockdown of the inflammatory 

enzyme COX2, in OA chondrocytes231. Given the fact that OA is a very heterogeneous 

and multi-factorial disease, one can hypothesize that ASOs can be tailored in a patient-

specific manner to target the most relevant genes.

Although the sequence described here may also affect CTNNBIP1, from a 

technological point of view this does not underplay the general applicability of this 

approach. From a clinical point of view the sequence used may even be more effective 

for this reason, although from a regulatory perspective a sequence targeting ADAMTS5 

only may be preferable. 

In this work, we successfully introduce the strategy of combined delivery of cells 

and LNA-modified ASOs in a hydrogel-based scaffold for long-term knockdown of OA-

related genes. The long-term release and prolonged silencing renders the proposed 

system an attractive strategy for intra-articular delivery of both cells and ASOs. As the 

hydrogel has already been approved for the treatment of OA, it likely is an ideal candidate 

for use in combination with drug delivery. 
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5. Conclusion

In this study, we show proof-of-concept for the combined delivery of cells and ASOs 

in hydrogel-based scaffold as a potential therapeutic strategy for cartilage re-surfacing 

and silencing of OA-related genes. The F:HA hydrogel platform displayed a 14-days 

sustained release of the incorporated ASO, and allowed for ASO uptake by primary 

human OA chondrocytes after diffusion into the hydrogel. Moreover, efficient ADAMTS5 

knockdown was found. Future studies will be focused on ex vivo evaluation of the 

potential of LNA-based ASOs as new therapeutic agents for modulation of OA-related 

genes. 
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Supplementary Information

Table S1. Primer details used for qPCR

Fig. S1. ASOs cytocompatibility. LDH activity and release were measured upon 3 days 
incubation of OA chondrocytes with the gapmer sequences.  Lysis buffer (0.2 % Triton X-100) was 
added as positive control for total cell death. a) Cytotoxicity of the different gapmer sequences at a 
concentration of 1 µM. b) Cytotoxicity of the ASO 3 at different concentrations. Data are normalized to 
the non-treated group. Data are presented as mean ± SD.

Table S2. Incorporation efficiency for gapmer-loaded hydrogels
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Fig. S2. Intra-cellular co-localization of ASOs and siRNA. OA chondrocytes were harvested 
from both bottom and top F:HA hydrogels after 3 days of culture and plated in monolayer for 24h. 
Endosomal staining was performed using an anti-EEA1 primary antibody and an Alexa488-conjugated 
secondary antibody. Cells were counterstained with DAPI and Phalloidin-TRITC. Green: EEA1 
(Lysosomes); Red: Cy5-gapmer/Cy5-siRNA; Blue: Nuclei; Purple: F-actin. Scale bar: 20 µm.
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Fig. S2. Intra-cellular co-localization of ASOs and siRNA. OA chondrocytes were harvested 
from both bottom and top F:HA hydrogels after 3 days of culture and plated in monolayer for 24h. 
Endosomal staining was performed using an anti-EEA1 primary antibody and an Alexa488-conjugated 
secondary antibody. Cells were counterstained with DAPI and Phalloidin-TRITC. Green: EEA1 
(Lysosomes); Red: Cy5-gapmer/Cy5-siRNA; Blue: Nuclei; Purple: F-actin. Scale bar: 20 µm.
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Fig. S4. ADAMTS4 expression. Fold change in ADAMTS4 expression in both top and bottom 
F:HA hydrogels after 7 (a and b) and 14 (c and d) days of culture. ASO and siRNA sequences were 
incorporated in the F:HA hydrogel together with Data presented are geometric mean (mid-line) and 
95% confidence interval (CI). Experiment was performed in 3 biological replicates. Individual data 
points are represented in the graph. Black: Donor 1; White: Donor 2; Gray: Donor 3. * represents 
statistically significant differences to the TNF-α/OSM group; ° represents statistically significant 
differences to the Non-treated group. (*p < 0.05, **p < 0.01 and ***p < 0.001)

Fig. S5. CTNNBIP1 and ADAMTS5 expression. Fold change in CTNNBIP1 and ADAMTS5 
expression in primary human OA chondrocytes upon 72h after treatment with anti-CTNNBIP1 and 
anti-ADAMTS5 siRNAs (20 nM). (*p < 0.05, **p < 0.01 and ***p < 0.001)
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Abstract

The ADAMTS enzyme family, in particular ADAMTS4 and ADAMTS5, are considered 

to be key players in cartilage degeneration, and their inhibition has shown beneficial 

effects. In this context, modified antisense oligonucleotides (ASO), or gapmers, are a 

promising tool for silencing of OA-related genes. Gapmers are composed by a central 

block of DNA flanked by locked nucleic acid nucleotides, which confers them improved 

stability and capacity for cellular internalization. 

In this study, human cartilage explants were cultured in the presence of a previously 

validated gapmer sequence against ADAMTS5. The ASO was shown to efficiently diffuse 

into full-thickness human cartilage explants and to co-localize with resident chondrocytes. 

Importantly, efficient ASO-mediated ADAMTS5 silencing was shown after 15 days of 

culture in human cartilage explants cultured in the presence of pro-inflammatory stimuli 

(TNF-α and OSM). An ADAMTS5-targeting siRNA sequence without transfection reagent 

was used as control, and despite showing efficient diffusion into the explants did not 

produce gene knockdown. 

Altogether, these findings on the applicability of ASO against ADAMTS5 highlight 

the potential of antisense therapies using gapmers as therapeutic strategy for the 

knockdown of OA-related genes. 
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1. Introduction 

Osteoarthritis (OA) is one of the most prevalent musculoskeletal disorders worldwide, 

and involves structural changes and chronic low inflammation levels that ultimately cause 

pain and functional disability1,2,31. OA is marked by a disruption of cartilage homeostasis 

and increased extracellular matrix (ECM) degradation. A major cause is an increased 

production of catabolic enzymes leading to progressive and irreversible loss of collagen 

type II and proteoglycans1,13. Phenotypic change, from quiescence to hypertrophy, and 

subsequent death of chondrocytes is an additional hallmark of OA that further contributes 

to and perpetuates cartilage degradation353,354. 

To date, OA treatment follows a “care but no cure” approach as no effective 

disease modifying drugs are available5. Hence, treatment is limited to pharmacological 

and physiotherapy approaches for pain management, and prosthetic replacement of 

the affected joints in end-stage OA. Hence, there is an unmet need for new therapeutic 

alternatives that not only aim at symptom relief, but also at stopping and, ideally, reverting 

the degenerative process6,355. In this regard, the targeting of OA-related effectors have 

been focus of attention5,356,357. The ADAMTS enzyme family, in particular ADAMTS4 

and ADAMTS5, have been previously demonstrated to be key players in cartilage 

degradation together with matrix metalloproteinases (MMPs)314,315. Inhibition of each or 

both proteases prevented matrix degradation both in human cartilage explants315,317 and 

in animal models of OA319-321. 

In the last years, significant efforts have been put into development of disease-

modifying OA drugs targeting key enzymes in OA172,173,189,191,317, however, to date no 

effective inhibitors are clinically available6. Clinical trials using small molecule inhibitors 

have reported disappointing outcomes, namely the lack of efficacy and increased 

occurrence of side effects, likely owing to the broad spectrum of action of the molecules 

and prolonged systemic exposure6,173,189. The lack of efficacy of disease-modifying drugs 

for OA may also relate to limited drug diffusion and penetration in cartilage matrix269,324, 

which inherent to the avascularity of the cartilaginous matrix which is primarily nourished 

though solute transport by diffusion from the synovial fluid324,358,359. Additionally, the high 

density and negative charge of cartilage matrix makes it almost impenetrable to large 

and negatively charged molecules266,269.

RNA-based therapeutics are a particularly attractive strategy for gene silencing 

and enzyme inhibition due to their target specificity as compared to other drugs with 

more general effects such as small molecule inhibitors. By acting at the RNA level, such 

strategies often produce faster and longer lasting effects, as compared to small molecule 

drugs53. Even though small interfering RNAs (siRNAs) are powerful silencing agents, they 

require delivery vehicles that promote cellular internalization, which generally are toxic for 

cells and tissues and constitute an additional obstacle for clinical translation55. Contrary 

to siRNAs, gapmers have an intrinsic capacity for cellular internalization without aid of 

delivery platforms54,56,58. Gapmers are antisense oligonucleotides (ASOs) composed by a 

central block of DNA with phosphonothioate backbone flanked by locked nucleic acids 
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(LNAs) that confer improved stability and resistance to endonuclease degradation62,63. 

Gapmers promote sequence-specific cleavage of messenger RNA (mRNA) through 

formation of DNA-RNA duplexes and subsequent activation of RNAse H1-mediated 

cleavage54. Altogether, these characteristics suggest that gapmers might be a suitable 

strategy for the targeting and knockdown of OA-related genes. We have recently 

described the use of LNA-modified ASOs for targeting OA-related factors231,232. In these 

studies, cyclooxygenase-2 (COX-2) and ADAMTS-5 were efficiently silenced in OA 

chondrocytes over a 14-days period, in two distinct controlled release systems. Given the 

successful gapmer-mediated knockdown of OA-associated genes in monolayer and 3D 

culture, in the present study we tested whether LNA-modified ASOs would be efficient in 

diffusing into cartilage tissue, transfecting chondrocytes in situ, and producing an efficient 

gene knockdown. 

2. Methods

2.1 Materials

All ASOs were synthesized as all-phosphorothioate linked sequences except for 

the Cy5-labeled gapmer, which was synthesized as an all-phosphorodiester sequence 

(Table 1). siRNA against each target gene was used as a control. A previously described 

siRNA sequence targeting ADAMTS5 was purchased from Eurogentec (Table 1)315. 

Table 1. ASOs and siRNA sequences

“l” denotes for locked nucleotide bases. “*” denotes for phosphorothioated DNA bases. “d” 
denotes for DNA nucleotides.

2.2 Cell and explant isolation

Human articular chondrocytes were isolated from articular cartilage from patients 

with OA undergoing total knee arthroplasty. The anonymous use of redundant tissue 

for research purposes is part of the standard treatment agreement with patients in the 

University Medical Center Utrecht and was carried out under protocol nº 15-092 of the 

UMCU’s Review Board of the BioBank. Chondrocytes were isolated by mincing and 
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subsequently digesting the cartilage overnight at 37°C in Dulbecco’s Modified Eagle’s 

Medium Glutamax (DMEM, Thermo Fischer Scientific) supplemented with 0.15% (w/v) 

type II collagenase (Worthington Biochemical Corporation), 10% (v/v) Fetal Bovine Serum 

(FBS, Biowest) and 100 U/mL penicillin and streptomycin (Gibco). Undigested debris were 

removed using a 70 µm cell strainer followed by a PBS wash. Cells were subsequently 

plated and grown in a humidified incubator at 37°C with expansion medium consisting of 

DMEM supplemented with 10% FBS, 0.2 nM ascorbic-2-phosphate (Sigma-Aldrich), 100 

U/mL penicillin and streptomycin and 10 ng/mL basic fibroblast growth factor (bFGF, R&D 

Systems). Medium was renewed every 3 days. Cells were expanded until passage one 

and either frozen or further expanded and used for experiments at passage 2. Full depth 

human cartilage explants were isolated from articular cartilage using 4 mm diameter 

biopsy punches and cultured in DMEM as described above. 

2.3 ASO diffusion 

Cartilage explants were cultured in DMEM medium containing 100 U/mL of penicillin 

and streptomycin, 0.2 nM ascorbic-2-phosphate, 50 ng/mL L-proline in a humidified 

incubator at 37°C, 5% CO
2
. Cy5-labeled ASO and siRNA were added to the explants 

at a concentration of 1 µM. Media was collected at 3, 6 and 24 hours and fluorescence 

was measured in a Fluoroskan Ascent FL fluorometer (Thermo Fischer Scientific) with 

an emission/excitation pair of 620/670 nm. Diffusion into the cartilage explants was 

calculated by subtracting the fluorescence in the media to the fluorescence of the initial 

amount of Cy5-gapmer (1 µM). After 24 of culture the explants were washed in PBS and 

subsequently snap frozen using liquid nitrogen. Using a cryotome, the explants were 

sectioned in 10 µm thick slices and subsequently imaged using a Leica SP8X (Leica) 

confocal microscope. Image processing and analysis was performed using Fiji (National 

Institutes of Health, Bethesda, USA) software version 1.50328.

2.4 Ex vivo ADAMTS5 silencing

Cartilage explants were cultured in the presence or absence of tumor necrosis factor 

alpha (TNF-α) (10 ng/mL) and oncostatin M (OSM) (1 ng/mL) to provide pro-inflammatory 

stimuli, and thereby mimicking a catabolic environment and enhancing ADAMTS5 

expression. ADAMTS5 targeting ASO was added to the explants at a concentration of 

5 µM. Anti-ADAMTS5 siRNA and non-targeting ASO at the same concentration were 

used as positive and negative control, respectively. Explants were cultured for 15 days, 

and media were collected and renewed biweekly. After 15 days of culture explants were 

processed for RNA isolation or papain digestion prior to biochemical analysis. 

2.5 RNA isolation and real time PCR (qPCR) 

Before RNA isolation, cartilage explants (n = 3) were frozen in liquid nitrogen 

and pulverized with a hammer. TRIzol Reagent (Invitrogen) was added to the cartilage 

and subsequently homogenized with a tissue homogenizer. Total RNA was isolated 

according to the manufacturer’s instructions. RNA was dissolved in DNAse/RNAse-Free 



Chapter four76

water (Qiagen). Total RNA (300 ng) was converted to cDNA by the High Capacity cDNA 

Reverse Transcription Kit (Thermo Fischer Scientific) using an iCycler Thermal Cycler 

(Bio-Rad) according with the manufacturer’s instructions. Real-time PCR reactions were 

performed using the iTAQ SYBR Green Reaction Mix Kit Mastermix (Bio-Rad) reaction kit 

according to the manufacturer’s instructions in a Light Cycler 96 (Roche). Reactions were 

prepared in 20 µl total volume with 7 µl PCR-H
2
O, 0.5 µl forward primer (0.5 µM), 0.5 µl 

reverse primer (0.5 µM) and 10 µl iTAQ SYBR Green Reaction Mix (BioRad) to which 2 

µl of five times diluted cDNA was added as template. Expression of ADAMTS5 and the 

housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal 

protein L19 (RPL19) and succinate dehydrogenase complex subunit A (SDHA) were 

analyzed by a three-step amplification qPCR. Data analysis and Cq values were obtained 

with a LightCycler 96 Application sofware (Roche). The amplified PCR fragment extended 

over at least one exon border. In order to generate relative gene expression, the Pfaffl 

method was used to account for differences in primer efficiencies330. Details of primers 

used in real-time PCR are listed in Table 2.

Table 2. Primer details

2.6 Papain digestion and glycosaminoglycan (GAG) quantification

Explants (n = 3) were lyophilized overnight and dry weight was measured. 

Subsequently, explants were digested with a papain solution overnight at 60 0C, and 

total GAG content was measured using the 1,9-dimethylmethylene blue (DMMB) assay360. 

GAGs release to the media were also quantified using DMMB assay. 

2.7 Statistical analysis 

All data were analyzed using IBM® SPSS® Statistics version 21. Silencing efficiency 

was analysed by univariate analysis of variance using a randomized block design, using 

treatment and donors as fixed factors. Assumption of normally distributed residuals was 

met. A post-hoc test with Bonferroni correction was applied for multiple comparisons 

between treatments (p value < 0.05). All experiments were performed in at least two 

different donors (n=2). 
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3. Results

3.1 ASOs and siRNA efficiently diffuse into full thickness cartilage explants

Cartilage explants were incubated with Cy5-labeled ASO and siRNA for 24 hours, 

and uptake was calculated by measuring residual fluorescence in medium using a 

standard curve of labelled ASO or siRNA. The ASO was shown to efficiently diffuse into 

the explant reaching around 90% penetration at 24 hours, while siRNA had an uptake 

limited to 60%, although the uptake at 3 hours was already 60% (Figure 1a). Confocal 

imaging of cartilage explants revealed that both ASO and siRNA colocalized with 

chondrocytes in the superficial and deep layers of cartilage (Figure 1b).  

Figure 1. ASO and siRNA diffusion in human cartilage explants. a) Diffusion kinetics of Cy5-
labeled ASO and siRNA in cartilage explants over 24 hours. b) Confocal imaging of full thickness 
cartilage explants cultured for 24 hours in the presence of 1 µM Cy5-labeled ASO and siRNA. Red: 
Cy5. White arrows: Positive cells in superficial layer; Black arrows: Positive cells in deep layer. Scale 
bar: 500 µm. Images on the right represent a zoomed in image of the images on the left (black 
dashed line). Scale bar: 100 µm. 

Subsequently, a previously validated anti-ADAMTS5 ASO232 was investigated for its 
ability to silence ADAMTS5 in cartilage explants stimulated with TNF-α/OSM. TNF-α/OSM 
was shown to increase ADAMTS5 expression when compared to non-treated control 
explants (Figure 2). The ADAMTS5-targeting ASO was shown to significantly silence 
ADAMTS5, with a mean knockdown of ~70 %. Both siRNA and the non-targeting ASO 
had no significant negating effect on ADAMTS5 expression.

 Total GAG content and GAG released from the explants were measured at the end 
of culture period and over time, respectively. No statistically significant differences were 
found between conditions in total GAG content (Figure 3a). GAG release was increased 
at days 3, 8 and 12 in all conditions where explains were exposed to TNF-α/OSM 
(independent of the presence of siRNA/ASOs) compared to the non-treated explants. 
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Figure 2. Efficient ADAMTS5 silencing after 15 days culture. Fold change in ADAMTS5 gene 
expression in human cartilage explants after 15 days of culture. Cartilage explants were cultured with 
and without TNF-α/OSM stimulation. The effect of 5 µM ADAMTS5-targeting ASO was determined 
in explants cultured with TNF-α/OSM. An ADAMTS5 targeting siRNA and a non-targeting ASO were 
used as controls (5 µM). Data presented are geometric mean (mid-line) and 95% confidence interval 
(CI). Experiment was performed in 2 biological replicates. Individual data points are represented in 
the graphs. White: Donor 1; Black: Donor 2; *p < 0.05, **p < 0.01 and ***p < 0.001 represent statistically 
significant differences to the non-treated group; # represents statistically significant differences to 
the TNF-α/OSM group. 

Figure 3. Explant GAG content and release after incubation with ADAMTS5 ASO and siRNA. 
a) GAG content per mg of tissue (dry weight) measured by DMMB after a 15-day culture period. Data 
presented are geometric mean (mid-line) and 95% CI. Experiment was performed in 2 biological 
replicates. Individual data points are represented in the graphs. Light Blue: Donor 1; Dark Blue: Donor 
2; b) Explant GAG release measured over 15 days. Data are presented as geometric mean (mid-
line) and 95% CI. * represents statistically significant differences between non-treated explants and 
explants in all other remaining conditions (***p < 0.001).
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4. Discussion

Cartilage degradation during OA is orchestrated by different matrix degrading 

enzymes such as MMPs and ADAMTS314,361, and the inhibition of these catabolic molecules 

has since early been proposed as a therapeutic approach for OA. Modified antisense 

therapeutics are promising strategies for inhibition of such enzymes54. Chemical 

modifications confer on these molecules a higher binding affinity and stability, which 

further reinforce their target specificity and efficiency62,63. Importantly, modified ASOs have 

an intrinsic capacity for cellular internalization, and subsequent endosomal escape58, 

outperforming other types of gene modulators. In this study we report the use of ASOs 

for the knockdown of ADAMTS5 in human osteoarthritic cartilage. A previously validated 

gapmer against ADAMTS5232 showed efficient diffusion and penetration in full depth 

human cartilage explants, and co-localization with resident chondrocytes. Additionally, 

the ASO sequence promoted efficient ADAMTS5 silencing at the gene expression in 

cartilage explants after 15 days of culture, which was not achieved with siRNA. 

A vast majority of the preclinical studies involving development and testing of novel 

drugs for OA are conducted in small animal models, where cartilage tissue is 15 to 20 

times thinner than humans269,362. For instance, insulin growth factor-1 was shown to fully 

penetrate rat cartilage after 2 days, while it took 6 days to penetrate 20 µm of bovine 

cartilage358. This addresses the necessity of performing drug diffusion tests in thicker 

cartilage samples when developing drugs for OA therapy. In this study, both gapmer 

and siRNA sequences were shown to diffuse into full thickness (~2 mm) human cartilage 

explants over a period of 24 hours and to co-localize with resident chondrocytes. 

Importantly, only the gapmer sequence was shown to produce significant ADAMTS5 

silencing, highlighting the efficiency of this molecule over the gold-standard siRNA. In 

fact, the majority of the studies on siRNA-based approaches for cartilage repair generally 

use nanocarriers as a mean to increase transfection efficiency363-365. In these studies, 

siRNA was encapsulated in positively-charged carriers with a diameter size between 

50 and 60 nm. However, while nanocarriers can potentially enhance the therapeutic 

efficacy of siRNAs, they often have cytotoxic effects55,322, which can bring additional 

hurdles towards clinical translation corroborating thereby the advantages of employing 

ASOs that can penetrate the dense cartilage matrix and effectively silence their targets 

without the use of carriers.

Despite the silencing achieved, the ASO targeting ADAMTS5 did not prevent 

GAG release. The GAGs released upon treatment with TNFα/OSM in the media, which 

cumulatively ranged from 50-70% of the total GAG content of the explants, represent 

GAGs being produced by chondrocytes and GAGs being released from the matrix 

due to catabolic processes366. As such, while the former needs to be addressed by 

complementary techniques, TNF-α/OSM stimulation leads to upregulation of other matrix-

degrading enzymes, such as ADAMTS4315 and MMP-3367. Indeed, ADAMTS4 has been 

suggested to be the main enzyme responsible for proteoglycan degradation in human 

OA368. Therefore, a relevant chondroprotective effect of the ASO sequence targeting 
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ADAMTS5 might be masked by the activity of other enzymes. Functional assays to directly 

assess ADAMTS5 activity are necessary to confirm functional ASO-mediated silencing. 

These include enzymatic assays to measure ADAMTS5 activity or to quantify ADAMTS5-

generated degradation products. Furthermore, histological and immunohistochemical 

evaluation of the explants treated with the ASO will provide additional information on 

individual components of the cartilage matrix, namely aggrecan.  

To the best of our knowledge, so far only two other studies have reported ex vivo 

and/or preclinical testing of LNA-modified ASOs as therapeutic strategy for OA. Recently, 

chondroprotective effects of an LNA-based ASO targeting miR-RNA-181a were reported227. 

MiRNA-181a has been described as a key mediator of cartilage degeneration in facet joint 

(FJ) OA220. The reported ASO attenuated cartilage damage in two animal models of OA 

(FJ and knee) after 2 intra-articular injections, corroborating the ability of these molecules 

to diffuse into cartilage and produce efficient silencing. Importantly, in this study, the 

inhibition of cartilage damage was associated with a decreased expression of catabolic 

markers. One can hypothesize that human OA patients would benefit from administration 

of such bioactives in drug delivery platforms to minimize number of injections and to 

provide high local concentrations for longer time periods. The incorporation of an ASO 

against the anti-chondrogenic miR-221 in a hydrogel scaffold for regeneration of cartilage 

focal defects yielded efficient in situ gene silencing and endogenous cartilage repair in 

subcutaneously implanted osteochondral defects 4 weeks after surgery233. However, the 

authors did not report the use of free ASO as a control. Altogether these studies highlight 

the potential of LNA-modified ASOs as disease-modifying drugs for OA.

In conclusion, we demonstrated the applicability of highly specific and efficient 

modified ASOs for gene silencing in OA targeting ADAMTS5 as a proof-of-concept. ASOs 

can “virtually” be designed to target any mRNA or miRNA, making them unique platforms 

for drug development. Further studies will focus on the development of gapmers 

targeting other key players in OA, such as ADAMTS4. Likely, potential antisense-based 

OA therapies will benefit from the simultaneous targeting of multiple genes. 
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Abstract

Pro-inflammatory cytokines play a major role in osteoarthritis (OA), yet so far, the 

specific cytokines involved in the pathology of OA have not been identified. Oncostatin 

M (OSM) has been shown to be elevated in synovial fluid of most rheumatoid arthritis 

patients, but only in a limited subset of OA patients. Furthermore, little is known about 

OSM expression in joint tissues during OA and how its expression correlates with 

hallmarks of disease. 

In this study, we mapped OSM expression in the joint tissues of two rat models 

of arthritis: an acute inflammatory model and an instability-induced osteoarthritic model. 

Reanalysis of an existing dataset on cytokine profiling of OA synovial fluid was performed 

to assess pattern differences between patients positive and negative for OSM. In the 

inflammatory model, OSM expression correlated with synovitis and osteophyte formation 

but not with cartilage damage. In the instability model of OA, an increase in synovitis, 

cartilage damage, and osteophyte formation was observed without changes in OSM 

expression. Additionally, OA synovial fluid with detectable OSM contained higher levels 

of other inflammatory cytokines, namely IFN-α, IL-1α and TNF-α, likely indicating a more 

inflammatory state. 

Taken together these data indicate OSM might play a prominent role in inflammatory 

phenotypes of OA, and can potentially be used as biomarker or target for drug 

development in osteoarthritis. 
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1. Introduction

Osteoarthritis (OA) is the most prevalent musculoskeletal disorder and a leading 

cause of disability and morbidity worldwide1,3. It is a chronic and degenerative joint 

disease not only characterized by progressive cartilage degradation, but also by 

changes in subchondral bone, ligaments, synovial lining, and joint muscles1. Even though 

OA is known to be a complex disease with multiple etiologies, it is widely accepted that 

mechanical factors, together with both biochemical cues are the main key players in the 

disease pathogenesis 1,31. Chondrocytes and synovial cells are thought to jointly act as 

catalyst for the degeneration process by producing matrix-degrading enzymes, such as 

metalloproteinases (MMPs) and aggrecanases (or a disintegrin and metalloproteinase 

with thrombospondin motifs – ADAMTSs)1. Contrary to rheumatoid arthritis (RA), OA is 

not clinically described as an inflammatory disease, although synovial inflammation, 

joint swelling and pain are common findings in OA patients10,31. Tumor necrosis factor 

alpha (TNF-α) and interleukin 1 (IL-1) are two of the most studied mediators in OA. In 

vitro, they have been shown to increase production of matrix-degrading enzymes and 

other inflammatory mediators such as MMPs 1, 3, and 13, ADAMTSs 4 and 5, and IL-6 

in chondrocytes31. However, growing evidence suggests that IL-1 and TNF-α do not 

play a major role in OA. Several clinical trials targeting these cytokines have shown no 

effect165,167,369, contrasting the clear alleviation of symptoms in RA upon their inhibition. 

These observations may be in part explained by the fact that in the OA joint the levels 

of these mediators are lower than those of their natural inhibitors, such as IL-1 receptor 

antagonist and soluble TNF-α receptors370,371.

Another cytokine that was shown to be associated with OA is oncostatin M (OSM). 

OSM, a cytokine from the IL-6 family, is known to be an important mediator of inflammation 

in RA, and has been found to be elevated in synovial fluid of RA patients372,373. In RA, 

OSM is thought to promote cartilage degradation and bone erosion, and augment 

inflammation374,375. Moreover, OSM has been shown to promote cartilage degradation 

both in vitro and in vivo, especially in combination with other cytokines such as IL-1α and 

TNF-α374,376-379.

In OA, OSM levels were found to be detectable in synovial fluid in up to 30% of the 

patients341,372,380,381. In vitro inhibition of OSM in OA synovial fluid promoted anabolic and 

repair processes in osteoarthritic cartilage380. OSM, as well as other cytokines from the 

IL-6 cytokine family, have been extensively described to also have important roles in bone 

development and formation382. In fact, OSM was shown to mediate bone homeostasis, 

with studies showing increased periosteal bone apposition, and others reporting bone 

resorption upon intra-articular OSM overexpression375,378,379,383,384. Accordingly, OSM has 

been found in osteoblasts and bone lining cells384. Additionally, OSM has been shown to 

be produced by macrophages 373 and neutrophils 385 both in vitro and in vivo,  in in vitro-

activated T lymphocytes386, and mast cells387. These cells are present in both the synovial 

lining and synovial fluid during inflammation in both OA and RA43. However, to what extent 

other cells and tissues in the joint produce OSM, and how this expression correlates with 
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hallmarks of arthritis, such as cartilage damage, inflammation and osteophyte formation 

is still unclear.

The goal of this study was to map OSM expression in the joint in two different 

rat models: the peptidoglycan-polysaccharide-induced arthritis model (PGPS) and the 

anterior cruciate ligament transection and partial meniscectomy of the medial meniscus 

model (ACLT). While the first is an acute inflammation model, predominantly characterized 

by localized synovitis388, the latter is characterized by joint destabilization and subsequent 

development of OA389. We also evaluated whether OSM expression is associated with 

hallmarks of disease, such as cartilage damage, synovial inflammation and osteophyte 

formation in these models. Additionally, we analyzed the expression pattern of synovial 

cytokines in relation to expression of OSM in an existing dataset on cytokine expression 

in synovial fluid samples from OA patients.

2. Methods

2.1 Synovial fluid collection and cytokine measurements

Data of previously published cytokine profiles in synovial fluid of OA patients were 

re-analyzed 381. In brief, synovial fluid was collected from 27 OA patients (mean age = 70)  

undergoing total knee arthroplasty and according to the Medical Ethical regulations of 

the University Medical Centre Utrecht and the ‘good use of redundant tissue for clinical 

research’ guideline constructed by the Dutch Federation of Medical Research Societies 

on collection of redundant tissue for research. Cytokine measurements of OSM, IL-1α, IL-1 

α, IL-4, IL-6, IL-7, IL-8, IL-10, IL-13, TNF-α, IFN-α, and IL-1Ra were measured using a multiplex 

bead assay (Luminex, Luminex Corporation, Austin TX, USA) as described previously 381. 

2.2 Animal Models

All animal experiments were carried out according to the ARRIVE guidelines and the 

approved protocols (AVD108002015282, WP#800-15-282-01-003 and WP#104970-2) of 

the Utrecht University Ethical Committee for Animal Care and Use, following the central 

commission of animal experiments guidelines for animal research in the Netherlands. 

8-week-old female Sprague Dawley rats of approximately 230 grams (Charles River 

Laboratories, The Netherlands) were used for this study. Rats were allowed to acclimatize 

for 1 week and housed in groups of 3 to 4 rats per cage which included enrichment under 

a 12h light/dark cycle. Ad libitum food and water was provided. 

In the PGPS model, 6 rats were randomly taken from their cages and local synovitis 

was induced by priming their left joint (experimental joint) by an intra-articular injection 

of 25 µL PGPS (100 P fraction with 5 mg rhamnose/mL PGPS, Lee Laboratories) at a 

concentration of 0.17 mg/mL, under general isoflurane anesthesia (day -14)249. At days 

0, 14, and 28 synovitis was reactivated in the experimental knee joints by intravenous 

injection of 500 µL of PGPS (0.28 mg/mL PGPS) via the tail vein. Animals were euthanized 

after 6 weeks with CO
2
. For the ACLT model, OA was induced unilaterally through anterior 
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cruciate ligament transection and partial medial meniscectomy in the left knee of six rats 

that were randomly taken from their cages, under general isoflurane anesthesia390. After 

16 weeks, rats were euthanized with CO
2
.

2.3 Histology

After euthanasia, all rat hind limbs were collected for histological analysis and 

joints were fixed in 4% formaldehyde solution (Klinipath BV, Netherlands) at room 

temperature for 1 week and subsequently decalcified at room temperature in 0.5 M 

ethylenediaminetetraacetic acid (EDTA; VWR international BV) solution for a total of 8 

weeks. Re-fixation was performed for 3 days in 4% formaldehyde every 2 weeks. Then, 

samples were embedded in paraffin and cut into 5-µm thick coronal knee joint sections. 

Sections were taken from the middle part of the joint. Samples from the ACLT model 

were not sufficiently decalcified and had to be deparaffinized, decalcified in EDTA for an 

additional 4 weeks and re-embedded in paraffin.

Sections were stained with safranin-O/fast green to evaluate cartilage damage using 

the Mankin score (0 complete healthy – 14 total cartilage destruction) 391. Hematoxylin/

eosin staining was used to evaluate synovitis using the Krenn score 392. Scoring was 

done in a random order by two independent observers (JPG, IRJ) blinded for treatment, 

and scores were averaged.

Staining for tartrate-resistant acid phosphatase (TRAP) activity was performed 

to detect osteoclasts. Sections were deparaffinized in xylene, rehydrated, washed in 

running tap water for 5 min, and incubated with 0.2 M acetate buffer-tartaric acid for 

20 min at 37 °C. Subsequently, Naphtol AS-MX phosphate (0.5 mg/mL, Sigma-Aldrich) and 

Fast red TR salt (1.1 mg/mL, Sigma-Aldrich) were added to the samples and incubated for 

another 3 hours. Sections were counterstained with Mayer’s hematoxylin. Osteoclasts 

were defined as multinucleated TRAP-positive cells in the periosteum, growth plate 

and subchondral bone of both tibia and femur. The number and brightness of stained 

osteoclasts were assessed and scored on a scale from 0 to 4 (0 = no staining, and 4 

= numerous positive cells and bright staining). Scoring was done in a random order by 

two independent observers (JPG, AK) blinded for treatment, and scores were averaged.

2.4 OSM immunohistochemistry 

Sections were deparaffinized in xylene, rehydrated, and subsequently blocked for 

nonspecific endogenous peroxidase by incubating with 0.3% H
2
O

2
 for 10 min. Due to the 

re-embedding step in the ACLT joints,  antigen retrieval was performed for these samples 

by incubating them with 1 mg/mL pepsin (Sigma-Aldrich) for 2 hours at 37ºC followed by 

incubation with 10 mg/mL hyaluronidase (Sigma-Aldrich) for 30 min at 37ºC. Between 

each step, slides were washed three times with PBS containing 0.1% Tween-20 (PBS-T) 

for 5 min. We confirmed that antigen retrieval did not affect OSM staining in the PGPS 

model, nor was relative staining intensity between the tissues changed, suggesting 

staining patterns were not dependent on tissue processing or antigen retrieval in the 

two models (Table S1 and Figure S1). Then, sections were blocked in PBS containing 5% 
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BSA for 30 min followed by overnight incubation at 4 αC with the primary antibody (2 µg/

mL mouse monoclonal OSM (B-6), sc-133229, Santa Cruz). Mouse IgG isotype at 2 µg/

mL was used as negative control (Figure S2). The next day, sections were washed three 

times with PBS-T for 5 min, followed by incubation with the secondary antibody for 1 hr at 

room temperature (BrightVision poly-HRP-anti mouse, Dako). After washing with PBS-T, 

sections were incubated with DAB substrate for 5-10 min, briefly counterstained with 

Weigert’s Hematoxylin and rinsed with running tap water for 10 min. Finally, sections were 

dehydrated with a series ethanol and xylene and permanently mounted with Depex 

mounting medium (Sigma-Aldrich).

For quantification purposes, the stained joint sections were ranked from 0 to 3 

(0 = no staining; 3 = maximum staining) based on OSM staining intensity in the articular 

cartilage, periosteum, menisci, femorotibial synovium, and collateral ligaments. Cartilage, 

periosteum and menisci were further divided in individual compartments (Table S2). 

Scoring was done in a random order by two independent observers blinded for treatment 

(JPG, LU), and scores were averaged.

2.5 Micro-CT analysis

Directly after euthanasia, animals were imaged using a Quantum FX µ-CT scanner 

(PerkinElmer, Waltham, MA) with the following parameters: time = 3 min, isotropic voxel 

size = 30 µm3, tube voltage of 90 kV, tube current = 180 µA. Scans were reconstructed 

using the scanner’s software (PerkinElmer, Waltham, MA, USA). ImageJ software was 

used for image analysis (ImageJ, 1.47v, NIH, Bethesda, USA). Serial 2D scans of the femur, 

tibia, and patella were evaluated for subchondral sclerosis and osteophyte volume. 

2.6 Statistics

IBM SPSS 25.0 (IBM, New York, NY) was used for statistical analysis. The intra-

class correlation coefficient (ICC) was used to calculate inter-rater variability for the 

OSM scoring system. A two-way mixed-effect model based on a mean-rating (k=2) and 

absolute agreement was used, as previously described 393. ICC estimates and the 95% 

confidence intervals (CI) were reported. 

Non-parametric Kruskal-Wallis tests were conducted to evaluate statistically 

significant differences between treatment groups (control vs. induced) and between 

compartments (i.e. femur vs. tibia, and lateral vs. medial). The correlation between 

cartilage damage, synovitis and OSM staining was evaluated with a non-parametric 

Spearman rho correlation test. P-values of <0.05 were considered statistically significant.

Fischer exact test was performed to examine the relation between frequency of 

osteophyte formation and induction of OA. Osteophyte presence was classified as Yes/

No for each of the 4 analyzed compartments (lateral and medial femur condyles, and 

lateral and medial tibial plateaus) for a total of 24 compartments (4 compartments x 6 

joints). Chi-square statistics are reported with degrees of freedom and sample size, the 

Pearson chi-square value and the significance level. 

On the dataset of cytokine levels in synovial fluid of OA patients, spearman’s 
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rank correlation was used to analyze the relationship between OSM expression and 

expression of the remaining cytokines in the human synovial fluid. To analyze differences 

in cytokine expression between patients with detectable and non-detectable levels of 

OSM (OSM+ and OSM-), and due to the small number of patients, a generalized linear 

model was used. The generalized linear model was performed with an unstructured (i.e. 

GEE type) residual covariance matrix to analyze multiple normally distributed outcomes. 

Since the distribution of cytokine concentration values were highly skewed, we used 

log transformed outcomes for the statistical analysis. We specifically choose this model 

to obtain a single likelihood ratio test for the hypothesis that the pattern of cytokine 

expressions differs between patient groups (OSM- vs OSM+). Additionally, the model 

estimated differences between patient groups for each cytokine separately. For ease of 

interpretation, these differences (with 95% CI) were transformed back to the original scale 

by taking the exponential and applying a smearing factor394. The p-values of the Wald 

tests for individual cytokine expressions were used to rank the differences between 

groups.

3. Results

3.1 Mapping and quantification of OSM expression in joint tissues

To map the presence of OSM in different phenotypes of joint diseases, OSM 

expression was evaluated by immunohistochemistry in two mouse models: inflammatory 

arthritis (PGPS model) and degenerative OA (ACLT) model. Specificity of the staining was 

confirmed by the absence of staining in the negative control, performed with IgG isotype 

(Figure S2). In the PGPS model, extracellular OSM staining was observed in articular 

cartilage, meniscus, periosteum, and synovium (Figure 1). Additionally, intracellular staining 

was observed in articular chondrocytes and meniscal fibrochondrocytes (Figure 2). In 

both tissue structures, OSM-positive cells were found in the superficial cell layers, while 

absent in deeper layers. In the synovium, intracellular OSM staining was prominent in the 

subintimal layers rather than the lining. In the ACLT model, extracellular OSM staining was 

found in the periosteum and synovium, but not in cartilage or meniscus (Figure 1). Even 

though synovial staining was less extensive, intracellular staining was observed in the 

lining (Figure 2). Similar to the PGPS model, intracellular staining was found in articular 

cartilage and menisci.
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Figure 1. OSM expression pattern in acute arthritis and instability-induced OA. Representative 
pictures of OSM expression (brown staining) in different joint structures: Femur condyle (FC) cartilage, 
meniscus, periosteum and synovium. Acute arthritis in the PGPS model was induced by intra-articular 
injection of PGPS in the left knee. The ACLT model was induced unilaterally (left knee) through 
anterior cruciate ligament transection and partial medial meniscectomy. Individual scores for each 
structure are displayed in the top left corner of each picture. Scale bar: 50 µm. 
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Figure 2. Intra and extracellular OSM expression patterns in acute arthritis and instability 
induced OA. Representative pictures of OSM expression in different joint structures: Femur condyle 
(FC) cartilage, meniscus, periosteum, synovium and ligaments. Scale bar: 50 µm.

Expression of OSM was semi-quantified by scoring the knee tissues from 0 to 3 based on 

OSM staining intensity in the articular cartilage, periosteum, menisci, synovium, and ligaments. The 

ICC values for inter-rater variability were 0.828 [0.766-0.875] for the PGPS model and 0.827 [0.758-

0.873] for the ACLT model, indicating a good reliability among the two independent scorers. 

In the PGPS model, OSM staining was more predominant in cartilage of the lateral femoral 

condyle, and in both lateral and medial tibial plateau cartilages of the diseased knees as compared 

to control knees, but this was not the case in the ACLT model (Figure 3a). Regarding the femoral 

periosteum, OSM expression in lateral and medial compartments of diseased joints was higher 

than control joints in the PGPS model, but not in the ACLT model (Figure 3b). 
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Figure 3. OSM expression in two rodent models of acute arthritis and instability induced 
OA. OSM score per anatomical structure: cartilage (a), periosteum (b), meniscus (c), synovium, 
and ligaments (d). Control (C), Induced (I). 0 = no staining, 1 = slight staining, 2 = moderate staining, 
3 = extensive staining. Each individual data point represents a rat knee. Squared symbols (white) refer 
to the PGPS model. Circular symbols (black) refer to the ACLT model. Data are presented as median 
and 95 % CI. (*: p < 0.05, **: p < 0.01, and ***: p < 0.001). 

Expression of OSM in the tibial periosteum was not affected by induction of arthritis 

in any of the models. No differences in OSM expression were observed in the lateral or 

medial meniscus in neither of the models (Figure 3c). Finally, expression was higher in the 

synovium of PGPS-injected joints than in the synovium of the control joints (Figure 3d). No 

differences in OSM expression were found in the ligaments in the PGPS knees, and in 

the synovium and ligaments in the ACLT joints.

Additionally, in both models, OSM expression in the tibial periosteum was 

significantly higher in the medial compartment compared to lateral, independently of 

induction of disease (Figure 3b). This was not observed for the femoral periosteum.
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3.2. Expression of OSM correlates with synovitis in the PGPS model of acute 

arthritis

While the overall OSM score was shown to be significantly higher in PGPS-injected 

knees than in control knees (p < 0.01; Figure 4a), no differences were observed between 

OA or control knees in the ACLT model (p = 0.873).

In both models, induction of disease led to increased synovitis according to the 

Krenn score (Figure 4b), however cartilage damage was only observed in induced joints 

of the ACLT model (p < 0.05) (Figure 4c). 

Furthermore, the total OSM score strongly correlated with synovitis in the PGPS 

model (ρ = 0.848, p = 0.001, Figure 4d), but not in the ACLT model (ρ = 0.272, p = 0.387, 

Figure 4d). No correlation was found between OSM expression and cartilage damage in 

either model (Figure 4e). 

 

Figure 4. Total OSM expression and correlation with synovitis, cartilage damage and 
osteophyte volume. a) Total OSM score was calculated by adding up the individual scores for every 
compartment (min = 0; max = 32). b) Synovitis was scored according to the Krenn score. b) Cartilage 
damage was scored according to the Mankin score. Data are presented as median and 95% CI. Each 
individual data point represents a rat knee. (*: p < 0.05, **: p < 0.01 and ***: p < 0.001). c) Correlation 
scatterplot between total OSM staining and synovitis score in both PGPS and ACLT models. d) 
Correlation scatterplot between total OSM staining and articular cartilage damage in both PGPS and 
ACLT models. e) Correlation scatterplot between total OSM and osteophyte volume in both PGPS 
and ACLT models. Each individual data point represents a rat knee.

Finally, osteophyte volume was moderately correlated with the total OSM expression 

in the PGPS knees (ρ = 0.623, p = 0.034), but not in the ACLT knees (ρ = 0.238, ρ = 0.472) 

(Figures 4f). No differences in subchondral sclerosis were observed between induced 

and control joints in either model (Figure S3). Likewise, no differences in TRAP staining 

were found between induced and control joints in neither model (Figure S4 and S5).
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3.3. Cytokine profile of osteoarthritis patients

OSM was detected in the synovial fluid of 6 out of 27 patients (OSM+), and was 

undetectable in 21 patients (OSM-). The concentration of OSM showed a positive and 

significant correlation with the concentration of other pro-inflammatory cytokines, namely 

IL-1α (r = 0.461, p = 0.016), TNF-α (r = 0.481, p = 0.011), and IFN-α (r = 0.573, p = 0.002) (Table 

S3). A generalized linear mixed model was conducted with and without explanatory 

variables (OSM grouping) to assess differences in cytokine expression pattern between 

OSM+ and OSM- patients. A likelihood ratio test between the two models indicated 

significant difference in cytokine expression patterns between the two patient groups [α2 

(11) = 43.48, p < 0.0001]. The lowest p values were observed for inflammatory cytokines 

(IFN-α, IL-1α and TNF-α), likely indicating a more differential expression of these cytokines 

between OSM+ and OSM- patients, as compared to the remaining cytokines (Figure 5 

and Table S4). 

Figure 5. Cytokine concentration in synovial fluid of OA patients. Concentration values were 
back transformed to the original scale as described before 394. Data are presented as median and 95 
% CI, with the p-values of the Wald tests for the individual cytokines.
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4. Discussion

In this study, we have for the first time mapped the presence of OSM in various 

joint tissues in two models of arthritis. OSM expression correlated with disease hallmarks 

in the acute inflammatory arthritis model, but not in the instability-induced osteoarthritis 

model, suggesting an association with a more inflammatory phenotype. This was in line 

with the reanalysis of previously obtained data in a patient cohort, where we observed 

that OSM concentration positively correlated with other inflammatory cytokines, namely 

IL-1α, TNF-α and IFN-γ. Furthermore, generalized linear model analysis showed these 

cytokines to be the most likely cytokines to be differentially expressed among the patient 

group with and the patient group without OSM expression. 

Extensive extracellular OSM expression was recognized in the synovial capsule, 

possibly derived from infiltrating inflammatory cells such as macrophages, neutrophils, 

and T-cells, as previously reported373,385,386. These cell types are known to migrate to 

synovium during OA and RA, and to mediate inflammatory pathways43. High neutrophil 

counts are detected in most RA patients compared to healthy controls395, while in OA 

patients, neutrophil presence is associated only with severe and late stages396. In line 

with this, cell infiltration, synovitis and synovial OSM staining were indeed seen to a 

greater extent in the inflammatory (PGPS) mouse model.

Intracellular OSM staining was observed in the most superficial layers in articular 

cartilage and meniscus. In human OA patients, OSM levels in cartilage tissue were 

previously shown to be even higher than in synovial fluid381. However, to what extent 

chondrocytes contribute to the disease process is still unclear. 

Interestingly, OSM staining was also found in the tibial and femoral periosteum. 

OSM has been previously detected in osteoblasts, bone-lining cells and osteocytes384. 

Intra-articular overexpression of OSM has been shown to promote periosteal bone 

formation and deposition383,384, in a process that is thought to occur through inhibition 

of sclerostin384,397, a negative regulator of bone formation. However, OSM has also 

been associated with bone erosion when simultaneously overexpressed with IL-1α or 

TNF-α375,378,379. Here, the presence of OSM in the periosteum of both models indicates this 

cytokine may be part of the as yet enigmatic role of bone homeostasis and remodeling 

in OA1,398. Additionally, OSM expression was higher in the medial tibial periosteum than in 

the lateral, independent of induction of arthritis. Gait analysis in mice has shown weight 

is distributed more towards the medial side than the lateral, and mechanical loading has 

been shown to enhance OSM gene expression399-401. 

OSM expression correlated with osteophyte volume in the PGPS model, but not in 

the ACLT model. While the exact mechanisms leading to osteophyte formation are still 

unknown, osteophyte formation was shown to be associated with synovial inflammation 

and macrophage infiltration402,403. Hence, one could hypothesize that OSM production by 

infiltrating cells could potentially contribute to osteophyte formation in the PGPS model 

in a direct or indirect manner.

Furthermore, OSM expression also correlated with the degree of inflammation in the 
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PGPS model, but not in the ACLT model despite increased synovitis. This might suggest 

OSM to play a more prominent role in inflammation of the PGPS model and to associate 

with a more inflammatory phenotype. These findings are supported by analysis of OA 

synovial fluid cytokines, that showed that OSM concentration correlated with other pro-

inflammatory cytokines, in particular IFN-α, IL-1α, and TNF-α. Additionally, these cytokines 

were shown to be elevated in OSM+ patients.

Synovial levels of OSM were shown to be higher in patients with cartilage defects 

than in healthy subjects381. However, in this study, cartilage damage was only found in 

the ACLT model and not in the PGPS model. This may be due to the fact that in PGPS-

induced arthritis animals were sacrificed after 6 weeks compared to 16 weeks in the ACLT 

model. Nevertheless, also in a long-term PGPS study after 12 weeks no cartilage damage 

was observed, despite increased synovitis404. Since no correlation was found between 

cartilage damage and OSM score in either of the models, it can be hypothesized that 

in late stage disease, damage is a cause rather than a consequence of inflammation. 

Possibly, inflammatory cytokines play a role in the early chain of events initiating rather 

than maintaining OA. TNF-α and IL-1α, for instance, have been shown to be still elevated 

12 weeks after ACLT in a rat model405. Additionally, it was shown before that synovial 

levels of IL-1α were up-regulated immediately upon ACL injury in humans and remained 

elevated more than 3 months after injury, while TNF-α levels progressively increased 

after injury34. TNF-α and IL-1α levels post trauma were also shown to be associated 

with severity of cartilage damage upon ACL injury in patients406, and blockade of  IL-1R 

immediately after injury was suggested to improve joint integrity407. 

Although we did not evaluate if other cytokines were elevated in the PGPS model, 

it is known that OSM alone at the concentrations found in the OA synovial fluid does not 

promote cartilage degradation in vitro, but may rather inhibit matrix production380. On the 

other hand, even though OSM expression was not elevated in the ACLT model 16 weeks 

post induction, it is still possible that low levels of OSM are a prerequisite to act in concert 

with other pro-inflammatory cytokines to promote cartilage damage. Additionally, we 

cannot exclude that OSM levels were elevated at earlier time points, as a consequence 

of the traumatic injury. 

Despite the extensive in vitro and in vivo evidence on the role of inflammatory 

cytokines (e.g. IL-1α, TNF-α) in OA and on their inhibition as a therapeutic approach, 

most of the clinical trials carried out so far have been presented with disappointing 

outcomes6,355. The negative results have been attributed to a short lifetime of the 

inhibitor drugs within the joint, although they also have been suggested not to be the 

right effector molecules6,12. Possibly, the disappointing results are related to the disease 

profile of the patients; The degree of synovitis and the inflammatory mediators involved 

may be different among patients, suggesting patient selection and stratification might 

improve trial outcomes and treatment efficacy8,51. 

One of the limitations of this study is the fact that OSM expression in the OA models 

was evaluated by immunohistochemistry at the endpoint of the experiment. Additionally, 

the study would benefit from having midpoint histological analysis to assess the presence 
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of OSM and the extent of cartilage damage and synovitis over time. Another limitation of 

the study is the small patient number available for analysis of cytokine expression in OA 

synovial fluid, as a higher number of patients would increase the power of the statistical 

analysis. Additionally, the study would benefit from information regarding the severity 

of OA (i.e. Kellgren-Lawrence score, Mankin score) and synovitis (i.e. Krenn score), and 

patient scores. Thus, a more complete comparison could be done between the clinical 

data and the data obtained with the experimental models.

In conclusion, in this study we have shown that OSM expression is associated with 

synovial inflammation and osteophyte formation, but not with cartilage damage in an 

acute arthritis model. On the other hand, although the ACLT model resulted in cartilage 

damage, synovial inflammation, and osteophytes, these parameters did not correlate 

with OSM expression. Additionally, in a cohort of OA patients, patients with detectable 

OSM had higher expression of other pro-inflammatory cytokines. Taken together, these 

data suggest that OSM might have a prominent role in inflammatory types of OA, and can 

potentially be used as a biomarker for patient stratification or as a target for future drug 

development. To further elucidate the role of OSM in OA, future studies should focus on 

in vivo inhibition of OSM upon induction of OA, and on the evaluation of the subsequent 

effect on cartilage damage, inflammation, and other hallmarks of arthritis.  
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Supplementary Information

Table S1. Reliability assessment between PGPS samples stained with and without antigen 
retrieval.

Figure S1. Effect of antigen retrieval on OSM scoring in the PGPS model samples.  OSM score 
per anatomical structure: cartilage (a), periosteum (b), meniscus (c), synovium, and ligaments (d). 
Control (C), Induced (I). 0 = no staining, 1 = slight staining, 2 = moderate staining, 3 = extensive staining. 
Data are presented as median and 95 % CI. 
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Due to limited availability of samples, seven samples from the PGPS model were 

stained for OSM with and without antigen retrieval. OSM was scored as described before 

(0-3) for cartilage, periosteum, synovium, meniscus and ligaments. Scoring was done in a 

random order by two independent observers blinded for treatment and staining method, 

and scores were averaged.

The intra-class correlation coefficient (ICC) was used to calculate the agreement in 

OSM score between the two staining methods. A two-way mixed-effect model based 

on a mean-rating (k=2) and absolute agreement was used. ICC estimates and the 95% 

confidence intervals (CI) were reported. The ICC values are above 0.870 for all the joint 

structures, indicating that antigen retrieval does not affect the scoring for the PGPS 

model. Thus, the samples without antigen retrieval were used. 

Figure S2. Negative control with mouse IgG isotype. Representative pictures of different joint 
structures: Femur condyle (FC) cartilage, meniscus, periosteum and synovium. Scale bar: 50 µm.
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Table S2. Joint compartments

Figure S3. Subchondral bone sclerosis. Subchondral bone thickness measured by µCT in the 
PGPS (a) and ACLT + pMMx (b) models. Subchondral bone thickness was measured in the medial and 
lateral compartments of both femur condyle and tibia plateau. 
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Figure S4.  Trap staining. Representative pictures of different joint structures quantified for 
TRAP staining: periosteum, growth plate and subchondral bone.

Figure S5. Quantification of TRAP staining. TRAP staining was performed in the knee sections 
of the PGPS (a and b), and ACLT + pMMx (c and d) models. TRAP staining was scored in periosteum 
(a and c), growth plate (GP) and subchondral bone (SB) (b and d) for tibia and femur in both medial (M) 
and lateral (L) compartments. Scoring was done in a random order by two independent observers 
blinded for treatment (JPG, AK), and scores were averaged. Data are presented as median and 95 
% CI.
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Table S3. Spearman’s correlation between OSM and remaining cytokines

Table S4. Differences in cytokine concentration between patient groups (OSM- - OSM+)
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Abstract

Tissue engineering and regenerative medicine are two therapeutic strategies to treat, 

and to potentially cure, diseases affecting cartilaginous tissues, such as osteoarthritis and 

cartilage defects. Insights into the processes occurring during regeneration are essential 

to steer and inform development of the envisaged regenerative strategy, however tools 

are needed for longitudinal and quantitative monitoring of cartilage matrix components. 

In this study, we introduce a contrast-enhanced computed tomography (CECT)-based 

method using a cationic iodinated contrast agent (CA4+) for longitudinal quantification of 

glycosaminoglycans (GAG) in cartilage-engineered constructs. CA4+ concentration and 

scanning protocols were first optimized to ensure no cytotoxicity and a facile procedure 

with minimal radiation dose. Chondrocyte and mesenchymal stem cell pellets, containing 

different GAG content were generated and exposed to CA4+. The CA4+ content in 

the pellets, as determined by micro computed tomography, was plotted against GAG 

content, as measured by 1,9-dimethylmethylene blue analysis, and showed a high linear 

correlation. The established equation was used for longitudinal measurements of GAG 

content over 28 days of pellet culture. Importantly, this method did not adversely affect 

cell viability or chondrogenesis. Additionally, the CA4+ distribution accurately matched 

safranin-O staining on histological sections. Hence, we show proof-of-concept for the 

application of CECT, utilizing a positively charged contrast agent, for longitudinal and 

quantitative imaging of GAG distribution in cartilage tissue-engineered constructs. 
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1. Introduction

Joint disorders are a major cause of morbidity and disability worldwide, and represent 

both significant healthcare and socio-economical burdens3. Osteoarthritis and joint 

trauma, which adversely affect articular cartilage, ultimately lead to its degradation over 

time1,41. The extracellular matrix (ECM) of cartilage is mainly composed of proteoglycans, 

collagen II, and water1. The pathogenesis of degeneration is still poorly understood, 

however degradation is accompanied by breakdown of proteoglycans, which inherently 

induces a reduction in the mechanical properties and poorer functional performance 

of the tissue1. Currently, disease modifying therapies remain unavailable for OA and 

treatments are limited to pain relief and palliative care at early stages, and joint prosthesis 

at the end-stage1,5. Hence, there is a need for new treatment modalities that promote 

tissue repair and regeneration. In this context, tissue engineering and regenerative 

medicine are of interest as therapeutic approaches5,95, which employ the use of cells, 

biomaterial scaffolds, and/or stimulatory factors to ultimately produce cartilaginous-

like tissue95. Currently, most of the available techniques to assess the effects of these 

factors on matrix production and tissue quality are destructive. Usually, engineered-

tissues are harvested at mid or endpoints and subjected to biochemical assays such 

as the 1,9-dimethylmethylene blue (DMMB) and hydroxyproline assays for quantification 

of total glycosaminoglycans (GAGs) and collagen content, respectively360,408. In addition, 

constructs are processed for histology and immunohistochemistry (IHC), which only 

provide a two-dimensional and qualitative assessment of matrix components and tissue 

quality98,409. However, the detailed understanding of the regeneration process over 

time is of critical importance for achieving full regenerative potency in vitro and in vivo. 

Therefore, it is of significant importance to develop non-invasive and non-destructive 

imaging techniques for real-time, three-dimensional (3D), and quantitative monitoring of 

cartilage tissue-engineered constructs. Such techniques will enable monitoring of in vitro 

regeneration over time, evaluation of ECM components, optimization of chondrogenic 

activity, and, ultimately, screening to identify the best performing tissue constructs before 

implantation.

Efforts are ongoing to develop such tools and techniques. For example, ultrasound 

is used as a standalone procedure or in combination with fluorescence techniques to 

assess both matrix composition and mechanical properties in cartilage tissue-engineered 

constructs106-108,410,411. More recently, a set of reporter genes is described for transfection 

of MSCs as a monitoring tool for real-time characterization of the chondrogenic 

differentiation process412. Also dielectric impedance spectroscopy was proposed as a 

label-free and non-destructive method to evaluate cellular viability and survival during and 

after biofabrication processes413. Despite these recent advances, most of the described 

techniques are qualitative, do not quantify ECM components, or lack the resolution to 

assess the 3D distribution of the matrix components. 

Contrast-enhanced computed tomographic (CECT) imaging is a rapid and readily 

available imaging modality used to study many different tissues414, namely tissues with 
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low X-ray attenuation to include articular cartilage100,415-418, meniscus419-421, intervertebral 

disc422-424, and xyphoid cartilage425. Due to the compositional differences among these 

tissues, contrast agent diffusion and flux will vary416,420. While GAGs are mainly responsible 

for electrostatic interactions, collagen fibers will drive steric hindrance420. CECT provides 

unique high-resolution 3D information and quantification on composition and distribution 

of crucial constituents within articular cartilage. Charge-driven transport of negatively 

or positively charged iodinated contrast agents (i.e., ioxaglate and CA4+, respectively) 

provides more efficient imaging of GAGs with greater sensitivity426-429. Due to the anionic 

fixed charge of cartilage ECM, anionic contrast agents inversely correlate with GAG 

content, while positively-charged contrast agents display a positive correlation with GAG 

content with considerably higher sensitivity100,416,424,426,430-434. Hence, we hypothesize that 

CA4+-based CECT will allow for longitudinal imaging and GAG quantification in cartilage 

tissue-engineered constructs. In this work, we propose a CECT-based approach as a 

high-resolution 3D “histology” technique for real-time spatiotemporal quantification 

of total GAG content in tissue-engineered constructs, which potentially replaces the 

currently available destructive assays.  

2. Materials and methods

2.1. Cell isolation and culture

Human articular chondrocytes (ACs) were isolated from articular cartilage from 

patients with OA undergoing total knee arthroplasty. The anonymous use of redundant 

tissue for research purposes is part of the standard treatment agreement with patients 

in the University Medical Center Utrecht and was carried out under protocol nº 15-092 

of the UMCU’s Review Board of the BioBank. Chondrocytes were isolated by mincing 

and subsequently digesting the cartilage overnight at 37 °C in Dulbecco’s Modified 

Eagle’s Medium Glutamax (31966, DMEM, Gibco) supplemented with 0.15 % (w/v) type 

II collagenase (CLS-2, Worthington Biochemical Corporation), 10 % (v/v) Fetal Bovine 

Serum (FBS, S14068S1810, Biowest), and 100 U/mL penicillin and 100 mg/ml streptomycin 

(15140122, Gibco).

Undigested debris was removed using a 70 µm cell strainer followed by a PBS 

wash. Subsequently, cells were plated and grown in a humidified incubator at 37 °C and 

5 % CO
2
 with expansion medium consisting of DMEM supplemented with 10 % FBS, 0.2 

mM ascorbic-2-phosphate (ASAP, A8960, Sigma-Aldrich), 100 U/mL penicillin, 100 mg/ml 

streptomycin and 10 ng/mL basic fibroblast growth factor (bFGF, 233-FB; R&D Systems). 

Medium was renewed every 3 days. Cells were expanded until passage one, frozen, 

stored, and subsequently thawed and used for experiments at passage 2.

Human mesenchymal stem cells (MSCs) were isolated from the bone marrow 

aspirate of a 20-year old female patient. The aspirate was taken after informed consent, 

according to a protocol approved by the local Medical Ethics Committee (TCBio-08-

001-K University Medical Centre Utrecht, The Netherlands). The mononuclear fraction 
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was separated using Ficoll-paque (GE17-5446, Sigma-Aldrich) and selected based on 

their plastic adherence. MSCs were cultured in a humidified incubator at 37 ºC and 5 

% CO
2
 with MSC expansion medium consisting of α-MEM (22561, Gibco) supplemented 

with 10 % FBS, 0.2 mM ASAP, 100 U/mL penicillin with 100 mg/mL streptomycin and 1 ng/

ml bFGF. The medium was refreshed three times per week and MSCs were passaged 

at subconfluency. Subsequently, MSC multilineage potential was confirmed as previously 

described435. MSCs were used for experiments at passage 4.

For the experiments, ACs and MSCs were pelleted by centrifugation at 300 g for 

6 min at a density of 2 × 105 and 2.5 × 105 cells per pellet, respectively. Subsequently, 

AC pellets were cultured in high glucose DMEM medium containing 100 U/mL penicillin 

and 100 mg/mL streptomycin, 0.2 mM ASAP, 1x insulin-transferrin-selenium-ethanolamine 

(ITS-X, 51500056, Gibco), and 50 µg/mL L-proline (P0380, Sigma-Aldrich) in a humidified 

incubator at 37 ºC and 5 % CO
2
. MSCs were cultured in chondrogenic differentiation 

medium, consisting of high glucose DMEM supplemented with 1 % ITS premix (354352, 

Corning), 10-7 M dexamethasone (D8893, Sigma), 100 U/mL penicillin and 100 mg/mL 

streptomycin, and 0.2 mM ASAP. Pellets of ACs and MSCs were cultured for 14, 21 and 28 

days in the presence or absence of 10 ng/ml of transforming growth factor beta 1 (TGF-β1, 

240-B, R&D Systems). 

2.2. Cytotoxicity

The contrast agent CA4+ (MW = 1354 g/mol, q = +4) was synthesized and provided 

by the lab of Mark W. Grinstaff426. Cytotoxicity of CA4+ was examined by measuring 

the activity of lactate dehydrogenase (LDH) and assessing metabolic activity of the 

cells by the Alamar Blue assay. At day 0, 12000 primary human OA chondrocytes were 

plated in ultra-low attachment 96-well plates and incubated for 24 hours in DMEM 

medium containing 100 U/mL penicillin and 100 mg/mL streptomycin, 0.2 mM ASAP, 1x 

ITS-X, and 50 µg/mL L-proline. Subsequently, CA4+ was added to the cells at different 

concentrations of 2, 4, 8, 16 and 20 and 30 milligrams iodine per ml (mgI/ml) followed by 

3 or 24 hours incubation. Cells non-exposed to CA4+ were used as negative control. 

Upon incubation, conditioned medium was collected and analysed for LDH activity using 

the Cytotoxicity Detection KitPLUS (4744926001, Roche) following the manufacturer’s 

instructions. Cytotoxicity was expressed as a percentage of the (maximum) toxicity in cells 

treated with 0.15 % Triton X-100, according to the manufacturer’s instructions.

The medium was then changed to culture medium containing 10 % (v/v) Alamar 

Blue and incubated overnight. Fluorescence of the medium (ex = 544 nm, em = 620 

nm) was measured in a microplate reader (Fluoroskan Ascent, ThermoFisher Scientific). 

The metabolic activity was expressed as a percentage of the viability of untreated cells. 

Experiments were repeated for three different donors.

2.3. CA4+ incubation and µCT scanning

Pellets were incubated in a solution containing 4 mgI/ml CA4+ in culture medium 

for 3 hours. After incubation, the medium was removed from the culture tube and µCT 
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was performed at voxel size of 20 µm3 in four different protocols, namely I) 90 kV tube 

voltage with i) 3 minutes and ii) 26 seconds scan time, and II) 70 kV tube voltage with i) 

3 minutes and ii) 26 seconds scan time, all under 200 µA tube current. The mentioned 

tube voltages were chosen to achieve a higher signal-to-noise ratio, and hence better 

resolution and sensitivity. The samples were scanned in 15 ml falcon tubes and, before 

imaging, medium was removed, however complete removal of the CA4+ solution was 

not observed. Scanning was performed using a micro-computed tomography scanner 

(µCT, Quantum FX, Perkin Elmer, USA). 3D reconstruction was carried out automatically 

after completion of each scan using the scanner’s software (Quantum FX µCT software, 

Perkin Elmer, USA).  A phantom series of CA4+ at increasing concentrations (0, 2.5, 5, 10, 

20 and 40 mgI/ml) was used to normalize the grey values measured within the pellets, 

and hence convert them to CA4+ concentrations. To this end, three regions of interest 

were taken for each pellet and average pixel value was converted to average CA4+ 

concentration, based on the phantom series. CA4+ content was calculated by multiplying 

average CA4+ concentration in the pellets by pellet volume (Equation 1) obtained by 

global segmentation upon applying a noise removal filter using Fiji (software version 1.50, 

National Institutes of Health, Bethesda, USA) and BoneJ plugin328,436.

   

After scanning, 300 µl of plain medium was added to the pellets overnight to promote 

washing out of the CA4+, thus preventing interference with DMMB. Upon washing, 

pellets were digested with papain and GAGs were measured using DMMB. DMMB was 

additionally performed on the washing media. Total GAGs were then plotted against 

CA4+ content. Experiment was performed in triplicate and samples were pooled for linear 

regression analysis. The equation obtained from the CA4+/GAG linear regression was 

used to obtain predicted GAG content values in subsequent experiments. For validation 

of the established equation, a different set of pellets was scanned upon culturing. After 

scanning, pellets were digested in papain followed by DMMB assay. The measured GAG 

values were plotted against predicted values obtained using the established equation. 

X-ray doses of each scanning protocol were measured using RaySafe Solo (Ray 

Safe, Sweden) dosimeter.

2.4. Dynamic and longitudinal assessment of GAG content and distribution

Human ACs were pelleted and cultured as described in section 2.3. Pellets were 

cultured for a total of 31 days. Culture medium was collected and replaced twice a 

week. CA4+ incubation and µCT scanning were performed at days 14, 21 and 28. A 

day before scanning, medium was replaced by medium containing 10 % (v/v) Alamar 

Blue followed by overnight incubation. The day after, metabolic activity was evaluated 

by measuring fluorescence in the medium as mentioned in section 2.2. The pellets were 

then incubated with 300 µl of 4 mgI/ml CA4+ for 3 hours and subsequently scanned at 

70 kV tube voltage for 26 seconds. After scanning, pellets were washed twice in 600 µl 
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of plain medium for 1 and 3 hours, respectively. The washing was performed to ensure 

faster and more efficient removal of CA4+ to decrease the probability of cytotoxic effects 

and interference with subsequent µCT scans. Metabolic activity was again measured 

post-scanning. DMMB was performed in the collected medium every 3 or 4 days to 

quantify GAG release. At the end of the 32-day culture period, pellets were digested 

and processed for GAG and DNA analysis by DMMB and Pico Green, respectively. Non-

treated (no scan and no CA4+) pellets as well as pellets exposed to scanning or CA4+ 

incubation alone were taken as controls to evaluate their individual effects on metabolic 

activity. A longitudinal scheme of the experiment is depicted in Fig. 4a. 

2.5. Comparison between histology and µCT imaging

Human ACs and MSCs were pelleted and cultured for 14 days as described above 

in the absence or presence of TGF-β. Additionally, as a more relevant tissue culture 

model, MSCs were cultured in collagen type I hydrogels. To fabricate the hydrogels, 1*106 

MSCs (cell density of 20*106 cells/ml) were mixed with 50 µl of a 4 mg/ml collagen type 

I solution (Corning, 354249), which was allowed to gel for one hour at 37 °C, 5 % CO
2
. 

Upon gelation, hydrogels where cultured in chondrogenic medium in the presence of 10 

ng/ml TGF-β for 28 days. 

At the endpoint, the constructs were incubated with 4 mgI/ml CA4+ for 3 hours. After 

incubation, the medium was removed and pellets were embedded in TissueTek (4593, 

Sakura) and snap frozen in cryomoulds (10 mm ×10 mm × 5 mm) using liquid nitrogen. The 

slab shape of the mold guaranteed that the constructs were scanned and sectioned in the 

same orientation and direction. Constructs were frozen in pairs to facilitate adjustments 

regarding the orientation after sectioning (by using one pellet as reference for relative 

position) as depicted in Fig. S1. µCT was performed at voxel size of 20 µm3 at a 70 kV 

tube voltage for both 26 seconds and 3 min under 200 µA tube current. During scanning 

samples were kept frozen using dry ice. 

After scanning, pellets were sectioned using a cryotome. Four sections of 10 µm 

were collected every 100 µm. Sectioning was performed according to the coordinates 

of the with µCT slices. 

Safranin-O/Fast-Green staining was performed to stain GAGs in the pellet sections 

with Mayer’s hematoxylin counterstaining of nuclei. The sections were imaged with a 

light microscope (BX51, Olympus, The Netherlands). Images were acquired with a 

1.25x magnification. Histological images were first aligned and then compared to their 

corresponding slices in the µCT stacks using Fiji. 

2.6. Statistical analysis 

All data were analysed using IBM® SPSS® Statistics version 21. Cytotoxicity on 

monolayer was analysed by univariate analysis of variance using a randomized block 

design. A post-hoc test with Bonferroni correction was applied for multiple comparisons 

between treatments (p value < 0.05). 

Linear regression analysis was applied to evaluate whether the CA4+ content 
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correlated with GAG content. The coefficient of determination (R2) was used to assess 

the correlations. Significance level was set at p value < 0.05. The intra-class correlation 

coefficient (ICC) was used to calculate measurement reliability for the GAG prediction 

model. A two-way mixed-effect model based on mean-rating (k=2) and absolute 

agreement was used, as previously described393. ICC estimate and the 95 % confidence 

intervals (CI) were reported.

Data on longitudinal measurements of metabolic activity and GAG release were 

analysed using a linear mixed model, followed by pairwise comparison with Bonferroni 

adjustment (p value < 0.05). Model selection was based on the lowest Akaike Information 

Criterion. Donor served as random effect factor and condition, days and their interaction 

served as fixed effect factors. Regression coefficients were estimated by the maximum 

likelihood method. 

Accuracy of the established equation was evaluated by Pearson’s correlation. 

Additionally, relative error was calculated for each measurement, according with the 

following formula (Equation 2): 

Differences in total GAG content and GAG/DNA ratio between the treatment 

conditions were determined by univariate analysis of variance using a randomized block 

design. The data were first logarithmically transformed so the assumptions of normality 

of residuals and homogeneity of variances were met. A post-hoc test with Bonferroni 

correction was applied for multiple comparisons (p value < 0.05),

3. Results

3.1. Cytotoxicity 

To determine the boundary concentration of CA4+ in terms of cytotoxicity, ACs were 

incubated with increasing concentrations of CA4+ (2 to 30 mgI/mL) for 3 and 24 hours. 

With concentrations up to 30 mgI/mL and 3 hours incubation no cytotoxic effects 

were detected at metabolic activity and LDH activity levels, yet an increased metabolic 

activity was observed for concentrations up to 8 mgI/ml (Fig. 1a and 1c). However, longer 

incubation times (24 hours) led to a decrease in metabolic activity at concentrations above 

8 mgI/mL (Fig. 1b). Furthermore, LDH activity increased above a CA4+ concentration of 

20 mgI/mL (Fig. 1d).

3.2. Correlation between CA4+ and GAG contents

AC pellets cultured in presence or absence of 10 ng/mL TGF-β for 14, 21 and 28 days 

were used to evaluate the relationship between CA4+ and GAG content. The CA4+ content 

within the pellets linearly related with the total GAG content as measured by DMMB (Fig. 
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2). Linear regression analysis showed R2 values above 0.87 and p values < 0.0001 for all 

the scanning protocols (Table 1). The scanning protocol with a tube voltage of 70 kV and a 

scanning time of 26 seconds was as effective as the other protocols, and was shown to yield 

a lower X-ray dose (Table 1). 

To validate the accuracy of the model, a different set of pellets was scanned after 3 

hours of incubation with 4 mgI/mL CA4+ and subsequently washed, digested and analyzed 

with DMMB. Predicted GAG content was calculated using equation 3 from table 1, and 

plotted against real GAG content as measured by DMMB (Fig. 3a). A significant correlation 

was observed (Pearson r = 0.92 p = 0.0001), and the mean relative error was shown to be 

22 % (Fig. 3b). The relative error became negative with higher GAG contents, indicating an 

underestimation for these samples. The ICC value for inter-measurement reliability was 0.884, 

indicating a good agreement between the two predicted and measured GAGs.

Figure 1. Effect of CA4+ on the viability of human chondrocytes. Metabolic activity and LDH 
activity measured after 3 (a and c) and 24 (b and d) hours incubation with CA4+ concentrations of 2, 4, 
8, 16, 20 and 30 mgI/mL. Cells without CA4+ were used as controls. A solution of 0.15 % Triton-X was 
used as positive control for complete cell lysis. Data are represented as mean ± standard deviation 
(SD). Experiment was performed in three biological replicates (n = 3). * represents statistically significant 
differences compared to non-treated cells (0 mgI/ml CA4+). (*p < 0.05, **p < 0.01 and ***p < 0.001)
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Figure 2. Correlation between CA4+ and total GAG contents upon 3 hours incubation. CA4+ 
and GAG contents of pellets were determined by µCT and DMMB, respectively. CA4+ content values 
were plotted against total GAG content for each scanning protocol and data was fitted by linear 
regression. Colored lines represent linear regression for each scanning protocol. Data presented 
here were pooled from three independent experiments.

Additionally, pellet volume increased with GAG content (Fig. S2). Importantly, CA4+ 
incubation yielded a maximum concentration of 15 mgI/mL CA4+ within the pellets (Fig. 
S3), which was shown to be cytocompatible. In subsequent experiments, 4 mgI/mL CA4+ 
concentration and a scanning protocol of 70 kV 26 seconds were used, the latter to 
minimize radiation dose.

Table 1. Linear regression of CA4+ concentration with total GAG content.
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Figure 3. Validation of the prediction model. Pellets were scanned using 70 kV tube voltage 
and 26 sec acquisition time upon 3 hours incubation with 4 mgI/mL CA4+. a) DMMB-determined GAG 
values were plotted against predicted values using equation 3 from table 1. Dashed line represents 
theoretical complete match between predicted and real values (). b) Relative error calculated based 
on real GAG content.

3.3. Longitudinal monitoring of chondrogenic pellets 
To evaluate whether this method could be used for real-time and longitudinal 

measurements of GAG production, pellets were cultured for 31 days, and scanned at 14, 
21 and 28 days. 

The metabolic activity of the pellets was shown to be unaffected by both the 
µCT scanning and the CA4+ incubation, when compared to control pellets (Fig. 4b). A 
statistically significant higher metabolic activity is observed between the pellets exposed 
only to the scanning procedure and the remaining conditions at days 21, 28 and 29 (p < 
0.05).

GAG release into the media was shown to be unaffected by CA4+ incubation plus 
scanning when compared to control pellets, further suggesting the protocol does not 
affect GAG production (Fig. 4c). A significantly higher GAG release was observed for 
pellets only exposed to scanning in comparison with the remaining conditions from day 
17 onwards. Despite these effects during culture, at the end of the culture period, neither 
GAG nor GAG/DNA levels were significantly different across the different conditions (Fig. 
4d and 4e). Similarly, DNA levels were also not affected by CA4+ and/or scanning (Fig. 
S4). The washing protocol was shown to be effective for CA4+ removal, with most of the 
contrast agent being washed out of the pellets after 3 hours, and with X-ray absorption 
values returning to baseline after an overnight washing step (Fig. S5). 

Finally, the X-ray absorption values were converted into CA4+ content (Fig. 4f) by 
multiplying the CA4+ concentration by the pellet volume. Subsequently, CA4+ content 
was used to predict total GAG content (Fig. 4g) using the previously established equation 
(Equation 3): 
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As shown in Fig. 4f and 4g, there was a trend for increasing CA4+ content throughout 
the culture period, reflecting an increase in GAG content.

3.4. CA4+ spatial distribution vs. safranin-O histology
As seen in Fig. 5, CA4+ distribution via CECT matched with GAG distribution 

as determined by safranin-O staining. While chondrocyte pellets showed a more 
homogeneous GAG distribution, MSCs yielded pellets with more heterogenous GAG 
distribution. On the other hand, chondrocytes and MSCs that were not chondrogenically 
differentiated showed a very low CA4+ signal that matched the absence of safranin-O 
staining. The distribution of CA4+ matched safranin-O histology independently of 
scanning time, yet with a lower signal to noise ratio for the protocol using 26 seconds 
acquisition time (Fig. 5). Furthermore, CECT allowed for 3D reconstruction of the 
construct, providing information on 3D GAG distribution and construct volume. Also, tests 
on collagen hydrogels containing chondrogenically differentiated MSCs showed that 
CA4+ distribution matched the safranin-O staining pattern (Fig. 6, Supplementary Movie 1).
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Figure 4. CECT-based longitudinal determination of total GAG content in chondrogenic pellets. 
a) Schematic representation of longitudinal monitoring of chondrogenic pellets. b) Metabolic activity 
of chondrogenic pellets measured before and after µCT scanning and CA4+ incubation. Data are 
represented as percentage of metabolic activity of control pellets (n = 3). c) GAG release. Data are 
represented as fold-change compared to the untreated control pellets at the same time point (n = 
3). Arrows represent timing of CA4+ incubation and/or scanning. * represents statistically significant 
differences between the “Scan” and “Scan + CA4+” pellets. # represents statistically significant 
difference between the “Scan” and “CA4+” pellets. º represents statistically significant difference 
between the “Scan” and “Control” groups. (*p < 0.05, **p < 0.01 and ***p < 0.001). d) Total GAG content 
measured by DMMB after a 30-day culture period. e) GAG/DNA content measured after a 30-day 
culture period. Data are presented by mean ± SD. Note that colour legends differ between figures 
b, c and d, e, f and g. f ) CA4+ content within pellets determined using tube voltage of 70 kV and 
acquisition time of 26 seconds. g) Predicted total GAG content calculated based on equation (3), 
describing the CA4+ vs. GAG correlation determined using tube voltage 70 kV and 26 seconds 
acquisition time. * represents statistically significant differences between days 14 or 21 and day 28. 
(*p < 0.05 and ***p < 0.001)

Figure 5. Comparison between CA4+ and GAG distributions. Pellets were scanned at 70 kV 
for i) 26 seconds and ii) 3 minutes upon 3 hours incubation with 4 mgI/mL CA4+. Scale bar: 200 µm.
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Figure 6. 3D reconstruction of CA4+ and GAG distribution in a collagen gel containing MSCs. 
Gels were scanned at 70 kV for i) 26 seconds and ii) 3 minutes upon 3 hours incubation with 4 mgI/
mL CA4+. Slice number indicates the distance from the upper part of the construct. Blue line (top row) 
identifies the slice corresponding to the CECT and safranin-O images. Scale bar: 500 µm. 
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3. Discussion

Musculoskeletal diseases such as OA or cartilage injuries are in need of new 

therapies, and tissue engineering and regenerative medicine strategies hold significant 

promise95. However, for these strategies to rapidly progress to the clinic, additional 

quantitative techniques and tools are needed for the 3D and longitudinal monitoring of 

in vitro regeneration98,101,429. To this end, we show proof-of-concept for the applicability 

of a CECT-based method, by demonstrating a correlation between CA4+ concentration 

and total GAG content, and its subsequently use to predict total GAG content at different 

timepoints. As mentioned previously, it is crucial for such method to be non-destructive 

and compatible with cell culture. Hence, we firstly looked at the effect of CA4+ exposure 

on cell viability. Concentrations above 8 mgI/mL and an exposure of 24 hours led to 

significant negative effects on cell viability, which was likely caused by the cationic nature 

of the CA4+. In fact, cationic molecules and particles are known to promote cellular 

toxicity through interaction with and disruption of the cellular membrane437. Shortening 

the incubation time and lowering the concentration of CA4+ decreased the risk of over-

exposure and hence reduced cytotoxicity. While in vitro toxicity of CA4+ has not been 

reported, previous studies on cartilage explants used incubation periods of up to 24 

hours and CA4+ concentrations of 12 and 27 mgI/mL431,432,434. For the pellet systems in this 

study, 3 hours incubation with CA4+ at 4 mgI/mL yielded positive and linear correlations 

between CA4+ and total GAG content for all evaluated scanning protocols. 

For subsequent experiments, the scanning protocol with a tube voltage of 70 kV and 

26 seconds, plus a CA4+ concentration of 4 mgI/mL and 3 hours incubation were chosen. 

Validation of the technique with the previously described parameters and a different set 

of samples corroborated its suitability for the determination of total GAG content based 

on a CA4+ concentration of 4 mgI/mL and 3 hours incubation. The ICC between predicted 

and measured GAG content was shown to be 0.884, indicating a good agreement and 

reliability between measurements393. However, the proposed technique is not free of 

error as we observed the average error for predicted GAG content to be 22 %. Likely, 

part of the error arises from discrepancies associated with pellet volume measurements 

using µCT data with suboptimal spatial resolution. Hence, enhanced spatial resolution 

may improve pellet segmentation, which can help minimizing volume measurement error. 

Additionally, the differences in total GAG content distribution observed between the 

regression model and its validation can partially explain the obtained error. However, the 

increasing values of CA4+ content with developing chondrogenic pellets corroborates 

the robustness of the technique to predict GAG content longitudinally. For future studies, 

a higher number of constructs containing a wider range of GAG content should be used 

to reduce errors between regression and prediction experiments. 

Subsequently, the feasibility of using such model for real-time measurements of 

GAG production in chondrogenic pellets was assessed. Optimization of scanning 

parameters and incubation protocols rendered the protocol non-toxic and harmless to 

chondrogenesis, as measured by GAG production. The proposed protocol was found to 
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be cytocompatible, with no deleterious effects on the metabolic activity of chondrogenic 

pellets after multiple exposures to X-rays and CA4+ (70 kV, 26 seconds/ 4 mgI/mL CA4+, 

3 hours). Most importantly, no significant changes were found at the endpoint on the total 

GAG and GAG/DNA content across conditions, proving that this method is compatible 

with chondrogenic culture and differentiation. 

Additionally, the proposed technique allowed for quantitative and 3D imaging, not 

only in pellets but also in more complex and relevant tissue culture models such as 

hydrogels, offering insight on the 3D distribution and organization of GAGs. Comparison 

between CECT images and safranin-O staining on tissue sections showed that CA4+ 

distribution closely reflects GAG localization and distribution within the constructs, 

allowing for “3D histological” evaluation. Noteworthy, the proposed technique offers 

the unparalleled features of not only being non-destructive but also being time-efficient 

compared to conventional safranin-O histology which carries the risk of sectioning 

artifacts while being destructive and labor-intensive100,101,409. 

The scanning protocol yielded X-ray doses of approximately 30 mGy, which is below 

that reported to be cytotoxic and anti-chondrogenic for chondrocytes438-442. A single dose 

of 2 or 10 Gy was reported to cause no deleterious effects on GAG synthesis or deposition 

in chondrocytes cultured in pellets441. On the contrary, proliferation and DNA synthesis 

were halted temporarily and permanently with 2 and 10 Gy doses, respectively441. In 

another study, even though MSC viability was shown to remain unaffected by a 2 Gy 

dose, there was a decreased expression of chondrogenic markers such as aggrecan 

and type II collagen442. Importantly, most studies often report X-ray doses of 1 Gy and 

above, which are at least 30 times higher than the dose used in this study. Accordingly, 

we did not see any negative effects of µCT imaging on cell viability or DNA content. 

However, we did observe an increased GAG release for scanned pellets without CA4+. 

Although final GAG content was not altered, it is still to be clarified whether lower X-ray 

doses can stimulate GAG production and/or release. Moreover, additional studies are 

needed to gain insight on the long-term effects of low X-ray and CA4+ exposures on 

cells within tissues. Such studies should address DNA damage or mutations, as well as 

the effects on chondrogenic markers and differentiation. 

For the implementation of the proposed technique a few considerations should be 

considered. Firstly, validation and/or optimization of the method should be performed 

for every construct type, as diffusion is dependent on construct size and matrix 

composition266,443,444. As shown before, diffusion time increases relatively to the square 

of the tissue thickness445,446. Another important step in the protocol is the washout of 

CA4+, as accumulation within the construct may lead to toxicity and ultimately affect 

chondrogenesis, and preclude accurate real-time measurement of CA4+ and hence GAG 

content. Additionally, retention of the CA4+ within the construct might affect subsequent 

scans. A single solution of contrast agent should be prepared at the start of the 

experiment to avoid discrepancies in dilutions and between sequential measurements, 

which can potentially lead to differences in grey values and therefore negatively affect 

the GAG vs CA4+ correlation. Finally, automatization of image processing and analysis 
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will additionally render the protocol more sensitive and accurate. 

Given our successful study with chondrocytes and MSCs based pellets, this 

method for monitoring GAG production is likely advantageous for other cartilage 

tissue-engineered constructs based on biomaterials such as hydrogels and bioprinted 

scaffolds. Additionally, future studies should examine its utility in other tissue-engineered 

tissues such as the cornea447,448, intervertebral discs117,449, and heart valves450,451, where 

GAGs are known to play crucial morphological and physiological roles. The proposed 

method is also of potential use as a pre-implantation tool, where constructs are screened 

prior to implantation in an animal model. When implemented, this method may offer 

unprecedented insight on chondrogenic development within cartilage-engineered 

constructs and facilitate the advancement of such therapies to the clinic. In conclusion, 

CA4+-based CECT is a useful and non-destructive quantitative technique for 3D imaging 

and longitudinal assessment of GAG production and distribution in cartilage tissue 

engineering.
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Supplementary Information

Figure S1. CA4+ does not interfere with the Alamar Blue assay. Chondrocytes were plated in 
monolayer i) with and ii) without TGF-β to obtain cell populations with high and low metabolic activity, 
respectively. One day after plating, media containing 10 % (w/v) Alamar Blue was added to the cells 
and incubated overnight. The media containing Alamar Blue was collected and mixed with increasing 
concentrations of CA4+ (0-5 mgI/ml), followed by fluorescence measurements (ex = 544 nm, em = 
620 nm). Raw fluorescence units (RFU). Univariate analysis of variance followed by Bonferroni post-
hoc test was performed to evaluate differences in fluorescence across concentrations.

 
Figure S2.. Representation of the alignment and comparison between histology and µCT 

pictures. Scale bar: 1000 µm.
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Figure S3. Pellet volume vs sGAG content. Pellet volume was measured using ImageJ and 
BoneJ. GAG content was measured by DMMB. 

 

Figure S4. Correlation between CA4+ and GAG concentration upon 3 hours incubation (4 mgI/
mL). 
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Figure S5. Total DNA content. DNA content measured after a 30-day culture period. Data are 
presented by mean ± SD. Blue: Donor 1; Green: Donor 2; Orange: Donor 3.

 

Figure S6. µCT attenuation values of pellets upon incubation with CA4+ and washing out. 
Pellets were incubated with 4 mgI/mL CA+ for 3 hours. Arrows indicate medium changes. Attenuation 
values go back to baseline upon 4 hours wash. 
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Summary

Osteoarthritis (OA) is one of the most predominant musculoskeletal diseases and 

the most common of arthritis, affecting about 15 % of the population worldwide. It is a 

highly debilitating condition that affects the patient’s quality of life, and consequently it 

has a great impact on the social and healthcare systems. To date, no efficient therapy is 

available. Hence there is an unmet need for the development of therapeutic strategies 

that aim at stopping the degenerative processes additionally to the symptomatic 

treatment. 

Over the last years, a wide number of clinical trials has been carried out testing 

different biological therapies for OA, however they were often presented with 

disappointing results. In brief, the negative results were derived from the lack of efficacy 

of the drugs being tested and the occurrence of severe side effects, which results 

from a short availability of the drugs within the joint and prolonged systemic exposure, 

respectively. Furthermore, most of the clinical trials reported up to now have been 

carried out on unselected patient populations, which could potentially have masked the 

efficiency of specific drugs on specific patient groups. Many obstacles are hampering 

the development of successful therapies for OA. Hence, in this thesis we have faced 

research in OA from different perspectives, and postulate that by combining target 

discovery and novel drug development, together with better preclinical screening tools, 

the development of efficient therapeutic strategies for OA will be possible. 

In chapter 2, a summary of the current treatment approaches for OA is given, 

together with a review on the recent developments on drug delivery platforms for OA. 

Here, focus is given on how drug delivery systems can potentiate treatment efficiency 

by providing higher local drug concentration and prolonged exposure, while decreasing 

the probability of unwanted side effects due to systemic exposure. In line with this, in 

chapter 3 we show the applicability of a hydrogel platform for the delivery of locked 

nucleic acid (LNA)-modified antisense oligonucleotides (ASOs) targeting a cartilage 

degrading enzyme, ADAMTS5, as an approach for sustained intra-articular gene silencing 

of OA-related genes. Here we show that incorporation of the ASO in the gel yielded 

efficient gene knockdown up to 14-days of culture in OA chondrocytes. Following these 

results, we sought to evaluate the ability of this ASO sequence to silence ADAMTS5 in 

cartilage explants. Cartilage is an extremely dense tissue owing to its high contents of 

proteoglycans and collagen type II, hence drug diffusion and penetration constitutes one 

of the main challenges in cartilage drug delivery. Hence, in chapter 4 we explored the 

diffusion properties of LNA-modified ASOs in cartilage explants, as well as their ability 

to transfect chondrocytes in situ and promote efficient gene silencing. ASOs, as well 

as the gold standard siRNA, were able to diffuse into cartilage explants and co-localize 
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with chondrocytes. Nevertheless, only ASOs yielded significant silencing of ADAMTS5, 

showing the improved stability and transfection capacity of the antisense technology.  

As previously mentioned, OA patients present with different symptomatic profiles, 

which represent different mechanisms underlying the active disease. Hence, therapy 

efficiency will likely benefit of targeting the right patient population. In chapter 5, we 

map the expression of OSM in two animal models of OA, an instability-induced model 

and an inflammatory model as a possible example of a protein that can both serve as a 

biomarker and target for a specific population. Here, we found that OSM correlates with 

hallmarks of arthritis in the inflammatory model but not in the instability-induced model. 

As a comparison with clinical data, OSM presence in the synovial fluid of OA patients 

associated with higher concentrations of other pro-inflammatory cytokines. Altogether, 

these data show that OSM associates with a more inflammatory type of OA, and could 

potentially be used both as a target for drug development and as a method for patient 

stratification. 

Finally, in chapter 6, we describe the development of a quantitative and imaging 

method for monitoring of cartilage regeneration in vitro. Cartilage regeneration research 

is currently limited to destructive analytical methods such as histology and biochemical 

assays. In this chapter, we developed a computed tomography-based method that 

allows for non-destructive and longitudinal quantification of proteoglycans in cartilage-

engineered constructs. Importantly, this technique allows for detailed 3D imaging of 

proteoglycan distribution, providing information that was impossible to obtain with 

traditional methods. The development and implementation of such techniques will be 

crucial for in vitro and preclinical screening and testing of newly developed therapies 

before they reach the clinic. 
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Discussion

Osteoarthritis (OA) is a degenerative and progressive disease of the synovial joints 

that affects a large part of the population worldwide1. It is a highly impairing disease that 

affects the patient’s quality of life, and has direct and indirect impacts on health and social 

care systems2,3. Currently, standard-of-care treatment is limited to pain management, 

physical therapy and prosthetic replacement, as no therapy capable of reversing or 

delaying OA progression is available. Many clinical trials have been carried out in the 

last years testing novel therapies in OA, yet with disappointing outcomes6,8. The negative 

outcomes may be broken down to lack of efficiency and occurrence of severe adverse 

effects. There is, therefore, a necessity for the discovery of new therapeutic targets and 

the development of novel therapies and treatment strategies6,11,12,78. 

Another factor that likely precluded beneficial results in some clinical trials is 

that these have been carried out on unselected patient populations8,50,51. OA is a very 

heterogeneous and multifactorial disease, with patients presenting very different clinical 

symptoms and phenotypes8,76,78. For instance, bearing in mind that inflammation levels can 

vary among patients452-454, it is possible that relevant clinical effects of anti-inflammatory 

drugs pass unnoticed if tested on an undifferentiated patient population8. Hence, patient 

stratification based on disease phenotype and biomarker profile can improve treatment 

outcomes, by guiding drug development and patient selection8,50,51. Furthermore, the 

establishment phenotypes and biomarkers for OA will not only help patient classification, 

but also potentiate the discovery and validation of new ‘druggable’ targets76,78. 

Last but not least, improved methods for preclinical monitoring and imaging of 

the effect of newly developed therapies are of utmost importance98,455,456. Currently, in 

vitro and preclinical assessment of therapy efficiency is mainly limited to destructive 

and invasive techniques, such as histology and biochemical assays. Developing and 

validating methodologies for longitudinal monitoring of regenerative approaches and/or 

disease progression will improve therapy screening and facilitate translation to clinical 

settings98. Furthermore, validating such methodologies for clinical use will allow a more 

complete and reliable follow-up of treatment outcomes. 

As such, within the context of the aforementioned challenges this thesis aimed to 

advance the current status of cartilage repair in OA and to investigate new tools and 

technologies that can be used to improve OA treatment.

Antisense oligonucleotides for cartilage repair

RNA-based therapeutics have since early caused great interest in both scientific 

and pharma community due to their high target specificity and tailorability52,54. RNA 

therapeutics interfere with the translational machinery, leading to decreased production 
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of the protein of interest. By targeting a downstream molecule of the protein of interest, 

a quicker and longer lasting effect is obtained as compared to small molecule or protein 

inhibitors, as reviewed in Chapter 2. 

Considering that in OA different pathways are dysregulated and increased 

production of pro-inflammatory cytokines and matrix degrading enzymes is observed, 

it is reasonable to hypothesize these same pathways as targets for modified antisense 

oligonucleotides (ASOs). It has been shown that metalloproteinases (MMPs) and 

ADAMTSs (a disintegrin and metalloproteinase with thrombospondin motifs) 4 and 5 are 

the main enzymes contributing for degradation of collagen type II and aggrecan193,314,315, 

two key components of the cartilage matrix1,13. Different studies have shown that inhibition 

of ADAMTS-4 and 5 with small molecules and antibodies led to delayed cartilage 

degradation in ex vivo315,317,318 and in vivo319,321 models, however no results of clinical trials 

have been reported so far. Small molecule inhibitors against MMPs have been tested in 

clinical trials, yet severe side effects were noted which were attributed to the multitude 

of biological processes MMPs are involved throughout the body6. Hence, development 

of more specific drugs is warranted. 

In chapter 3 we show proof of concept for the use of locked nucleic acid (LNA)-

modified ASOs against ADAMTS-5. An ASO sequence designed against ADAMTS-5 

led to efficient gene knockdown in primary human osteoarthritic chondrocytes, with 

and without tumor necrosis factor alpha (TNF-α) and oncostatin M (OSM) stimulation to 

simulate a pro-inflammatory OA environment. Importantly, the sequence was shown 

to be internalized by the cells and produce silencing effect without delivery agent. 

Whether ADAMTS-5 is the most active aggrecanase in human osteoarthritic cartilage 

remains unknown. Studies have shown ADAMTS-5 to be detrimental in mice cartilage 

degradation320, while ADAMTS-4 was shown to be the most active in bovine cartilage 

explants318. In human cartilage explants, single or combined inhibition of ADAMTS-4 

and ADAMTS-5 prevented cartilage degradation315, yet further research is warranted to 

determine their specific roles and contribution to aggrecan breakdown in vivo.

Cartilage diffusion is considered an essential factor that can hamper treatment 

outcomes of disease-modifying drugs324. Contrary to synovial lining, cartilage is an 

avascular tissue, hence drug delivery occurs mainly by diffusion from the synovial 

fluid into the matrix12,324. Yet, the highly dense and negatively charged network of 

proteoglycans and collagens make the tissue practically impenetrable to large and/

or negatively charged molecules324. It has been previously shown that smaller and 

positively charged molecules or nanoparticles have increased diffusion and cartilage 

retention profiles due to lower steric hindrance and, more importantly, due to enhanced 

electrostatic interactions266-269,324,457. Importantly, molecule diffusion in cartilage is reported 

to be enhanced with degenerative changes, due to loss of proteoglycans and collagen 
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and matrix remodeling458-460.While ASOs have a net negative charge, this is likely 

compensated by their small size, which decreases steric hindrance within the collagen 

and proteoglycan mesh. In line with this, we have shown in chapter 4 that fluorescently 

labeled ASOs are able to penetrate into full-thickness cartilage explants and co-localized 

with chondrocytes. These ASOs were confirmed to be active as seen by a decrease 

in ADAMTS-5 expression mediated by an ASO targeting its mRNA. These results are 

corroborated by the work of Nakamura et al. that, albeit not showing direct miRNA-181-

5p knockdown in cartilage explants treated with a targeting ASO, showed a decrease 

in both MMP-13 and collagen type I expression, suggesting efficient diffusion and in situ 

activity of the ASO227. 

As discussed before, virtually any mRNA can be targeted with ASOs given 

appropriate sequence design and modifications, hence one can envisage tailored 

ASO design according to the disease phenotype and dysregulated genes in individual 

patients. Among the most promising ones are ASO-based strategies that either address 

the targets of previously developed DMOADs or that target the epigenetic changes 

underlying OA. Cai et al. showed efficient ASO-mediated cyclooxygenase-2 (COX-

2) silencing in human chondrocytes231. COX-2 has been implicated in inflammatory 

processes that contribute to OA progression and cartilage degradation138. In fact, oral 

COX-2 inhibitors are currently used as anti-inflammatory treatment for OA, yet they carry 

significant risks of cardiovascular and gastrointestinal side-effects138. Different miRNAs 

have also been implicated in the pathogenesis of OA215,220,221,227,233,237, hence constituting 

suitable targets for ASO-mediated silencing. Lolli et al. demonstrated the feasibility of 

targeting miRNA-221, an anti-chondrogenic effector, with an LNA-modified ASO233. 

Efficient knockdown of miRNA-221 was observed in human mesenchymal stem cells 

h(MSCs) in vitro. Importantly, improved endogenous cartilage repair was observed upon 

incorporation of an ASO-loaded fibrin gel in an osteochondral defect model implanted 

subcutaneously in mice. Of note, in this study only lipofectamine delivered ASOs had a 

significant effect on cartilage repair. Whether this was due to low cellular uptake or low 

concentration of the ASO remains to be clarified. MiRNA-181a-5p has also been identified 

as a mediator of inflammation and matrix degradation in articular cartilage220. Intra-articular 

injection of an LNA-modified ASO against miRNA-181a-5p led to attenuated cartilage 

degradation and decreased expression of catabolic markers in rats and mice227. Different 

OA-related molecules, including enzymes and miRNAs, have been targeted with ASOs. 

Whether these targets are the key players in OA remains unknown, nevertheless, these 

studies show important proof-of-concept for the applicability of ASO-based therapies in 

OA. 

Given the multifactorial character of OA, ASO therapies will likely be more effective 

upon silencing of multiple targets. Such strategies have shown promising results in other 
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fields such as cancer and muscular dystrophies. Combined ASO-mediated knockdown of 

peptides involved in colon carcinoma, namely transforming growth factor α, amphiregulin, 

and CRIPTO-1, was proven to be more effective in inhibiting tumor growth in a mice 

xenograft model when compared to single target inhibition461. A cocktail of ASOs targeting 

the same factors also showed improved inhibition of the proliferation of ovarian carcinoma 

cells as compared to single ASOs462. Similar results were observed in an orthotopic mice 

model of lung carcinoma, where simultaneous administration of ASOs against multidrug 

resistance-associated protein (MRP1) and B-cell lymphoma 2 protein (BCL2) together with 

Doxorubicin lead to enhanced antitumoral activity463. Both MRP1 and BCL2 are known 

to be upregulated in lung carcinoma cells upon treatment with the Doxorubicin leading 

to tumor resistance463. Also in Duchenne Muscular Dystrophy (DMD), a genetic disorder 

caused by mutations in the dystrophin gene, the combination of multiple ASOs has been 

proposed as a promising therapeutic approach464. Mutations in the dystrophin can vary 

in type (i.e. deletion, duplication, and nonsense) and number, therefore application of 

a single ASO yields beneficial effects in a limited number of patients464. Following this 

rationale, a study reported the use of a cocktail of exon-skipping ASOs targeting exons 6 

and 8 of the dystrophin gene in a dog model of DMD465,466. Combined oligo administration 

led to increased dystrophin expression as compared to single administration or non-

treated control. Remarkably, restoration of dystrophin expression led to improvement in 

clinical and behavioral parameters466. 

While the first steps on antisense therapeutics in OA have been taken only recently, 

in other diseases these have already proved clear clinical benefit, and a number of 

ASO-based drugs were already approved by the Food and Drug Administration (FDA)467. 

As example, Formivirsene, a drug developed for treatment of cytomegalovirus (CMV) 

retinitis, was the first ASO approved by the FDA in 1998468,469. Yet, due to development 

of high-activity anti-retroviral therapy, and subsequent decrease in CMV retinitis cases, 

the marketing and clinical application of the drug has been halted467. Recently, a splice-

altering oligonucleotide was approved for the treatment of spinal muscular atrophy 

(SMA), a genetic disease that often leads to infant death. In numerous clinical trials, the 

drug lead to profound beneficial effects on infants with type I and type II SMA, reducing 

mortality and leading to improvements in motor function53,470,471. In 2019, a one-of-a-kind 

“n = 1” clinical study reported the development and implementation of an ASO targeting 

a never seen mutation in an infant patient with neuronal ceroid lipofuscinosis 7, a fatal 

neurodegenerative disease472. This was a remarkable demonstration of personalized 

and individualized medicine, as the authors show how ASO design can be tailored 

to specific and rare mutations and diseases. These successes brought an enormous 

pharmaceutical interest in RNA-based technologies, further endorsing their potential as 

drug discovery platforms and therapeutics. 
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Even though chemical modifications render ASOs more efficient and target specific, 

rapid clearance from the joint space, as for other drugs, could still be major limiting factor 

for prolonged therapeutic effects11,324. In this regard, drug delivery platforms have the 

potential to improve therapeutic outcomes by providing a continuous and controlled 

local drug release. 

Intra-articular drug delivery for osteoarthritis

Intra-articular controlled delivery of DMOADs might increase the benefit:risk ratio 

of drugs as compared to systemic administration by, on one hand, increasing the local 

concentrations of the drug and, on the other, decreasing systemic exposure and risk of 

side effects8,11,12. Moreover, contrary to other forms of arthritis, OA affects usually a single 

joint and, therefore, the localized nature of the disease makes it suitable for intra-articular 

drug delivery11. Depending on the type and properties of the delivery platform, it can 

act as i) a simple drug depot that will release the drug in a controlled manner over time 

or ii) actively deliver its cargo to specific cells and tissues within the joint environment. 

Additionally, by providing a controlled and prolonged drug retention within the joint, 

delivery systems also diminish patient discomfort and infection risk by decreasing the 

number of necessary injections11,12.

In chapter 3 we show the applicability of a fibrin and hyaluronic acid hydrogel for 

incorporation of an LNA-modified ASO as an approach for simultaneous resurfacing of 

cartilage defects in OA and prolonged silencing of ADAMTS5. A two-gel system was 

established composed by a gel containing chondrocytes and ASOs and a gel only 

bearing chondrocytes. While the latter would mimic endogenous joint tissues, the 

first represented a platform for cell and ASO delivery. Ideally, the ASOs would silence 

ADAMTS-5 in the first gel and then diffuse to the second gel, transfect resident cells and 

promote efficient gene silencing. Importantly, the ASO molecules were indeed shown to 

efficiently diffuse into the secondary gel and transfect cells. Efficient ADAMTS-5 silencing 

(60-70%) was observed up to 14 days of culture in both gels with a single dose of ASO. 

These results indicate that in a scenario where sufficient amounts of ASO would be 

present in the joint, the sequence would likely diffuse into cartilage and promote gene 

silencing as shown in chapter 4. In this study, due to the improved trafficking properties of 

the ASOs it was not necessary to incorporate them in delivery vehicles that would transfect 

them into cells. However, this is not the case for other drugs with limited transfection 

capacity such as siRNAs miRNAs or growth factors55. In these cases, if the therapeutic 

target is located within the cartilage matrix, drugs should be incorporated or conjugated 

to small (< 50 nm) and positively charged carriers, as demonstrated previously266-269,473. In 

fact, particles bigger than 50 nm have shown limited cartilage penetration and retention 

profiles265,474,475. Taken together, these studies highlight the ability of ASOs to diffuse 
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within the challenging environment of cartilage to ultimately transfect chondrocytes in 

situ and produce efficient gene silencing.

Even though hydrogels do not help the therapeutic molecules to transfect the cells, 

they can load very high concentrations of the drug and act as localized drug depot. Their 

tunable properties, e.g. composition, charge, functionalization or degradation profiles 

make them perfect controlled release systems299. Furthermore, as reported in chapter 

3, they can act as a scaffold for cell growth and cartilage repair. In this study, fibrin and 

hyaluronic acid were chosen due to their biocompatible properties and widespread clinical 

use, in particular in the orthopedic field. Fibrin has been extensively used in orthopedic 

procedures as cell carrier336,337,476 or simply as wound sealant477, while hyaluronic acid is 

a natural component of synovial fluid and it has been widely explored as a drug delivery 

platform478. Additionally, hyaluronic acid is the major ligand for CD44479, a membrane 

receptor expressed in chondrocytes, which can potentiate the development of cartilage-

targeting strategies231,480. When it comes to drug delivery to articular cartilage, careful 

design and selection should take into account the type of drug, target tissue and drug 

release profiles. For instance, while highly charged and small nanoparticles will target 

cartilage tissue, less charged and bigger particles will preferentially be phagocytized 

by synovial cells324,481. On the other hand, cartilage-penetrating nanoparticles will likely 

potentiate a higher therapeutic effect of nucleic acid drugs as compared to a hydrogel 

by enhancing cartilage penetration and cell delivery269,324. An alternative strategy could 

be the use of hydrogels/nanoparticle composites. This modular approach allows for 

individual tailoring of each component, resulting in a platform with enhanced physical, 

chemical, and biological properties482. While hydrogels generally provide a matrix with 

tissue-like properties, their high porosity leads to suboptimal fast release of the drugs483. 

On the other hand, due to their to smaller size nanoparticle systems have higher in vivo 

clearance rates. In fact, the encapsulation of drug-loaded nanoparticles in hydrogels 

has showed improved and prolonged drug release profiles, as compared to drug 

encapsulated in the gel or nanoparticle alone484,485.

Although still in its infancy, the first steps on intra-articular drug delivery in OA are being 

made. In 2017, the first, and so far, the only drug delivery system for pain management in 

OA was approved by the FDA, and it is currently being commercialized under the name of 

Zilretta. The poly(lactic-co-glycolic acid) based microsphere incorporating triamcinolone 

acetonide showed prolonged drug joint residence time, and improved pain and function 

scores when compared to the free drug in patients with knee OA246,486,487. Even though 

this platform only provides pain relief and does not aim at tissue repair, such studies are 

pioneers in demonstrating the advantages of drug delivery systems over the free drug, 

and will likely pave the way for the future development of delivery systems and disease-

modifying drugs in OA patients.
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Target discovery, drug development and patient stratification – learning from 

other diseases

Currently available treatments for OA are mainly based on conservative approaches 

seeking symptom relief and improved joint function. Recently, focus has been given to 

the development of drugs with ability to slow down structural progression of OA6. In fact, 

many clinical trials have been carried out testing disease-modifying agents in OA, albeit 

with little success6,8. Therefore, there is a need for a paradigm shift on drug development 

in OA. Importantly, drug development needs to be accompanied by definition of OA 

phenotypes and patient stratification and preceded by the establishment of novel 

biochemical and imaging markers8,51,78,488. 

In chapter 5, it is shown that OSM expression correlates with hallmarks of OA in an 

inflammatory animal model but not in an instability-induced rodent model. Additionally, in 

synovial fluid of OA patients, OSM presence was associated with higher concentrations 

of other pro-inflammatory cytokines such as TNF-α, IL-1α and IFNγ. While further studies 

are warranted to confirm the involvement and association with development of arthritis 

in these models, this indicates that OSM could be a potential biomarker and target for 

inflammatory OA phenotypes. OSM is a pro-inflammatory cytokine from the IL-6 family that 

has been described as an important mediator of inflammation and cartilage degradation 

in rheumatoid arthritis (RA)372-374. As opposed to RA, where OSM is detectable and 

elevated in all patients, in OA OSM is only detectable in a subset of patients341,372,380,381. 

Interestingly, OSM has been shown to correlate with synovial markers of inflammation 

in RA synovial fluid, namely white blood cell count372. Moreover, OSM correlated with 

markers of aggrecan and collagen degradation in RA but not OA patients341, suggesting 

a more active role of OSM during inflammatory processes. 

Several biologics targeting pro-inflammatory factors have been tested in OA 

patients, however without clear benefit165-167 and despite the very promising in vitro and 

preclinical work489,490. Importantly, clinical trials in OA are generally performed in a general 

population without phenotype distinction, which can subsequently mask therapeutic 

efficiency in a specific subset of patients8. Only one clinical trial was carried in a selected 

patient population. In this trial, the effect of Lukitizumab, an anti–IL-1α/α antibody, was 

evaluated in patients with knee OA and with evidence of synovitis167. Here, despite 

selection of patients with evidence of inflammatory processes, the antibody targeting 

IL-1α and IL-1α did not lead to any improvement in pain scores or synovitis, suggesting that 

perhaps these cytokines do not play a major role in OA. Nevertheless, even if evidence 

on the benefit of anti-inflammatory therapies for OA in humans is lacking, it is clear that 

inflammation and inflammatory cytokines do contribute to disease progression452,491-493. 

The success of such therapies is likely to depend on the discovery of new key players in 
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the inflammatory process, as well as the testing of therapies on selected patient groups. 

In this regard, in chapter 5 we postulate that perhaps OSM could be a suitable target for 

both drug development and definition of an inflammatory OA phenotype.

Knowledge on target-driven drug development and phenotype-guided patient 

stratification can be derived from diseases where personalized medicine and targeted 

therapies are more advanced and established. Cancer, for instance, is an excellent 

example of a disease where targeted treatment is implemented. While traditionally 

cancer treatment was mainly based on non-specific chemotherapy agents that would 

target rapidly dividing cells, currently more and more current therapies are matched to 

specific patient groups described and stratified by the underlying disease mechanisms 

and molecular signatures494,495. One of the first examples of targeted therapy in cancer 

was the use of trastuzumab for treatment of HER2-positive metastatic breast cancer496,497. 

Overexpression of HER2 was associated with aggressive breast cancer and with poor 

prognosis, and currently, HER2 is used as a predictive biomarker for the establishment 

of treatment strategies494. Larotrectinib, a tropomyosin receptor kinase inhibitor, has also 

been recently approved for cancer patients with a neurotrophic tropomyosin receptor 

kinase inhibitor gene fusion498. A tool that has been shown to be efficient in providing 

drug screening and personalized care is the organoid technology. Organoids are 

in vitro grown 3D structures derived from pluripotent stem cells or organ-progenitor 

cells that harbor and mimic the in vivo architecture and function of the organ they 

represent499,500, which makes them very promising platforms for drug development 

and screening. One of the first reports on organoid-based personalized medicine 

was published on cystic fibrosis (CF)501. After generating intestinal organoids from two 

patients, and observing a positive response to the CF drug ivacaftor, the treatment was 

then given to the patients who showed significant clinical improvements501. Following 

these two successful cases, larger clinical trials are being carried out as follow up502. 

In a similar manner, patient-specific cancer organoids are also being used for drug 

screening and testing503. Remarkably, cancer and tumor organoids maintain the genetic 

heterogeneity of the primary tumor, which constitutes an advantage when compared with 

less complex systems499. Financially, targeted therapeutics might appear less attractive 

to pharmaceutical companies due to a narrower patient population, and hence lower 

revenue. However, this might be compensated by faster and wider adoption of the drug 

due to superior clinical performance495. 

In OA, further research is needed to successfully establish biomarkers for diagnosis, 

definition of phenotypes and as targets for drug development8,78. It will be crucial to 

face OA as a multifaceted disease with multiple phenotypes and underlying disease 

mechanisms. Equally important will be to define patient populations according to their 

phenotype prior to clinical trials8. On this regard, several initiatives are being carried 
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out. For instance, the OA Biomarker Project and its follow-up consortium Progress OA 

are part of a two-stage strategy that has as a primary objective the validation of imaging 

and biochemical markers as predictive tools for OA progression504. Ultimately, the goal 

of this working group is to define and stratify patients, and therefore enrich clinical trials 

with responsive populations. Similarly, the European Society for Clinical and Economic 

Aspects of Osteoporosis and Osteoarthritis has set up a work group to discuss the role of 

magnetic resonance imaging (MRI) parameters as structural endpoints in clinical trials505. 

Additionally, since 2015, the APPROACH project is using an integrated bioinformatic 

platform to collect and process biomedical data of over 10000 OA patients, aiming at the 

definition of OA phenotypes and patient stratification. 

Monitoring tools

In vitro and preclinical cartilage research is limited to methodologies that are 

generally invasive and destructive, thus not allowing longitudinal monitoring of samples 

and/or animals. This is an important drawback, particularly for tissue engineering and 

regenerative approaches where real-time monitoring of samples would provide 

information on the development of the constructs, matrix deposition and integration98,455,456. 

Hence, development of new modalities and implementation of existing ones in tissue 

engineering research would allow for better characterization of tissue constructs 

overtime98,455.

In chapter 6 we propose the implementation of contrast-enhanced computed 

tomography (CECT) for longitudinal monitoring and imaging of glycosaminoglycan (GAG) 

production and deposition in cartilage-engineered constructs. This method allows 

monitoring of the same samples over time, providing quantitative information on GAG 

deposition within the constructs. Additionally, the proposed technique allows for 3D 

imaging of GAG distribution, providing 3D “histological” images equivalent to standard 

histology methods. Considering that GAGs are also important constituents of other 

tissues, the technique proposed in this chapter would be potentially valuable for other 

regenerative approaches, such as intervertebral disc (IVD)110,449, heart valves450,451, and 

cornea447,448.

Other methodologies such as ultrasound (US)411, optical imaging506, and MRI105,507 

have also been applied to monitor tissue explants and tissue engineered constructs. US 

imaging originates form the difference in reflectivity to acoustic waves throughout tissue, 

which can then be correlated to matrix composition, density and mechanical properties98. 

For instance, US imaging has been used to track cartilage matrix deposition106-108,410 and 

mineralization508 in hydrogels by measuring longitudinal changes in US attenuation. US 

has proved to be a cost-effective technique with high temporal resolution that allows 

for real-time monitoring, yet spatial resolution substantially decreases with penetration 
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depth and might constitute a problem for detailed imaging of larger constructs411. Optical 

imaging instead is based on the interaction (i.e. scattering, reflection) between tissues 

and infra-red, visible or ultraviolet light506. Although optical imaging, namely microscopy, 

is less suitable for large tissue constructs (> 1 mm), its high spatial resolution makes it a 

powerful tool for detailed imaging of cellular interactions and intracellular processes in 

cell monolayers or thin constructs (< 1 mm)506. Also within the optical methods, optical 

coherence tomography (OCT) has been used to image cartilage tissue ex vivo509 and in 

vivo during open knee surgery510 and arthroscopic procedures511. Similarly to ultrasound, 

OCT detects differences in the refractive indexes of tissues and samples to near-infrared 

light506. Contrary to optical microscopy, OCT can image up to 2/3 mm in depth506,512, 

making it suitable for imaging of larger tissue engineered constructs. While, to date, no 

reports exist on OCT-based in vitro imaging of cartilage engineered constructs, OCT has 

been used to monitor cartilage regeneration in preclinal animal models513,514. 

 On the other hand, MRI has been used for imaging and monitoring in tissue 

engineering applications due to its superior soft tissue contrast and high imaging 

depth105,507. MRI has also been used to monitor deposition of matrix components and 

to assess the mechanical properties of cartilage tissue-engineered constructs515,516. 

However, to achieve high spatial resolution long scanning times are needed, which 

makes it incompatible with real-time and in vivo applications98. Additionally, these studies 

often report the use of high field MRI scanners (3 Tesla and above) in order to achieve 

higher signal-to-noise ratios105. Yet, high field MRI requires large facilities, and importantly, 

installation and maintenance costs are high when compared to other technologies, 

hindering its wider application in preclinical research. 

All in all, implementation of these techniques in tissue engineering approaches 

will allow for better characterization of cell growth and tissue development, and more 

importantly, will facilitate standardization of tissue engineering approaches98. Likely, the 

development of multimodal techniques will expedite such processes by combining 

the advantages of different methodologies, and by overcoming pitfalls of individual 

modalities456. Importantly, some of the developed techniques, specifically those not using 

ionizing radiation or radioactive labeling, will be important tools in future pre-clinical and 

clinical studies for measurement of treatment efficacy and outcome98.

Knowledge transfer to intervertebral disc research

The work conducted in this thesis entails ASO-based therapeutic modalities and 

monitoring tools that could be transferred also to other degenerative cartilaginous 

diseases, such as disc-related chronic low back pain, a highly impairing condition and 

one of the most common musculoskeletal disorders worldwide110. The IVD, the connective 

tissue located between the vertebral bodies in the spine, shares many similarities with 
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the joint. Especially the inner nucleus pulposus (NP) is rich in proteoglycans, in fact the 

proteoglycan-to-collagen ratio is higher in articular cartilage517. Importantly, it also has a 

very low regenerative capacity and it is often affected by degenerative processes similar 

to those occurring throughout OA in articular cartilage110,518. The molecular mechanisms 

underlying the pathologies are similar518, as are the obstacles limiting the development of 

more effective therapies, such as drug delivery to the disc and monitoring of disease and 

therapy progression. Therefore, it is hypothesized that the concepts and tools explored 

in this thesis could be applied to IVD research. Whether ASOs can efficiently transfect 

NP cells in situ remains to be studied, yet IVD degeneration could potentially be targeted 

with ASO-based strategies described in chapter 3 and 4. Even more so, regenerative 

strategies for disc repair could potentially benefit of the method described in chapter 6 

for longitudinal monitoring of the deposition of proteoglycans in NP cell or organ culture 

employed in a preclinical setting. 

Future directions and conclusions

OA is one of the most common musculoskeletal diseases worldwide, and to-

date no true effective treatment is available, as pain medication and management only 

provide short-term solutions. Novel drug platforms, such as RNA therapeutics, may 

provide enhanced beneficial effects compared to small molecule inhibitors or other drug 

types that act at the protein level. Equally important, treatment strategies will potentially 

benefit from local drug administration and the use of drug delivery systems for prolonged 

presence of the drug and enhanced therapeutic effect at the joint level. OA needs to 

be approached as a multifactorial and complex disease, and as such, there will not be a 

“one size fits all” treatment strategy. Biomarker and phenotype definition will be crucial for 

drug development strategies at an early phase, and for clinical testing in selected patient 

populations at later stages. Finally, the development and implementation of new imaging 

and sensitive monitoring tools for in vitro and preclinical phases of drug development 

will be essential in determining the best conditions and parameters for cartilage and 

joint repair. As depicted in figure 1, the combination of these strategies and the crosstalk 

between them will be crucial for the development of effective OA therapies.
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Figure 1. Tools and technologies for cartilage repair
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Artrose is een van de meest veelvoorkomende aandoeningen van ons spier- en 

skeletstelsel en de meest voorkomende oorzaak van gewrichtsklachten. Ongeveer 

15% van de wereldbevolking lijdt aan artrose. Het is een invaliderende aandoening die 

een diepgaande impact heeft op de kwaliteit van leven van de patiënt en daarmee 

op de maatschappij. Ondanks de omvang van het probleem, is er nog steeds geen 

effectieve behandeling beschikbaar. Daarom is het urgent om nieuwe behandelingen te 

ontwikkelen die gewrichtsslijtage remmen, naast behandelingen die de pijn verlichten.

In de laatste jaren zijn veel klinische onderzoeken uitgevoerd naar de werking van 

verschillende nieuwe biologische medicijnen voor artrose, maar de resultaten waren 

meestal teleurstellend. Soms kwam dit doordat de medicijnen niet effectief waren, soms 

door ernstige bijwerkingen. De tegenvallende effectiviteit hang vaak samen met het feit 

dat medicijnen snel weer uit het gewricht verdwijnen. Bijwerkingen worden vaak gezien 

als een middel langdurig ingenomen moet worden. Bovendien worden dergelijke 

klinische studies vaak uitgevoerd zonder te kijken naar het type artrose wat de patiënt 

heeft, waardoor een mogelijk veelbelovend middel voor die groep patiënten niet als 

zodanig geïdentificeerd wordt. Er zijn dus veel hordes te nemen in de aanloop naar de 

ontwikkeling van een effectieve behandeling van artrose.

Daarom hebben we in dit proefschrift het artroseonderzoek van verschillende 

kanten benaderd en willen we duidelijk maken dat de combinatie van het vinden 

van nieuwe ziekteaangrijpingspunten, de ontwikkeling van nieuwe medicijnen en het 

ontwikkelen van nieuwe en verbeterde screeningstechnieken samen nodig zijn voor het 

ontwikkelen van nieuwe en effectieve behandelingen van artrose.

In hoofdstuk 2 geven we een overzicht van de huidige en opkomende 

behandelopties van artrose en de recente ontwikkelingen rond materialen die 

ontwikkeld zijn voor lokale medicijnafgifte. Duidelijk wordt gemaakt hoe lokale afgifte 

medicijnen effectiever kan maken door het bewerkstelligen van een lokale langdurige 

hoge concentratie, terwijl bijwerkingen samenhangend met het systemisch (bv oraal of 

intraveneus) toedienen voorkomen worden. In lijn hiermee laten we in hoofdstuk 3 de 

toepasbaarheid zien van een hydrogel voor het afgeven van chemisch gemodificeerde 

antisense oligonucleotiden (ASOs) die de expressie (en daarmee productie) van het 

kraakbeen afbrekend enzym ADAMTS5 remmen. We laten zien dat het laden van de 

hydrogel met ASOs tot 14 dagen een efficiënte remming van ADAMTS5 genexpressie 

geeft in kraakbeencellen die in dezelfde gel opgenomen zijn. Vervolgens hebben we 

gekeken of deze ASO ook ADAMTS5 in kraakbeen kon remmen. Kraakbeen is een 

heel compact weefsel door de hoge dichtheid van proteoglycanen en collageen II, 

waardoor diffusie van medicijnen een van de grootste bottlenecks is in medicijnafgifte in 

kraakbeen. Daarom onderzochten we in hoofdstuk 4 in stukjes kraakbeenweefsel de 

diffusie en het vermogen van de gemodificeerde ASOs om kraakbeencellen binnen te 

dringen en de expressie van ADAMTS5 te remmen. Zowel de gouden standaard siRNA 

(small inhibitory RNA) als de ASO diffundeerde door het kraakbeenweefsel en kwam bij 

de cellen terecht, maar alleen de ASO gaf remming van ADAMTS5 expressie, daarmee 

de potentie van deze antisensetechnologie demonstrerend.
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Zoals eerder genoemd, zijn er verschillende vormen van artrose, deels 

samenhangend met verschillende etiologie, die zich uiten in verschillende symptomen 

bij patiënten. Daarom zal effectieve behandeling afhangen van de te behandelen type 

patiënt. In hoofdstuk 5 brengen we de expressie van oncostatin M (OSM) in kaart in twee 

diermodellen van gewrichtsschade, een model gebaseerd op de inductie van instabiliteit 

en een model gebaseerd op de inductie van ontsteking. OSM is een eiwit dat gebruikt 

kan worden om een onderscheid tussen types patiënten te maken. Het bleek dat in 

het diermodel met acute gewrichtsontsteking, maar niet in artrose geïnduceerd door 

instabiliteit, OSM-productie correleerde met ontstekingsparameters. Ook in de synoviale 

vloeistof van OA-patiënten correleerde de aanwezigheid van OSM met pro-inflammatoire 

cytokinen, indicatief voor een meer inflammatoir fenotype. OSM zou daarom zowel als 

target van behandeling kunnen dienen als biomarker voor een subset van patiënten.

Uiteindelijk beschrijven we in hoofdstuk 6 de ontwikkeling van een kwantitatieve 

beeldvormingstechniek die gebruikt kan worden om in vitro kraakbeenregeneratie 

te volgen. Kraakbeenonderzoek wordt momenteel gekenmerkt door analytische 

methoden, zoals histologische en biochemische technieken, waarvoor het weefsel 

moet worden vernield. In dit hoofdstuk ontwikkelden we een methode gebaseerd op 

computed tomography (CT) die het mogelijk maakt om nondestructief de productie van 

proteoglycanen in in vitro weefsel over tijd te volgen. Extra voordeel van deze techniek 

is dat ook de ruimtelijke verdeling van proteoglycanen over het in vitro groeiende 

weefsel zichtbaar gemaakt kan worden, informatie die tot nog toe niet verkregen kon 

worden met de traditionele methoden. De ontwikkeling en toepassing van dit soort 

technieken zal cruciaal blijken voor het in vitro preklinisch screening en testen van 

nieuwe behandelingen voordat deze de kliniek bereiken

Artrose is een van de meest voorkomende aandoeningen van ons spier- en 

skeletstelsel en tot op heden is er geen effectieve behandeling, waarbij pijnstilling 

alleen een kortetermijnoplossing is. Nieuwe soorten medicijnen, zoals die gebaseerd 

op RNA, hebben een meerwaarde boven de huidige “small molecule” medicijnen of 

andere medicijnen die op eiwitniveau interfereren. Minstens even belangrijk is het 

dat lokale toediening middels medicijnafgiftesystemen behandelingen effectiever zal 

maken door verlengde aanwezigheid van het medicijn in afdoende concentraties. 

Artrose moet gezien en behandeld worden als een multifactoriële ziekte, waarbij 

identificatie van biomarker en fenotype cruciaal zullen zijn voor de ontwikkeling van 

nieuwe medicijnen in een vroeg stadium en later voor de uiteindelijke behandeling in 

goed gedefinieerde patiëntenpopulaties. Tot slot is de ontwikkeling en toepassing van 

nieuwe beeldvormingstechnieken in de preklinische fase van ontwikkeling belangrijk 

om de beste aanpak voor gewrichtsherstel te identificeren.
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µCT   Micro-computed tomography 

2’-OMe  2’-O-Methyl

2’-OMOE  2’-O-methoxyethyl 

3D   Three-dimensional

AC   Articular cartilage

ACI   Autologous chondrocyte implantation 

ACLT  Anterior cruciate ligament transection

ADAMTS  A disintegrin and metalloproteinase with thrombospondin motifs

AF   Annulus fibrosus

ASAP  Ascorbic-2-phosphate 

ASOs  Antisense oligonucleotide

BCL-2  B-cell lymphoma 2 protein 

bFGF  Basic fibroblast growth factor 

CECT  Contrast-enhanced computed tomography

CF   Cystic fibrosis 

CI   Confidence intervals 

CMC  Critical micelle concentration 

CMV  Cytomegalovirus

COX-2  Cyclooxygenase-2 

CT   Computed tomography

CTNNBIP1  α-catenin interacting protein 1

DMD  Duchenne muscular dystrophy 

DMEM  Dulbecco’s modified eagle’s medium 

DMMB  1,9-dimethylmethylene blue 

DMOADs  Disease-modifying drugs for OA 

ECM   Extracellular matrix 

EDTA  Ethylenediaminetetraacetic acid 

F   Fibrin

FBS   Fetal bovine serum

FDA   Food and drug administration

FJ   Facet joint 

FSC   Forward scatter

GAG  Glycosaminoglycan

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 

GDF-5  Growth and differentiation factor-5 

GI   Gastrointestinal

HA   Hyaluronic acid

HAS   Human serum albumin

hTERT  Human telomerase reverse transcriptase 

ICC   Intra-class correlation coefficient 

IGF-1  Insulin-like growth factor 1 

IHC   Immunohistochemistry

IL   Interleukin

IL-1Ra  IL-1 receptor antagonist 

ITS-X  Insulin-transferrin-selenium-ethanolamine 

IVD   Intervertebral disc

IVDD  Intervertebral disc degeneration 

LDH   Lactate dehydrogenase 

LNAs  Locked nucleic acids 
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MACI  Matrix-assisted ACI

miRNAs  Micro RNAs

MMPs  Metalloproteinases 

MRI   Magnetic resonance imaging 

mRNA   messenger RNA 

MRP-1  Multidrug resistance-associated protein 

MSCs  Mesenchymal stromal cells

NGF   Nerve growth factor

NO   Nitric oxide

NP    Nucleus pulposus

NSAIDs  Non-steroidal anti-inflammatory drugs 

OA   Osteoarthritis

OCT   Optical coherence tomography 

OSM  Oncostatin M

PAMAM  Polyamidoamine 

PBS   Phosphate buffer saline

PEA   Polyester amide 

PEG   Poly(ethylene-glycol)

PGPS  Peptidoglycan-polysaccharide

pHPMAmLacn  Poly(N-(2-hydroxypropyl)methacrylamide-lactate) 

PLA   Poly(lactic) acid 

PLGA  Poly(lactic-co-glycolic acid) 

PRP   Platelet-rich plasma

PS   Phosphorothioate

qPCR  Real-time PCR

RA   Rheumatoid arthritis

RNA   Ribonucleic acid

RPL19  Ribosomal protein L19 

SDF-1α  Stromal cell-derived factor-1 alpha

SDHA  Succinate dehydrogenase complex subunit A 

siRNAs  Small interfering RNAs

SMA   Spinal muscular atrophy 

SSC   Side scatter

TAA   Triamcinolone acetonide

TCP   Tricalcium phosphate 

TIMPs  Tissue inhibitors of metalloproteinases 

TNF-α   Tumour necrosis factor alpha

TRAP  Tartrate-resistant acid phosphatase 

US   Ultrasound
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