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SUMMARY 
Rheumatoid arthritis (RA) is one of the most common autoimmune diseases (prevalence 0.5-

1.0%), which can lead to pain and a considerable loss of life quality in affected patients. Many 

details of underlying causes and mechanisms are still elusive. The persistent autoimmune-

mediated inflammation of the joint is one of the key features of this systemic, chronic-

inflammatory disease accounting for progressive cartilage destruction. Despite major progress 

in the treatment of RA, a strong unmet medical need remains. Therefore, a better 

understanding of the underlying pathomechanisms driving RA progression is required to 

develop new therapeutic strategies to effectively treat patients at every stage of disease 

progression.  

Although various RA models already exist, they either employ phylogenetically distant species 

or rely on human cells cultured in an oversimplified environment. To date, none of these 

models allows sufficient or complete extrapolation to the human patient. Therefore, the use of 

human-based in vitro 3D tissue equivalents of an artificial joint is a promising alternative 

approach to investigate pathomechanisms and test new therapeutic approaches. Hence, the 

aim of this thesis was to develop and characterize human in vitro 3D tissue equivalents of the 

joint, namely (i) cancellous bone, (ii) articular cartilage, and (iii) synovial membrane using bone 

marrow-derived mesenchymal stromal cells (MSCs). Here, MSCs provide the possibility of 

producing a complete joint model from single donor material thus offering the opportunity of a 

personalized testing platform.  

The results described in this thesis show the potential of mimicking key features of arthritis in 

three different tissues of a joint. Firstly, to simulate the bone component, β-tricalcium 

phosphate (TCP) – mimicking the mineral bony part – was populated with MSCs. Cell seeding 

was optimized using cell sheet technology. In contrast, the cartilage component was produced 

by cellular self-assembly without any supporting materials. Both models exhibit phenotypic 

features of native tissue, including expression of bone- or cartilage-related markers, 

mineralization of bone that was absent in cartilage, and development of distinct zones in the 

glycosaminoglycan-rich cartilage model. Co-cultivation of both tissue models generated the 

osteochondral unit characterized by inter-tissue connectivity, cell colonization, and initial 

calcification implying a functional transitional bridging area. Finally, the synovial membrane 

model was generated based on a xeno-free synthetic hydrogel populated with MSCs 

indistinguishable from synovial fibroblasts with regard to classical markers. Similar to the 

human synovial membrane, a confluent layer of up to four cell layers was detectable within the 

hydrogel allowing immune cell migration.  
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To simulate inflammation, the individual tissue components were treated with cytokines 

relevant for RA, such as interleukin-6, tumor necrosis factor-α, and macrophage migration 

inhibitory factor. This resulted in cytokine-driven cell- and matrix-related changes in 

accordance with those observed during RA, while treatment using biologics prevented the 

induction of arthritis in the osteochondral model. These results confirm the pathophysiological 

mutability, architecture, integrity, and viability of the distinct in vitro 3D joint components.  

Prospectively, the complete in vitro 3D joint model will serve as a preclinical test platform in 

basic and applied biomedical research to (i) study pathophysiological processes of 

musculoskeletal diseases, (ii) identify new potential targets, (iii) test novel therapeutic 

strategies, including biologic therapies, and (iv) reduce the number of animal experiments. 
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ZUSAMMENFASSUNG 
Rheumatoide Arthritis (RA) ist eine der häufigsten Autoimmunerkrankungen (Prävalenz 0,5-

1,0 %), die bei den betroffenen Patienten zu Schmerzen und einem erheblichen Verlust an 

Lebensqualität führen kann. Zugrundeliegende Ursachen und Mechanismen sind nach wie vor 

ungeklärt. Die anhaltende autoimmunvermittelte Entzündung des Gelenks ist eines der 

Hauptmerkmale dieser systemisch, chronisch-entzündlichen Gelenkerkrankung. Trotz 

erheblicher Fortschritte bei der Behandlung der Betroffenen besteht nach wie vor eine große 

medizinische Versorgungslücke. Ein besseres Verständnis der zugrundeliegenden 

Pathomechanismen ist daher die Grundvoraussetzung für die Entwicklung neuer 

Therapieansätze.  

Bisher wurden zahlreiche RA-Modelle entwickelt, jedoch basieren diese entweder auf 

phylogenetisch unterschiedlichen Spezies oder auf stark vereinfachten humanen in vitro 

Kulturen. Bis heute lassen sich die Ergebnisse aus diesen Modellen nicht ausreichend oder 

vollständig auf den Patienten extrapolieren. Die Verwendung von humanen in vitro 3D 

Gewebeäquivalenten des Gelenks ist daher ein vielversprechender präklinischer Ansatz zur 

Untersuchung von Pathomechanismen und zur Prüfung neuer Therapien. Ziel dieser Arbeit 

war es, basierend auf humanen mesenchymalen Stromazellen (MSCs), in vitro 3D 

Gewebeäquivalente des Gelenks zu entwickeln. Diese Gewebeäquivalente umfassen (i) 

spongiösen Knochen, (ii) Gelenkknorpel und (iii) Synovialmembran. MSCs bieten hierbei die 

Möglichkeit, ein Gelenkmodell ausgehend vom Material eines einzelnen Spenders zu 

entwickeln.  

Das 3D Knochenmodell basiert auf dem Trägermaterial β-Trikalziumphosphat (TCP), das den 

mineralischen Knochenanteil des Gelenkes simuliert. Die Aussaat von Zellen auf das 

Trägermaterial TCP wurde mittels ‚sheet technology‘ optimiert. Im Gegensatz dazu wurde das 

3D Knorpelmodell durch zelluläre Selbstorganisation, frei von zusätzlichen Trägermaterialen 

erzeugt. Beide Modelle weisen dem nativen Gewebe ähnelnde phänotypische Merkmale auf, 

wie z.B. die Expression von Knochen- oder Knorpel-spezifischen Markern, die Mineralisierung 

des Knochens, die im Knorpel fehlte, und die Entwicklung charakteristischer Zonen des 

Glykosaminoglykan-reichen Knorpelmodells. Zudem generierte die Co-Kultivierung beider 

Modelle eine osteochondrale Einheit, die durch Kolonisierung, Konnektivität und initiale 

Kalzifizierung gekennzeichnet war. Diese Eigenschaften deuten auf einen funktionellen 

Übergangsbereich beider Gewebeäquivalente hin.  

Schließlich wurde das xeno-freie Synovialmembranmodell basierend auf einem synthetischen 

Hydrogel entwickelt. Da sowohl MSCs als auch synovialen Fibroblasten anhand klassischer 

Marker nicht unterscheidbar sind, wurden MSCs in das Hydrogel eingebracht. Das 
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Synovialmembranmodell wies eine konfluente Schicht von bis zu vier Zellschichten auf, was 

der physiologischen Struktur der humanen Synovialmembran entspricht. Das Hydrogel 

ermöglicht zudem die Migration von Immunzellen; die Voraussetzung für die Simulation des 

inflammatorischen Zustandes. 

Final wurden RA-relevante Zytokine wie Interleukin-6, Tumornekrosefaktor-α und 

Makrophagen-Migrationshemmungsfaktor appliziert, um Entzündungsprozesse in den 

Gewebeäquivalenten zu simulieren. Die Zytokin-vermittelte Stimulation resultierte in Zell- und 

Matrix-Veränderungen, wie sie auch bei RA beobachtet werden können. Die therapeutische 

Intervention hingegen führte zur Reduktion der Ausprägung der Arthritis im osteochondralen 

Modell. Diese Ergebnisse bestätigen die pathophysiologische Variabilität, Architektur, 

Integrität und Lebensfähigkeit der verschiedenen in vitro 3D Gelenkkomponenten.  

Perspektivisch soll das kombinierte in vitro 3D Gelenkmodell als präklinische Testplattform in 

der Grundlagenforschung und angewandten biomedizinischen Forschung dienen, um 

schlussendlich (i) pathophysiologische Prozesse muskuloskelettaler Erkrankungen studieren 

zu können, (ii) neue potenzielle Zielmoleküle zu identifizieren, (iii) neue therapeutische 

Strategien einschließlich Therapien mit Biologika zu testen und (iv) Tierversuche zu 

reduzieren. 
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Chapters 1.2, 1.3, and 1.5 were published as original peer-reviewed review article 

(Damerau A, Gaber T. Modeling Rheumatoid Arthritis In Vitro: From Experimental Feasibility 

to Physiological Proximity. Int J Mol Sci. 2020 Oct 25;21(21):7916. 

http://doi.org/10.3390/ijms21217916) (Damerau and Gaber 2020).  

Copyright © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 

access article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). This license permits use, 

distribution, adaptation, and reproduction in any medium or format, as long as the original work 

is properly cited, a link is provided to the Creative Commons license, and modifications are 

indicated. 

The original text was slightly modified to improve readability.  

 

1.1. Arthritis 

Joint inflammation or ‘arthritis’ occurs in the context of more than 100 different types of joint 

diseases. Osteoarthritis (OA) and rheumatoid arthritis (RA) are the most prevalent forms of 

arthritis with different etiologies (OA prevalence: 5% / RA prevalence: 0.5–1.0%) (Firestein and 

McInnes 2017, Sanchez-Lopez, Coras et al. 2022). Although arthritis has been studied for 

more than 140 years, it is still the leading cause of years lived with disability for millions of 

people worldwide (Cieza, Causey et al. 2021). Other inflammatory joint diseases include 

psoriatic arthritis, axial spondyloarthritis, and arthritides in the context of systemic rheumatic 

diseases like systemic lupus erythematosus and vasculitis affecting >1.0% of adults in 

industrialized countries (Roelsgaard, Esbensen et al. 2019, Rech, Sticherling et al. 2020, 

Barber, Drenkard et al. 2021, Ritchlin and Adamopoulos 2021, Saadoun, Vautier et al. 2021). 

The primary target of inflammatory processes in arthritis is the entire synovial joint, comprising 

the (i) synovium, (ii) articular cartilage, and (iii) subchondral bone and the extra synovial tissue 

including infrapatellar fat pad, bursae, and tendons (Macchi, Stocco et al. 2018, Senthelal, Li 

et al. 2021). Along with the joints, several rheumatic diseases can affect many other organs, 

including the heart, eyes, skin, intestine, kidney, lung, brain, and skeleton (Burmester and 

Pope 2017, Cassotta, Pistollato et al. 2020). Although rheumatic diseases differ regarding 

etiology, pathogenesis, clinical symptoms, patient characteristics, and disease subtypes, they 

all share the need for patient-related biomarkers and optimized therapeutic management.  

OA is the most prevalent form of arthritis. It is defined as a chronic and progressive 

degenerative joint disease that is the leading cause of age-related disability due to increasing 
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life expectancy and an active, aging population (Glyn-Jones, Palmer et al. 2015). It is 

characterized by structural damage to one or more joints, often detected late on X-rays when 

irreparable damage has already occurred (Sanchez-Lopez, Coras et al. 2022). Given that OA 

is expected to affect more than 10% of the population over 60 years of age worldwide, the 

impact of this health problem is still underestimated (Nelson 2018). Current therapeutic 

approaches only relieve symptomatic pain and inhibit inflammation (Hunter and Bierma-

Zeinstra 2019). In contrast, RA is an autoimmune-mediated, chronic, systemic inflammatory 

disease that primarily affects the joints. It can be predicted very early before the onset of clinical 

symptoms by serum parameters such as autoantibodies (Smolen, Aletaha et al. 2018). 

However, significant efforts have been made over the past decades to better understand the 

underlying pathomechanisms of both disorders (Burmester and Pope 2017, Deng, Zhang et 

al. 2021, Stolberg-Stolberg, Boettcher et al. 2022).  

Cells from the distinct parts of the joint possess different abilities to initiate and respond to an 

inflammatory environment. These processes are initiated by, e.g., activated immune cells or 

immune complexes, ultimately resulting in articular cartilage degeneration (Pap and Korb-Pap 

2015). Insights gained through in vitro and in vivo studies have contributed to the development 

of effective therapeutic drugs that specifically disrupt critical signaling pathways in the 

inflammatory cascade, minimizing cytokine-driven cell activation and, finally, cartilage 

degradation (Klareskog, van der Heijde et al. 2004, Burmester and Pope 2017, Liu, Ma et al. 

2021). Although there has been considerable progress in the treatment of RA, a substantial 

therapeutic need remains, i.e., not all patients achieve durable clinical remission, and a 

substantial number of patients still suffer from moderate or even high disease activity 

(Haugeberg, Hansen et al. 2015, Ajeganova and Huizinga 2017, Burmester and Pope 2017). 

Even in the current era of biological targeted therapies, the combination of glucocorticoids 

(GCs) and methotrexate (MTX) remain the initial preferred basic anti-rheumatic therapy and is 

the gold standard for treatment of RA (Smolen, Landewe et al. 2014). Given the high rate of 

disability in patients with OA and RA, there is an urgent need for new therapeutic approaches 

and early-onset biomarkers.  

In recent years, we have observed the failure of new therapies in clinical trials, even though 

their development was based on promising preclinical data from either in vitro or animal 

experiments (Firestein 2009, Koenders and van den Berg 2016). Therefore, considering the 

underlying mechanisms already known, complex human in vitro systems will help to (i) improve 

transferability of results, (ii) understand specific pathomechanisms, (iii) identify new targets for 

diagnosis or treatment, and (iv) serve as preclinical tools for drug testing, thereby reducing the 

number of animal experiments.  
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1.2. Rheumatoid arthritis 

Rheumatoid arthritis is a progressive systemic, chronic, and inflammatory autoimmune disease 

with an average prevalence of 0.5–1.0% worldwide, demonstrating ethnic and geographic 

differences (Smolen, Aletaha et al. 2018). Its pathogenesis is characterized by immune cell 

infiltration into the synovial membrane and the joint cavity and hyperplastic and invasive 

synovium formation, resulting in progressive cartilage destruction and subchondral bone 

erosion in the late stages of the disease if not treated (Figure 1). RA, a disease most likely 

recognized more than 20 centuries ago, painfully affects the body's joints (Parish 1963). It is 

the most common inflammatory joint disease impacting both individuals and society. These 

patients suffer a considerable loss of quality of life and a decline in productivity. Subsequent 

effort and costs of health care increase, ultimately resulting in a significant economic and social 

burden (Scott, Wolfe et al. 2010). The most common symptoms of RA include pain, swelling, 

and morning stiffness in the affected joints. It is a multifactorial disorder, and recent studies 

have identified multiple genetic and environmental factors associated with an increased risk of 

RA, e.g., female sex, smoking, and major histocompatibility complex (c) regions encoding 

human leukocyte antigen (HLA) proteins (amino acids at positions 70 and 71) (Burmester and 

Pope 2017, Deane, Demoruelle et al. 2017). Years before the first clinical symptoms of RA 

occur, autoimmunity against modified self-proteins is initiated, which results in the onset of the 

disease (Smolen, Aletaha et al. 2018, Damerau and Gaber 2020).  

As the course of RA within the individual patients may differ regarding pathogenesis, clinical 

symptoms, and disease subtypes, personalized precision medicine must be the ultimate goal 

to achieve disease remission. We are far from curing RA due to the need for (i) objective 

patient-related biomarkers to identify disease subtypes and treatment responses and (ii) the 

management of patients who are refractory or resistant to available treatments. Both will 

enable us to understand the disease and its pathogenic processes to optimize and introduce 

personalized precision health care (Damerau and Gaber 2020).  
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Figure 1: Establishment of rheumatoid arthritis (RA): Mechanisms of disease initiation, 
development, and progression (Damerau and Gaber 2020). (A) Multiple risk factors, both genetic 
and non-genetic, are required to induce the development of RA in susceptible individuals. Years before 
the first clinical symptoms of RA occur, autoimmunity against modified self-proteins is initiated, which 
results in the onset of subclinical inflamed synovium (symptomatic autoimmunity) propagated by 
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immune cell infiltration and pannus formation. Once established, RA can be classified according to 
clinical symptoms. (B) The onset of autoimmunity occurs in the mucosa (e.g., mouth, lung, and gut) 
where neo-epitopes are created because of post-translational modifications, e.g., by citrullination. These 
neo-epitopes can be recognized by antigen-presenting cells (APCs) of the adaptive immune system, 
and (C) are presented to adaptive immune cells in lymphoid tissues, activate an immune response, and 
induce autoantibody formation (e.g., ACPA and RF). (D) Activated immune cells and immune complexes 
can activate synovial cells, such as fibroblast-like synoviocytes (FLS) and macrophage-like synoviocytes 
of the intimal lining and APCs in the sublining area, to produce a range of inflammatory factors and 
expand and form the cartilage- and bone-invasive pannus. Autoimmune activation and immune cell 
infiltration (T cells, B cells, macrophages) of the sublining area further contribute to the excessive 
production of inflammatory factors, autoantibodies, and synovial vascular leakage, ultimately leading to 
articular cartilage and subchondral bone destruction as a result of matrix-degrading enzymes and de-
balanced bone homeostasis characterized by an imbalanced RANKL/RANK/OPG system and activated 
osteoclasts. ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; APCAs, anti-
citrullinated protein antibodies; RF, rheumatoid factor; GM-CSF, granulocyte-macrophage colony-
stimulating factor; M-CSF, macrophage colony-stimulating factor; MHC, major histocompatibility 
complex; MMP, matrix metalloproteinase; NO, nitric oxide; OPG, osteoprotegerin; RANKL, receptor 
activator of nuclear factor-κB ligand; RANK, receptor activator of nuclear factor-κB; TCR, T cell receptor; 
TNF, tumor necrosis factor. The figure contains graphics from Servier Medical Art, licensed under a 
Creative Common Attribution 3.0 Generic License. http://smart.servier.com/ (Damerau and Gaber 
2020).  

1.2.1. The course of RA pathogenesis 

The course of RA pathogenesis involves several stages. Before clinical symptoms are 

established, a certain level of RA susceptibility (e.g., genetic factors) coupled with the 

accumulation of risk factors proceed through the pre-clinical stage of the disease, leading to 

synovial inflammation, which, if not resolved, ultimately leads to the development of RA. During 

the early development of RA, post-translational modifications of a wide range of cellular (e.g., 

collagen) and nuclear proteins (e.g., histones) occur, including the conversion of the amino 

acid arginine to citrulline, a process called citrullination. Citrullination may result from smoking, 

induced by microbiota (e.g., Porphyromonas gingivalis) or by an uncontrolled neutrophil 

reaction. Altered modified self-proteins engage professional antigen-presenting cells (APCs) 

such as macrophages and trigger a normal immune response via the help of T cells. This 

stimulates B cells to produce a wide range of (auto)antibodies recognizing self-proteins, such 

as rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPAs). Autoantibodies 

are often found before the onset of clinical synovitis, suggesting that a second not-fully-

understood mechanism is necessary for the transition of autoimmunity to local synovial 

inflammation (Burmester and Pope 2017, Deane, Demoruelle et al. 2017, Smolen, Aletaha et 

al. 2018, Damerau and Gaber 2020). 

However, during the progression of RA, an increase in vascular permeability, a disrupted 

extracellular matrix (ECM), and synovial immune cell infiltration transforms the paucicellular 

synovium into chronically inflamed tissue. This process includes the expansion of the intimal 

lining and activation of macrophage- and stromal fibroblast-like synoviocytes (FLSs). These 
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cells produce a variety of pro-inflammatory humoral mediators, such as cytokines and 

chemokines, including interleukin (IL)-6, IL-1β, IL-8, tumor necrosis factor (TNF)-α, 

granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage migration 

inhibitory factor (MIF), and matrix-degrading enzymes, e.g., matrix metalloproteinases (MMPs) 

as well as a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTs), 

prostaglandins, leukotrienes, and reactive nitric oxide (NO). The aggressive and invasive 

phenotype of expanding FLSs, forming the hyperplastic pannus tissue, contributes to cartilage 

damage but may also be responsible for the propagation and systemic spreading of 

inflammation by migrating from joint to joint and other organs (Kiener, Niederreiter et al. 2009, 

Pretzel, Pohlers et al. 2009, Bustamante, Garcia-Carbonell et al. 2017, Damerau and Gaber 

2020). 

The inflammation-induced expansion of FLSs and the infiltration of inflammatory cells into the 

usually paucicellular synovium lead to an enhanced metabolic need and, therefore, to an 

undersupply of both nutrients and oxygen to the synovial tissue. Due to the resulting local 

hypoxia, new vessels are formed that further facilitate the inflammatory process by increasing 

the amount of adaptive immune cells, in particular CD4+ memory T helper (Th) cells infiltrating 

the synovial sublining. Lymphocyte infiltrates accumulate and form aggregates ranging from 

small and loosely arranged lymphocyte clusters to large and organized ectopic lymphoid 

structures which, in some cases, develop germinal centers that facilitate local T cell - B cell 

interactions. In these ectopic germinal structures, specific pathologic follicular helper T cells 

(Tfh) promote B cell responses and (auto)antibody production within pathologically inflamed 

non-lymphoid tissues. Apart from pathogenic Tfh cells, Th1 and Th17 cells have been identified 

in the pathogenesis of RA. Although the evidence of the pathogenic function of Th1 cells in RA 

is controversial due to the lack of therapeutic efficiency of interferon (IFN)-γ targeting 

treatments (Feldmann 2002, Pollard, Cauvi et al. 2013), it should be noted that biologic 

targeting of the Th1 cytokine TNF-α, is successful in treating RA (Feldmann 2002, Damerau 

and Gaber 2020).  

IL-17-producing CD4+ T cells have been identified in synovial tissues from patients with RA, 

including their inducing cytokines IL-6, IL-1β, IL-21, transforming growth factor (TGF)-β, and 

IL-23 (Manel, Unutmaz et al. 2008, Pene, Chevalier et al. 2008, Volpe, Servant et al. 2008, 

Cascao, Moura et al. 2010, Gaffen, Jain et al. 2014), and have been demonstrated to be 

increased/maintained in the peripheral blood of RA patients (Shahrara, Huang et al. 2008, 

Yamada, Nakashima et al. 2008, Leipe, Grunke et al. 2010, van Hamburg, Asmawidjaja et al. 

2011). However, IL-17 was shown to induce bone resorption and contribute to neutrophil 

recruitment, particularly into the synovial fluid, a hallmark of RA (Kotake, Udagawa et al. 1999, 

Kaplan 2013). Besides effector T helper cells, antigen-presenting follicular dendritic cells, 

7

 CHAPTER: INTRODUCTION 



  

8 

macrophages, and mast cells are present in the synovial sublining and contribute to chronic 

inflammation by many inflammatory mediators, such as cytokines, chemokines, and reactive 

oxygen and nitrogen species, as well as matrix-degrading enzymes. Recent studies proposed 

that distinct subtypes of synovial histology displaying inflammatory versus non-inflammatory 

patterns are associated with different clinical phenotypes and a concurring response to novel 

targeted therapeutic interventions (Dennis, Holweg et al. 2014, Orr, Vieira-Sousa et al. 2017). 

Technical progress and the development and combination of state-of-the-art methods from 

single-cell genomics to mass cytometry have provided new insights into the complex interplay 

of cells and soluble immune mediators, particularly cytokines and chemokines (Burmester and 

Pope 2017). Thus, specific pathogenic infiltrating immune cell subsets ─ pro-inflammatory 

monocytes, autoimmune-associated B cells, peripheral Th cells, distinct subsets of CD8+ T 

cells, and mast cells ─ contribute to the inflammatory pattern of the RA synovial lining and 

sublining layer (Schubert, Dudeck et al. 2015, Rao, Gurish et al. 2017, Rivellese, Mauro et al. 

2018, O'Neil and Kaplan 2019, Zhang, Wei et al. 2019, Damerau and Gaber 2020, Smolen, 

Landewe et al. 2020). 

Invading immune cells and FLSs of the synovial lining produce large amounts of pro-

inflammatory cytokines and express high levels of MMPs. At the same time, the expression of 

endogenous MMP inhibitors remains insufficiently low. Finally, the invasive and destructive 

FLS-front of synovial tissue, called the pannus, attaches to the articular surface and contributes 

to local matrix destruction and cartilage degradation. The chondrocytes of the damaged 

articular cartilage contribute to the vicious cycle of cartilage degeneration by inducing 

inflammatory cytokines, such as IL-1β and TNF-α, and MMPs and NO. Additionally, FLSs 

negatively affect the subchondral bone by activation and maturation of bone-resorbing 

osteoclasts. Osteoclasts are highly responsive to autoantibodies; pro-inflammatory cytokines, 

in particular TNF-α, IL-1β, and IL-6; and more importantly, receptor activator of nuclear factor 

kappa B ligand (RANKL) which is the key regulator of osteoclastogenesis. RANKL binds to its 

receptor, the receptor activator of nuclear factor-κB (RANK), and activates osteoclasts, 

enhancing bone resorption (Damerau and Gaber 2020).  

Conversely, osteoblasts that play a key role in regulating anabolic bone metabolism produce 

bone matrix constituents, induce bone matrix mineralization, and modulate osteoclasts through 

the production of osteoprotegerin (OPG) (Corrado, Maruotti et al. 2017). Although osteoblasts 

protect themselves from bone destruction by osteoclasts by producing OPG, a decoy receptor 

for RANKL, they also generate RANKL and M-CSF, both of which contribute to 

osteoclastogenesis. Imbalanced bone remodeling in the subchondral and periarticular bone of 

joints leads to erosions and periarticular osteopenia; generalized bone loss is a general feature 

of established RA (Damerau and Gaber 2020).  
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1.3. Lessons from animal models of arthritis 

Animal models represent an integral part of the preclinical drug discovery process and are 

used to study the pathophysiological mechanisms of RA. Despite their extreme usefulness for 

testing new interventions in many cases, concerns about low clinical development success 

rates for investigational drugs have been raised (Firestein 2009), “Dozens of preclinical arthritis 

models have been developed...none of these, however, is truly RA, and none consistently 

predicts the effect of a therapeutic agent in patients” (Firestein 2009, Damerau and Gaber 

2020). 

Importantly, animals do not naturally develop autoimmune disorders, such as RA, which is an 

inherent limitation of these arthritis models (Table 1). Instead, animal models can be used to 

study certain specific pathophysiological aspects of human diseases, such as destructive 

pathways involved in the erosion of articular cartilage and bone. To this end, arthritis can be 

chemically induced in these animals by soluble agents (e.g., type II collagen (COL)-induced 

arthritis model) or develop spontaneously after genetic manipulation (e.g., human TNF 

transgene model) (Table 1) (Asquith, Miller et al. 2009, Bevaart, Vervoordeldonk et al. 2010, 

Choudhary, Bhatt et al. 2018). Most of these models display features of human RA, such as 

inflammatory cell infiltration, synovial hyperplasia, pannus formation, cartilage destruction, and 

bone erosions. However, they also demonstrate specific limitations, such as the development 

of self-limiting arthritis, the development of arthritis only in susceptible strains of rodents, and 

a pathophysiology that does not recapitulate the endogenous breach of tolerance and excludes 

systemic components of disease (Asquith, Miller et al. 2009, Bevaart, Vervoordeldonk et al. 

2010, Choudhary, Bhatt et al. 2018). The mutations used in genetically engineered arthritis 

models have not been identified in human RA (Asquith, Miller et al. 2009). When comparing 

transcriptional programs of mice and humans overlapping but notably different gene 

expression patterns have been observed (Breschi, Gingeras et al. 2017). Therefore, 

therapeutic approaches, such as biologics highly specific to human target proteins, cannot be 

proven using non-humanized rodent models (Schinnerling, Rosas et al. 2019). Finally, mice 

and humans differ in their locomotion, life span, evolutionary pressures, ecological niches, 

circadian rhythms, weight-bearing, and blood leukocyte population ratios. Thus, none of the 

animal models can fully replicate the human pathogenesis of RA, which explains the observed 

challenges in clinical translation (Firestein 2009, Damerau and Gaber 2020). 

Current management guidelines recommend early and rigorous treatment to achieve low 

disease activity or remission targets as rapidly as possible. Thus, RA is currently treated with 

a wide variety of therapeutic drugs ranging from non-steroidal anti-inflammatory drugs (NSAID) 

and GCs to disease-modifying anti-rheumatic drugs (DMARDs) of synthetic origin. The latter 
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includes conventional synthetic DMARDs (e.g., MTX), biological and biosimilar DMARDs (e.g., 

TNF inhibitors or IL-6 inhibitors), and targeted synthetic DMARDs (the Janus kinase (JAK) 

inhibitors) targeting specific immune cells, cytokines, or pro-inflammatory pathways 

(Burmester and Pope 2017, Chatzidionysiou, Emamikia et al. 2017, Smolen, Landewe et al. 

2020). Today’s therapeutic approaches using state-of-the-art biologicals or JAK inhibitors have 

been proven to be highly successful and effective in most patients with RA, including those 

with severe disease progression. As already mentioned, despite major progress in the 

treatment of RA, a strong unmet medical need remains (Burmester and Pope 2017, Winthrop, 

Weinblatt et al. 2020). Therefore, it is necessary in RA to (i) define patients who are refractory 

to available treatments among those who are undertreated or non-adherent to treatment, (ii) 

identify objective biomarkers of disease states (e.g., early versus established RA), (iii) define 

‘refractory’ states, and finally (iv) determine treatment response (Winthrop, Weinblatt et al. 

2020). The lack of therapeutic efficacy in true refractory patients may be due to the nature of 

the “one-fits-it-all” approach of standardized therapeutic regimes. Thus, clinical management 

of patients often neglects their heterogeneity regarding the endogenous circadian rhythms, 

disease states, subtypes and duration, as well as autoantibody, cytokine, and infiltrating 

immune cell pattern. Identifying objective biomarkers to delineate disease subtypes and 

treatment response will be necessary to provide a ‘precise’ customized strategy for each 

individual patient enhancing our repertoire in the battle against this potentially devastating 

disease (Damerau and Gaber 2020).  

Therefore, preclinical models are essential to improve our understanding of pathological 

mechanisms and to develop and verify new therapeutic approaches with the aim of addressing 

this unmet medical need. This includes the investigation of human-specific alternatives to 

identify objective biomarkers to delineate disease subtypes and treatment responses, and 

novel targets to manipulate the function of immune cells involved in the pathogenesis of RA 

(Damerau and Gaber 2020).  
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Table 1: Selected rodent models for rheumatoid arthritis (Asquith, Miller et al. 2009, Bevaart, 
Vervoordeldonk et al. 2010, Choudhary, Bhatt et al. 2018, Damerau and Gaber 2020)

. 

 

 

Animal Models  Species Induction/Genetic Alteration Limitations References 

Induced Arthritis Models 

Collagen-induced 

arthritis (CIA) 

Mouse, 

rat 

Inoculation with type II heterologous or homologous 

collagen in complete Freund's adjuvant in strains 

expressing major histocompatibility complex (MHC) 

Class II I-Aq haplotypes 

 General variable incidence, severity, and inter-group inconsistency 

 Only inducible in susceptible strains of rodents 

 Low incidence and variability of arthritis severity in c57bl/6 mice 

 Acute and self-limiting polyarthritis in contrast to human RA 

 Greater incidence in males in contrast to human RA 

(Trentham, Townes et al. 

1977, Courtenay, Dallman et 

al. 1980, Holmdahl, Jansson 

et al. 1986, Asquith, Miller et 

al. 2009) 

Collagen-antibody-

induced arthritis 

(CAIA) 

Mouse 
Anti-collagen antibodies have been demonstrated to 

induce arthritis 

 Pathogenesis is not mediated via T and B cell response in contrast 

to human RA 

 Pathogenesis is inducible irrespective of the presence of MHC 

class II haplotype in contrast to human RA 

(Holmdahl, Rubin et al. 1986, 

Nandakumar and Holmdahl 

2005) 

Adjuvant-induced 

arthritis (AA) 

Mouse, 

rat 

Mixture of mineral oils, heat-killed mycobacteria, and 

emulsifying agent, which was termed complete 

Freund’s adjuvant (CFA); when omitting mycobacteria, 

also known as incomplete Freund’s adjuvant (IFA); see 

also pristane-induced arthritis (PIA) 

 Acute and self-limiting polyarthritis in contrast to human RA 

 Not antigenic but displays an autoimmune pathophysiology 

(Holmdahl, Lorentzen et al. 

2001, Kim and Moudgil 2009, 

Bevaart, Vervoordeldonk et 

al. 2010, Choudhary, Bhatt et 

al. 2018) 

Zymosan-induced 

arthritis 

Mouse, 

rat 

Intra-articular injection of zymosan, a polysaccharide 

from the cell wall of Saccharomyces cerevisiae, into 

the knee joints of mice causes proliferative arthritis, 

including immune cell infiltration, synovial hypertrophy, 

and pannus formation 

 Technical skill required for an intra-articular injection in mice 

 Monoarthritis in contrast to human RA 

(Keystone, Schorlemmer et 

al. 1977, Frasnelli, Tarussio 

et al. 2005) 

Streptococcal cell-

wall-induced 

arthritis (SCWIA) 

Mouse, 

rat 

Streptococcus pyogenes synthesize a peptidoglycan-

polysaccharide (PG-PS) polymer 

 Pathogenesis is inducible in selected susceptible strains of rodents 

 Germ-free conditions are necessary to reach susceptibility in rats 

 Multiple injections are needed; otherwise, acute and self-limiting 

arthritis develops, in contrast to human RA 

 Tumor necrosis factor (TNF)-α is less important in SCW-induced 

arthritis but not in human RA 

 Rheumatoid factor is missing in polyarticular arthritis in rats 

(Wilder 2001, Joosten, 

Abdollahi-Roodsaz et al. 

2008, Bevaart, 

Vervoordeldonk et al. 2010) 
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Animal Models  Species Induction/Genetic Alteration Limitations References 

Cartilage 

oligomeric matrix 

protein (COMP)-

induced arthritis 

Mouse, 

rat 

Immunization with IFA combined with native and 

denatured COMP, which is a large protein that is 

synthesized by chondrocytes (see also adjuvant-

induced arthritis) 

 Acute and self-limiting polyarthritis in contrast to human RA 

 Not antigenic but displays an autoimmune pathophysiology 

(Carlsen, Hansson et al. 

1998, Carlsen, Nandakumar 

et al. 2008) 

Pristane-induced 

arthritis (PIA) 

Mouse, 

rat 

Injection of the hydrocarbon pristane intraperitoneally 

into mice 

 No evidence of autoimmune reactions 

 Inflammation is restricted to the joints but systemic abnormalities 

are absent in rats 

(Wooley, Seibold et al. 1989, 

Vingsbo, Sahlstrand et al. 

1996, Holmdahl, Lorentzen 

et al. 2001) 

Antigen-induced 

arthritis (AIA) 
Mouse Inoculation with antigen by intra-articular injection 

 Intra-articular injection in mice requires advanced technical skills 

 Does not recapitulate the endogenous breach of tolerance in 

contrast to human RA 

 Excludes systemic component of disease 

(Brackertz, Mitchell et al. 

1977, Brackertz, Mitchell et 

al. 1977, Asquith, Miller et al. 

2009) 

Proteoglycan-

induced arthritis 
Mouse 

Intraperitoneal injection of proteoglycan that is 

emulsified with an adjuvant 

 Only inducible in susceptible strains of mice 

 Incidence of ankylosing spondylitis without any exacerbations and 

remissions in contrast to human RA 

(Asquith, Miller et al. 2009, 

Bevaart, Vervoordeldonk et 

al. 2010, Choudhary, Bhatt et 

al. 2018) 

Glucose-6-

phosphate 

isomerase (G6PI)-

induced arthritis 

Mouse 
Immunization using the ubiquinone containing 

glycolytic enzyme G6PI with CFA for induction of RA 

 Only inducible in susceptible strains of mice 

 Low prevalence of antibodies against G6PI in patients with RA 

(Matsumoto, Lee et al. 2003, 

Asquith, Miller et al. 2009, 

Bevaart, Vervoordeldonk et 

al. 2010, Choudhary, Bhatt et 

al. 2018) 

Genetically manipulated spontaneous arthritis models 

K/BxN model Mouse 

K/B×N mice were generated by crossing mice 

expressing the MHC class II molecule Ag7 with the T 

cell receptor (TCR) transgenic KRN line expressing a 

TCR specific for a G6PI-peptide 

 Mutations have only been identified in mice  

 Low prevalence of antibodies to g6pi in patients with RA 

 Without systemic manifestations or production of rheumatoid factor 

in contrast to human RA 

(Kouskoff, Korganow et al. 

1996, Matsumoto, Lee et al. 

2003, van Gaalen, Toes et 

al. 2004) 
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Animal Models  Species Induction/Genetic Alteration Limitations References 

SKG model Mouse Induction of arthritis due to point mutation in ZAP-70 
 Mutations have only been identified in mice  

 Disease manifestations in germ-free mice only upon induction 

(Sakaguchi, Takahashi et al. 

2003, Asquith, Miller et al. 

2009, Bevaart, 

Vervoordeldonk et al. 2010, 

Choudhary, Bhatt et al. 2018) 

Human TNF 

transgene model 
Mouse Transgene for human TNF-α 

 Mutations have only been identified in mice  

 No production of rheumatoid factor in contrast to human RA 

(Keffer, Probert et al. 1991, 

Butler, Malfait et al. 1997, 

Asquith, Miller et al. 2009, 

Bevaart, Vervoordeldonk et 

al. 2010, Choudhary, Bhatt et 

al. 2018) 
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1.4. Building blocks for the development of a human in vitro joint 

To mimic a preclinical model of joint diseases including arthritis the structural and cellular 

anatomy of a healthy joint ─ a flexible connection of two or more bones ─ needs to be fully 

established in vitro. Although joints can be subdivided into “true” (discontinuous) and “false” 

(continuous), only discontinuous joints, such as the joints of the ankle, knee, shoulder, and hip, 

have a cavity filled with synovial fluid and are affected by arthritis, in contrast to continuous 

joints (e.g., synchondrosis, syndesmosis) (Guyton 1985, Bhat and Janarthanan 2017). Despite 

different functions, the structure of the joints is basically comparable (Figure 2).  

 

Figure 2: Basic structure of a synovial joint. Created with BioRender.com. 

The joint space, a cavity filled with synovial fluid, separates the bone ends covered with hyaline 

cartilage (Barbe, Driban et al. 2009, Bhat and Janarthanan 2017). Synovial fluid is a clear, 

viscous fluid containing numerous plasma proteins. Mucins, such as hyaluronic acid, are 

secreted by the cells of the membrana synovialis and are responsible for the viscosity of the 

synovial fluid (Tamer 2013). The synovium acts as a natural lubricant that enables smooth 

movement (Barbe, Driban et al. 2009). In addition to its function as an elastic shock absorber, 

it also serves to nourish the bradytrophic articular cartilage as cartilage is not supplied by blood 

vessels (Bhat and Janarthanan 2017). Furthermore, the joint is enclosed externally by a joint 

capsule connecting the adherent bones and consisting of an outer membrane (membrana 

fibrosa) and an inner membrane (membrana synovialis) (Ralphs and Benjamin 1994, Bhat and 

Janarthanan 2017). The membrana fibrosa consists of firm collagenous connective tissue 

(collagen type I), whereas the membrana synovialis is composed of loose connective tissue 
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rich in vessels and nerves. Joints are formed during embryonic development, with the 

mesenchyme giving rise to bones, cartilage, and connective tissues of the body (Ralphs and 

Benjamin 1994, Barbe, Driban et al. 2009, Bhat and Janarthanan 2017). 

1.4.1. Bone morphology 

The subchondral bone is covered with hyaline cartilage. In general, bone is a highly 

vascularized, supportive connective tissue that undergoes constant, dynamic (re)modeling 

processes. The ECM comprises 50-70% inorganic components and 20-40% organic matrix. 

The remaining components are water deposits (5-10%) and lipids (<3%) (Florencio-Silva, 

Sasso et al. 2015). Hydroxyapatite (HA) ─ the main inorganic component ─ consists of calcium 

and phosphorus and is responsible for the high mechanical stability. The organic matrix with 

its main component collagen type I is responsible for elasticity and flexibility (Florencio-Silva, 

Sasso et al. 2015, Lopes, Martins-Cruz et al. 2018). Due to the diverse functional requirements 

for bone, the bone matrix composition consists of two characteristic features. The outer shell 

consists of dense, compact, and structured cortical bone externally covered by the periosteum, 

while the inner cavity consists of cancellous bone structures (Figure 3) (Clarke 2008, Tzelepi, 

Tsamandas et al. 2009). Cancellous bone cavities are filled with bone marrow, habituating the 

hematopoietic stem cell niche that comprises immune cells, osteoprogenitor cells such as 

mesenchymal stromal cells (MSCs), and osteoblasts (Shiozawa, Havens et al. 2008, Morrison 

and Scadden 2014). 

 

Figure 3: Representation of the mineral and cellular bone architecture. The mineral bone is 
composed of cancellous and cortical bone. Osteoblasts, derived from mesenchymal stem cells, are 
responsible for the mineralization of bone during both initial bone formation and bone remodeling. 
Osteoclasts derive from hematopoietic stem cells and resorb bone. The figure contains graphics from 
Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic License. 
http://smart.servier.com/. Created with BioRender.com. 
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In general, four types of highly specialized cells embedded in the ECM are characteristic for 

bone (Figure 3) (Lin, Patil et al. 2020). Osteoprogenitor stem cells from e.g., bone marrow and 

canals, have the ability to differentiate into osteoblasts. Bone-forming osteoblasts are of 

mesenchymal origin and synthesize bone osteoid by secretion of COL1, osteopontin (OPN), 

and osteocalcin (El Sayed, Nezwek et al. 2022). They display a cuboidal morphology with a 

round, basally located nucleus. In the final phase of bone formation, osteoblasts are enclosed 

by the ECM and enter a quiescent, mature state, to form non-proliferating, mechanosensing 

osteocytes (Clarke 2008). Osteocytes account for more than 90% of bone-specific cells. They 

exhibit a star-shaped morphology, are interconnected by canaliculi, gap junctions, and 

dendritic extensions, and are responsible for mechanosensing and mechanotransduction 

(Bonewald and Johnson 2008, Clarke 2008). In contrast, multinucleated osteoclasts are 

derived from hematopoietic mononuclear progenitor cells and are responsible for bone 

resorption (Lopes, Martins-Cruz et al. 2018, El Sayed, Nezwek et al. 2022). 

1.4.2. Articular cartilage 

Articular cartilage that covers the bony ends is an avascular, aneural, and alymphatic tissue. 

Nutrients are supplied by diffusion either through a vascular cartilage membrane or directly 

through the synovial fluid (Poole, Kojima et al. 2001). In cartilage, matrix-building and matrix-

degrading processes are in equilibrium. Anabolic factors include TGF-β and bone 

morphogenetic proteins (BMPs) such as BMP 2 and BMP-7, whereas IL-1β and MMPs are 

catabolic factors. Chondrocytes, the cells mainly resident in the cartilage, respond to various 

stimuli, with static loading of cartilage suppressing matrix synthesis and cyclic, intermittent 

loading stimulating chondrocyte metabolism (Knobloch, Madhavan et al. 2008). Articular 

cartilage is composed of ECM containing cartilage-specific cells ─ chondroblasts and 

chondrocytes. The ECM, a three-dimensional network, consists of specialized collagen matrix 

such as collagen type 2, proteoglycans, non-collagenous glycoproteins, and 65-80% water 

(Poole, Kojima et al. 2001, Prein and Beier 2019, Eschweiler, Horn et al. 2021). The latter bind 

to the hydrophilic, negatively charged proteoglycans. Aggrecan (ACAN) is the most abundant 

and largest proteoglycan in cartilage. The complex of ACAN molecules consists of more than 

100 glycosaminoglycan (GAG) chains. These molecules link with hyaluronic acid and can 

reversibly bind large amounts of water (Kiani, Chen et al. 2002). The binding of water is an 

important ability, which contributes to the maintenance of cartilage function. 

Starting from MSCs, chondrocytes develop from chondroblasts. Chondroblasts are the active 

form of chondrocytes that synthesize the cartilage matrix components and subsequently 

differentiate into chondrocytes. The smaller, spherical chondrocytes have a round nucleus and 

are present in cartilage cavities. The chondron is the functional cartilage unit, bounded by a 
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cartilage capsule and enclosed by a cartilage vestibule containing chondrocytes. Two phases 

characterize cartilage growth. First, the cartilage matrix production supports to the proliferation 

of chondroblasts, resulting in cartilage growth, which is called interstitial growth. Subsequently, 

chondrocytes are produced by cell division and assemble in groups. In appositional growth, 

the chondroblasts form new cartilage matrix in the inner layer of the cartilage skin, which leads 

to cartilage growth from the exterior (Sophia Fox, Bedi et al. 2009, Purcell and Trainor 2015). 

Articular cartilage is divided into different zones (Figure 4). 

 
Figure 4: Structure of hyaline articular cartilage. Articular cartilage is divided into distinct zones ─ 
superficial zone, middle zone, deep zone, and calcified zone. The 3D orientation of the cells and their 
morphology vary with cartilage depth such that they are flat and parallel to the surface in the superficial 
zone, rounded cells randomly orientated in the middle zone, spherical cells perpendicular orientated to 
the surface in the deep zone next to the calcified zone. Created with BioRender.com. 

The superficial zone forms the articular surface and is the thinnest, most cell-rich cartilage 

zone. Chondrocytes are present as inactive, flattened cells. The middle zone (tangential zone) 

accounts for 40% to 60% of the cartilage volume. Chondrocytes are marked by a spherical 

morphology and lower cell density. The deep zone accounts for 30% of the cartilage volume, 

has the lowest water content and the highest proportion of proteoglycans (Sophia Fox, Bedi et 

al. 2009, Eschweiler, Horn et al. 2021). Here, the chondrocytes are columnar and aligned 

parallel to the collagen fibers. The deep zone is adjacent to the calcified zone, which is the 

transition to the subchondral bone. This transition zone ensures cohesion between cartilage 

and bone because the collagen fibrils of the deep zone are anchored in the subchondral bone. 

Here, cell density is low, and chondrocytes are hypertrophic (Cova and Toffanin 2002, Goldring 

and Marcu 2009, Sophia Fox, Bedi et al. 2009).  
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1.4.3. Synovial membrane 

The stroma forms the structural framework and covers tissue or lines cavities. The term 

synovium or synovial membrane refers to the connective tissue characterized by the absence 

of an epithelial cell layer. The synovium encapsulates the joints and lines the inner surface of 

the joint capsule and the joint cavity (Rhee, Marcelino et al. 2005, Smith 2011). It provides 

structural support, lubricates the surfaces, and supplies nutrients to the cartilage. The 

synovium consists of two anatomical and functional layers: the intimal lining (intima) and 

sublining (subintima) layer. Two types of synoviocytes with relatively similar proportions form 

the intima: macrophage-like cells (type A cells) and fibroblast-like cells (type B cells) (Scanzello 

and Goldring 2012). The synovial lining lacks a basement membrane and tight junctions. 

Hence, it is a loose composite of cells embedded in an amorphous matrix composed of 

collagens such as types I, III, IV, V, and VI (Orr, Vieira-Sousa et al. 2017). In addition, the 

intima is in contact with the intraarticular cavity and produces synovial fluid. Usually, it is one 

to four cell layers thick. In contrast, the subintima, consists of fibroblast-like synoviocytes with 

few macrophage type A cells and is composed of fibrous and fatty tissue, blood, and lymphatic 

vessels. The subintima is up to 5 mm in thickness (Figure 5) (Smith 2011). 

 
Figure 5: Overview of the synovial membrane architecture. The synovial membrane is made up of 
two layers: lining and sublining layer. The lining layer consists of barrier-forming synoviocytes type A 
and synoviocytes type B. The sublining layer is made up of fibrous, areolar, and fatty tissue. The figure 
contains graphics from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic 
License. http://smart.servier.com/. 

Type A synoviocytes can actively phagocytose or pinocytose cell debris, waste in the synovial 

cavity, and possess an antigen-presenting ability. These type A cells are derived from blood-

based mononuclear cells, can be considered resident macrophages and are localized in the 

intimal and subintimal layer of the synovium (Buckley 2019). Type B synoviocytes or FLSs are 
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the major stromal cells of the joint synovium that physiologically maintain joints’ structural and 

dynamic integrity. They are of mesenchymal origin and can be defined as non-vascular, non-

epithelial cells of the synovium, arise during embryogenesis by local division and are replaced 

by local division (Li, Tang et al. 2019). Type B synoviocytes synthesize matrix components 

such as hyaluronic acid, collagens, and fibronectin of the synovial fluid. They perform a 

lubricating function and allow joint surfaces to smoothly slide across each other. Therefore, 

they are essential for cartilage integrity and lubrication of the joint (de Sousa, Casado et al. 

2014). Large amounts of hyaluronan are found mainly in the intimal layers of normal synovium 

while disappearing in the subintimal layer. This indicates diffusion of hyaluronan from the 

surface towards the clearing lymphatic vasculature.  

Considering the structural and cellular anatomical features of the joint, it is apparent that 

mimicking this complex functional unit in vitro is a challenge. 

1.5. In vitro models of arthritis 

During the last decade, advances in tissue engineering have improved promising in vitro 

techniques. Thus, the pathogenesis of RA has been studied using a variety of in vitro and in 

vivo models. Cell-based in vitro assays range from tissue explants and relatively simplified 

(co)-culture systems to complex engineered three-dimensional (multi)component tissue 

systems. Therefore, a variety of cell types from cell lines, primary cells, or patient-derived cells, 

such as MSCs or induced pluripotent stem cells (iPSCs), to study e.g., cell migration, 

activation, antigen presentation, cell-cell interaction, as well as cell- and matrix-related 

changes are used. Additionally, microfluidic chip technology and in silico approaches are 

promising techniques to further study the mechanisms underlying RA pathophysiology and to 

identify potential new targets. Thus, next-generation preclinical in vitro screening systems will 

be based on microphysiological in vitro human-joint-on-a-chip systems using primary cells from 

patients with RA and from different organs, mimicking the systemic nature of the disease and 

fostering the translational process to humans, while reducing the number of animal 

experiments. Ultimately, the main goal for all in vitro approaches is to achieve the greatest 

possible physiological proximity to the disease, while ensuring experimental feasibility, 

breaking down the barrier to translational medicine and thus conducting high-quality, 

reproducible research (Figure 6) (Damerau and Gaber 2020). 
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Figure 6: Overview of state-of-the-art in vitro models classified according to experimental 
feasibility and physiological proximity (Damerau and Gaber 2020). The figure contains graphics 
from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic License. 
http://smart.servier.com/ (Damerau and Gaber 2020). 

1.5.1. Tissue Explants: Close physiological proximity but low experimental 
feasibility 

Ex vivo culture models or tissue explants exhibit the closest physiological similarity to 

pathological tissue due to the nature of their origin. If available in the clinics and ethically 

justifiable, these models can be easily obtained, are straightforward to develop, and allow the 

semi-controlled study of the behavior of included cell populations. Although tissue explants 

reflect human physiology in terms of 3D structure, cell composition, and environment, they are 

often affected by individual health status, medication, and sample preparation. Nevertheless, 

tissue explant approaches are still a powerful tool in, e.g., osteochondral bone research due 

to the ability to retain native bone cell communication and to study cellular responses and 

extracellular matrix remodeling processes, including disease-specific matrix degradation in a 

(patho)physiological bone environment (Marino, Staines et al. 2016). In addition to their limited 

availability (especially in terms of healthy human material), the main limitations of tissue 

explant models are shortened lifespan due to simultaneous disruption of the supplying vessels 

and, consequently, induced cell death and necrosis-induced cell death at the explant/wound 

edges (Gilbert, Singhrao et al. 2009). With synovial tissue, explants can be obtained from 

patients with RA or OA during joint replacement surgery, as well as by needle and arthroscopic 

biopsy. These types of samples have been comprehensively examined using molecular and 

immunohistochemical techniques leading to a better understanding of the pathogenic events 
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occurring in the course of the disease (Nozaki, Takahashi et al. 2007). Samples of synovial 

(Chevrel, Garnero et al. 2002) and bone explants (Chabaud and Miossec 2001) have been 

used to study the efficacy and efficiency of drugs on the (i) production of pro-inflammatory 

mediators, (ii) expression of matrix-degrading enzymes, and (iii) adhesion molecules. Of note, 

IL-1β, TNF-α, and IL-17 have been demonstrated to produce many additives and/or synergistic 

effects in vitro. Using synovial explants from patients with RA, therapeutic intervention with a 

combination of biologicals, e.g., anti-TNF-α antibodies and IL-1Ra, resulted in significantly 

decreased IL-6 and MMP3 production, indicating the superior efficacy of combinatorial therapy 

over a single biological treatment (Hosaka, Ryu et al. 2005). As an example, Kirenol, a Chinese 

herbal active component, was demonstrated to inhibit FLS proliferation, migration, invasion, 

and secretion of pro-inflammatory IL-6 in explants from RA synovium (Wu, Li et al. 2019, 

Damerau and Gaber 2020). 

Explants, such as articular cartilage discs, have been obtained from patients with RA after 

knee arthroplasty to examine disease-related expression profiles. Using this approach, Gotoh 

et al. demonstrated that the interaction of CD40 with CD154 increased the expression of 

inflammatory cytokines and MMPs, resulting in increased cartilage degradation in patients with 

RA (Gotoh, Kawaguchi et al. 2004). Based on the aforementioned types of explants, Schultz 

et al. developed a 3D in vitro model to investigate destructive processes in RA (Schultz, 

Keyszer et al. 1997). Although the explant co-culture system did not address all aspects of RA, 

such as the presence of immune cells, the authors confirmed the capability of their model to 

study FLS activity on destructive processes of established joint diseases in vitro (Schultz, 

Keyszer et al. 1997, Damerau and Gaber 2020). 

1.5.2. Simplified 2D culture and co-culture approaches  

To mimic physiological and pathophysiological biological complexity of tissues and their 

disorders, the 3D structure of the respective tissue is required and reachable using either 3D 

tissue explants or in vitro models. However, achieving experimental feasibility and ensuring 

adequate nutrient and oxygen supply are more challenging tasks with 3D designs than 2D cell 

cultures. Therefore, 2D monolayer cell cultures are a simple and cost-effective alternative, 

especially for high-throughput screening approaches, which are common in pharmaceutical, 

industrial, and toxicological research. They are still used to (i) investigate the efficiency and 

efficacy of therapeutics, (ii) determine their optimal concentration, (iii) analyze disease-related 

gene expression profiles, and (iv) study cell-cell, cell-microenvironment, or cell-humoral 

interactions using auto- and paracrine signals, such as in aggregate-cell interactions, in a 

simplified co-culture system (Turner, Counts et al. 1980, Croft, Naylor et al. 2016, Chen, Li Yim 

et al. 2019, Lewis, Barnes et al. 2019). Two-dimensional monolayer cell cultures are used for 
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rapid in vitro cell expansion, despite the risk of cellular alterations in terms of morphology, 

genetic alteration, cell diversity, cell cycle progression, and cell differentiation capacity (von 

der Mark, Gauss et al. 1977). Accordingly, when trying to mimic cartilage in monolayer, the 

phenotype of chondrocytes becomes unstable, indicated by a downregulation of type II 

collagen, with a concomitant increase in the expression of type I collagen. To avoid these 

artificial changes, an optimized cultivation procedure is required using specific plate coatings, 

such as poly(L-lactic acid) (Benya, Padilla et al. 1978). When investigating the effects of RA-

associated cytokines on cartilage, monolayer chondrocyte cultures are considered an optimal 

tool due to their easy handling and the rapid response of chondrocytes to pro-inflammatory 

cytokines. In addition, chondrocytes, when stimulated with, e.g., IL-1β, TNF-α, or IFN-γ, show 

a classical RA-like phenotype as evidenced by decreased expressions of COL2 and ACAN 

while both MMP13 expression (Murphy and Lee 2005) and induced apoptosis in chondrocytes 

increase (Schuerwegh, Dombrecht et al. 2003), reflecting the human in vivo situation (Kim and 

Song 1999, Saito, Murakoshi et al. 2008). Using the 2D approach, Teltow et al. demonstrated 

that the majority of IL-1β-treated chondrocytes produced collagenase 1 instead of collagenase 

3. However, the latter has been assumed to foster the destructive processes of RA joints by 

degrading collagen type II (Tetlow and Woolley 1998). IL-1β was demonstrated to decrease 

the expression of COL2 in monolayer cultures (Goldring and Berenbaum 1999, Damerau and 

Gaber 2020). 

Expanding the 2D monolayer cultures using co-culture systems, the interaction between cells 

growing in the same environment can be cultivated either indirectly (physical barrier) by simple 

medium transfer and using a trans-well chamber or directly in a mixed culture system providing 

cell-to-cell contact. Using direct and indirect co-cultivation, Donlin et al. demonstrated that 

human RA synovial fibroblasts suppress the TNF-α-induced IFN-γ signature in macrophages 

under both conditions, indicating that no cell contact is required, but rather soluble fibroblast 

products inhibit the IFN-γ signature of macrophages (Donlin, Jayatilleke et al. 2014). To extend 

the co-culture systems, Pagani et al. developed an advanced tri-culture model to study the 

interaction between osteoblasts, osteoclasts, and endothelial cells and the cytokine-induced 

effects on bone homeostasis concerning RA (Pagani, Torricelli et al. 2018, Damerau and 

Gaber 2020). 

1.5.3. 3D tissue engineering approaches: Mimicking structural features of the 
joint 

In the field of musculoskeletal disorders, simplified 2D cell culture systems have been stepwise 

replaced by promising in vitro 3D tissue engineering approaches, including (i) scaffold-free 3D 

approaches, such as cell-sheet formation (Kim, Bou-Ghannam et al. 2019), self-assembly, or 
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self-organization (Weber, Fischer et al. 2020), (ii) natural scaffold-based 3D approaches, such 

as hyaluronic-acid-based scaffolds (Dhivya, Saravanan et al. 2015), and (iii) synthetic scaffold-

based 3D approaches, such as poly-(lactide)-based scaffolds (Scheinpflug, Pfeiffenberger et 

al. 2018). These 3D approaches offer considerable advantages compared to the above-

mentioned 2D approaches because they facilitate cell-cell and cell-matrix interactions, cell 

proliferation, differentiation, and migration. Finally, they maintain the cell fate as a result of the 

physiological 3D structure. To mimic the structural features of the joint, which is a prerequisite 

for simulating the pathogenesis of RA, the various cell-based components, such as synovial 

membrane and the chondrogenic and osteogenic parts, must be developed for an in vitro 3D 

approach (Damerau and Gaber 2020). 

Multicomponent in vitro 3D co-cultures systems combining 3D in vitro models of articular 

cartilage and bone (osteochondral unit) with in vitro 3D models of the synovial membrane are 

necessary to study the cartilage degradation and bone erosive processes during RA that are 

linked to the invasiveness of the hyperplastic synovium (pannus) [132]. Currently, 

multicomponent engineering approaches are widely used to simulate key features of OA 

instead of RA or are used to develop suitable artificial matrices that can replace damaged 

regions and promote tissue regeneration. Thus, many promising in vitro approaches have been 

recently developed using (i) scaffold-based bone and scaffold-free cartilage [133], (ii) different 

scaffolds for both bone and cartilage, (iii) a heterogeneous (bi-layered) scaffold, or (iv) a 

homogenous scaffold for both bone and cartilage [134]. Notably, bi-layered systems are most 

often fixed by adhesives, such as fibrin, creating a barrier for cell–cell contact. To avoid this, 

Lin et al. encapsulated iPSCs-derived MSCs (iMPCs) in a photo-crosslinkable gelatin scaffold. 

Using a dual-flow bioreactor, encapsulated iMPCs were chondrogenic (top) and osteogenic 

(bottom) differentiated to directly form a stable bridging zone between both tissue models 

[135]. So far, no appropriate multicomponent in vitro model exists that is able to mimic the 

physiologically relevant environment of a healthy or an inflamed joint, including all signaling 

molecules, cells, and tissue types (Damerau and Gaber 2020).  
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A prerequisite for simulating joint inflammation and destruction as a feature of RA is to mimic 

the structural anatomical characteristics of the joint including the following cell-based 

components: the bony part covered by a chondral tissue located close to the synovial 

membrane. These cell-based components must be designed and engineered accordingly for 

an in vitro 3D approach.  

Therefore, the aim of this thesis was to establish and characterize human in vitro tissue 

equivalents of the joint, namely (1) cancellous bone, (2) articular cartilage, and (3) synovial 

membrane using MSCs to provide the possibility of producing a complete joint model from 

single donor material thus offering the opportunity of a personalized testing platform. 

For this purpose, it was necessary to (i) establish and characterize scaffold-based bone-like 

constructs solely based on human MSCs. In order to build the osteochondral unit of a healthy 

joint, (ii) the development and characterization of scaffold-free cartilage constructs at the 

macro- and microscale was targeted. Once both components are fully established, (iii) their 

responsiveness to disease-relevant cytokines should be analyzed in terms of arthritis-related 

changes in cell and matrix composition. Getting more complex, the next aim was (iv) the co-

cultivation of these two components of the joint in order to generate a functional osteochondral 

unit and to test its responsiveness to inflammatory stimuli. Finally, (v) the development of a 

xeno-free synovial membrane model was aimed at ultimately mimicking all functional units of 

the joint needed to simulate arthritis. 

Ultimately, the established 3D in vitro models could serve as a preclinical screening tool 

providing the opportunity to study cellular processes within the tissue, investigate cytokine-

driven key mechanisms of arthritis, and test therapeutic interventions on tissue level in vitro. 
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3.1. Part I: Modeling the osteochondral unit 

Degeneration of articular cartilage and disruption of subchondral bone homeostasis, including 

bone lesions and erosions, are critical features of arthritis. To explore the pathogenesis of 

arthritis, it is necessary to thoroughly understand the physiology of the major components of 

the joint. This particularly includes the complex knowledge on the osteochondral unit, which 

consists of subchondral bone covered by articular cartilage, in terms of anatomy, function and 

supply (Ostrowska, Maśliński et al. 2018). Articular cartilage is responsible for both smooth 

joint movement and load bearing capacity, while subchondral bone supports articular cartilage 

to maintain homeostasis. Cartilage and subchondral bone interact through the exchange of 

signaling and nutritional molecules within the osteochondral unit (Lepage, Robson et al. 2019). 

Their importance becomes apparent when cartilage destruction begins, leading to pain and 

impaired quality of life. Although the physical impairment of patients and the economic burden 

of arthritis are substantial, the long-lasting problem will increase significantly over years as the 

population ages (Glyn-Jones, Palmer et al. 2015). Preventing the development of arthritis and 

treating joints already affected by RA or OA are the focus of current research with the goal of 

preserving or restoring joint function (Mendes, Katagiri et al. 2018). Therefore, sophisticated 

in vitro and in vivo models are required to achieve this goal. Although a variety of models for 

arthritis, particularly RA, already exist, many of the current model systems for arthritis are of 

limited predictive value as they either rely on phylogenetically distant species or suffer from 

oversimplified culture conditions. These limitations pose major challenges to preclinical testing 

and translation to humans. Various tissue engineering approaches have been pursued for the 

in vitro generation of artificial bone and cartilage, including scaffold-based (synthetic or 

natural), scaffold-free (cell-sheet technology, self-assembly, or self- organization), and more 

complex microfluidic model systems (Murdoch, Grady et al. 2007, Weber, Fischer et al. 2020, 

Pirosa, Gottardi et al. 2021). Most of the established in vitro tissue equivalents are derived 

from primary cells or MSCs. As osteoblasts, chondrocytes, and synovial fibroblasts originate 

from MSCs, they have been extensively studied for their broad clinical potential. However, an 

experimental setting of arthritis is still needed to (i) investigate key mechanisms involved in the 

pathogenesis of e.g., RA, (ii) use this model as a preclinical tool, to test new therapeutic 

approaches, (iii) facilitate the translatability of results by using human material, and (iv) reduce 

the number of animal experiments. 

Hence, the following peer-reviewed publication presents a ceramic-based bone equivalent and 

scaffold-free cartilage equivalent that have been successfully used for the in vitro generation 

of a 3D osteochondral unit as a potential part of an artificial joint. Major features of arthritis 

were induced by regular administration of RA-related cytokines, and the impact of approved 

drugs on the extent of inflammation was investigated.  
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Abstract: Adequate tissue engineered models are required to further understand the (patho)physiol-
ogical mechanism involved in the destructive processes of cartilage and subchondral bone during
rheumatoid arthritis (RA). Therefore, we developed a human in vitro 3D osteochondral tissue model
(OTM), mimicking cytokine-induced cellular and matrix-related changes leading to cartilage degra-
dation and bone destruction in order to ultimately provide a preclinical drug screening tool. To
this end, the OTM was engineered by co-cultivation of mesenchymal stromal cell (MSC)-derived
bone and cartilage components in a 3D environment. It was comprehensively characterized on cell,
protein, and mRNA level. Stimulating the OTM with pro-inflammatory cytokines, relevant in RA
(tumor necrosis factor α, interleukin-6, macrophage migration inhibitory factor), caused cell- and
matrix-related changes, resulting in a significantly induced gene expression of lactate dehydrogenase
A, interleukin-8 and tumor necrosis factor α in both, cartilage and bone, while the matrix metallopro-
teases 1 and 3 were only induced in cartilage. Finally, application of target-specific drugs prevented
the induction of inflammation and matrix-degradation. Thus, we here provide evidence that our
human in vitro 3D OTM mimics cytokine-induced cell- and matrix-related changes—key features of
RA—and may serve as a preclinical tool for the evaluation of both new targets and potential drugs in
a more translational setup.

Keywords: mesenchymal stem cells; tissue engineering; osteochondral unit; in vitro model; rheuma-
toid arthritis

1. Introduction

The osteochondral unit is an essential part of the joint and commits the functional
association of the articular cartilage, calcified cartilage and the subchondral bone. Its
main function is to transfer mechanical strain during weight-bearing and to ensure the
mechanical and metabolic homeostasis as well as the overall joint integrity. Articular
cartilage is surfacing the subchondral bone, adsorbing mechanical loading and distributing
forces within the joint, while the subchondral bone provides mechanical stability, maintains
the joint shape and supplies nutrient and oxygen for the deeper layers of the avascular
cartilage [1].

Several pathologies have been demonstrated to affect the osteochondral unit e.g.,
microcracks, microedema, microbleeding, the development of subchondral bone cysts
and osteophytes co-localizing with regions of articular cartilage damage [2–4]. All these
changes are also attributed to the degenerative joint disease osteoarthritis (OA) or chronic
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which is a systemic autoimmune disease. OA is principally characterized by articular
cartilage degeneration often accompanied with subchondral bone erosions due to a higher
load impact and the presence of certain mediators and growth factors [5,6]. On the other
hand, the progressive, destructive processes in RA are driven by a persistent inflammation
of the joint. The complex pathogenesis of RA involves a diverse interplay between various
humoral factors, cell types and tissues, though many underlying triggers and mechanism
are still unclear. Beside the production of autoantibodies, the release of pro-inflammatory
cytokines, such as tumor necrosis factor (TNF)α, interleukin (IL)-1, -6, -17 and macrophage
migration inhibitory factor (MIF) and the induction of matrix degrading enzymes such
as matrix metalloproteases (MMPs) drives both inflammation and destructive processes
within cartilage and subchondral bone leading to an imbalance in metabolic processes [7].
During RA, MMP1, MMP3, MMP8, and MMP13 are predominantly involved in the extra-
cellular matrix remodeling and degradation of cartilage collagens and proteoglycans but
may also affect bone (e.g., MMP3, MMP13) [8,9].

As long as the causes of the disease are unknown, current therapies in clinical appli-
cation aim to reduce the inflammatory mechanisms in the pathogenesis of RA, whereby
their unwanted effects with regard to joint and bone homeostasis are often neglected or
accepted, as exemplified by the use of glucocorticoids and their pro-osteoporotic effects [10].
According to current recommendations, today’s treatment goal is to achieve remission or
at least low disease activity [11]. Despite major progress in the treatment of RA, a strong
unmet medical need remains, as not all patients reach the treat-to-target goal, i.e., sustained
clinical remission or low disease activity; about 25% still suffer from moderate or even
high disease activity [11]. Therefore, preclinical models which reflect the complexity of the
functional unit of the joint are essential to improve our understanding of pathophysiologi-
cal mechanisms, to increase our knowledge on adverse drug effects in clinical use, and to
develop and verify new therapeutic approaches.

Until today, animal models represent an integral part of the preclinical drug dis-
covery process. While animals do not develop spontaneously autoimmune conditions
such as RA—which constitutes an inherent limitation of these models—arthritis can be
induced in these animals by a single agent or by genetic manipulations [12–14]. Finally,
non-humanized rodent models are not suitable to test treatment strategies which are highly
specific for human target proteins [12]. Understanding the homeostasis within the osteo-
chondral unit as well as RA-related mechanisms is essential for determining treatment
strategies. Therefore, different in vitro models have been developed and evaluated during
the last years ranging from tissue explants, simplified (co)culture systems and complex tis-
sue engineered three-dimensional (3D) (multi)component systems to chip approaches [14].
Most of the current in vitro cell culture systems in monolayer are used to study the effect of
e.g., humoral factors or therapeutics on chondrocytes [15,16], aggregate-cell interactions or
cell-cell interplay [14,17], lacking the complexity of (patho)physiologically relevant cell-cell
and cell-matrix interactions and nutrient gradients [14,18]. Today, complex 3D in vitro
systems include the co-cultivation of e.g., bovine cartilage discs with human synovial
fibroblasts mimicking early cartilage destructive processes [19], porcine chondrocytes with
an RA-derived cell line [20], RA synovium with bone explants [21] or cartilage explants
from either humans or animals [22]. Cartilage and bone differ in matrix characteristics and
microenvironmental and mechanical cues. Therefore, osteochondral tissue engineering
requires (i) a unique cell and matrix composition, (ii) a certain organization of the artificial
tissue with or without scaffold and (iii) specific biological properties. To date, promising
in vitro tissue engineering approaches have been developed using (i) scaffold-based bone
and scaffold-free cartilage [23], (ii) different scaffolds for both bone and cartilage [24], (iii)
a single heterogeneous scaffold [25] or (iv) a single homogenous scaffold for both [26]. A
major challenge is the restriction to obtain human primary cells or explants, the limited
lifespan of explants [27] and the unstable phenotype of chondrocytes during monolayer
expansion [28]. Therefore, mesenchymal stromal cells (MSCs) are often used to engineer

autoimmune-mediated joint inflammation such as found in rheumatoid arthritis (RA),
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cartilage and bone equivalents [14]. Despite major progress especially due to emerging
techniques such as 3D bioprinting, so far, there is no appropriate in vitro model which
is able to mimic an inflamed joint with respect to the osteochondral unit allowing the
preclinical testing of a variety of specific therapeutic approaches.

Here, we describe a human in vitro 3D osteochondral tissue model (OTM) as poten-
tial part of an artificial joint, comprising a scaffold-free cartilage-like component and a
tricalcium phosphate (TCP)-based bone-like component (TBBC). In addition, we aimed at
demonstrating that this engineered human OTM can be used as in vitro model to study
cytokine-driven cell- and matrix-related changes during osteochondral degradation—key
feature of RA. Moreover, we evaluated the feasibility of our OTM by using approved bio-
logics, which prevented these cytokine-related changes. An overview on the experimental
setup is given in Figure 1.

Figure 1. Schematic overview of the timely interlocked processes to generate the human in vitro 3D osteochondral tissue
model of arthritis. Based on human bone marrow-derived mesenchymal stromal cells (MSCs), the in vitro 3D TCP-based
bone components (TBBCs) and scaffold-free cartilage components (SFCCs) were developed. The osteochondral tissue model
(OTM) was engineered by co-cultivation of both tissue components for 21 days. To replicate cytokine-mediated features of
rheumatoid arthritis (RA), the osteochondral tissue model was stimulated with typical RA-related cytokines (tumor necrosis
factor α, interleukin-6, and macrophage migration inhibitory factor) and finally treated with approved drugs (Proof of
OTM). oMSC, one-week osteogenic pre-differentiated MSCs; OM, osteogenic medium; TCP, tricalcium phosphate; LDH,
lactate dehydrogenase.
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2. Results
2.1. Optimization of the TCP-Based Bone Component Results in a Valid and Sustainable
Osteogenic Phenotype Replicating the Subchondral Bone Compartment

Firstly, we determined a cell/TCP ratio of approximately 1 × 106 cells/12 mg
(0.8 × 105 cells/mg) as being optimal for the in vitro 3D TCP-based bone component
(TBBC) since higher initial cell densities led to increased cell death (Appendix A Figure A1).
To test whether osteogenic pre-differentiation of seeded MSCs influences the TBBC forma-
tion, we pre-differentiated MSCs using osteogenic differentiation medium for one week
(oMSCs) and colonized TCP particles with either MSCs or oMSCs (Figure 2A). Scanning
electron microscopy revealed that both MSCs and oMSCs became adherent to the TCP
scaffold and invaded the TCP scaffold within 21 days (Figure 2B). Both, MSCs and oMSCs
colonized the TCP scaffold within 21 days without any sign of cytotoxicity as demonstrated
by the lack of differences in LDH release when compared to the spontaneous release of a
TCP-free monolayer (ML), but a significant lower release compared to the positive control
(Figure 2C). Analyzing cell viability after 21 days of incubation using LIVE/DEAD staining,
we observed a significant lower amount of viable oMSCs (Calcein AM+; green) and an
increase in EthD1+ oMSCs (dead, red) when compared to the corresponding MSCs and the
respective ML (Figure 2D,E). Analyzing cellular metabolic activity using the WST-1 assay,
we detected a significantly reduced metabolic activity in oMSCs compared to MSCs after
21 days (Figure 2F). Interestingly, co-cultivation of MSCs or oMSCs with osteoconductive
TCP significantly increased calcium deposition after 7 and 21 days when compared to
the monolayer incubated in osteogenic medium but without TCP. Calcification was more
pronounced in MSCs than oMSCs (Figure 2G).

Taken together, MSCs and oMSCs colonized the TCP scaffold within 21 days without
any sign of cytotoxicity while cell viability, metabolic activity, and calcification were more
pronounced in MSCs than oMSCs (Figure 2C–G).

To investigate the spatial distribution, matrix formation and the osteogenic pheno-
type of either MSCs or oMSCs on the TCP scaffold, we quantified TBBC sections for the
expression of actin, laminin and osteopontin (OPN) normalized to the cell nuclei (DAPI)
using immunofluorescence staining (Figure 3A). To assess the spatial distribution, the total
area of TBBC section was sub-divided into an outer, middle, and inner area and analyzed
for the expression of actin. At day 21, seeded MSCs demonstrate a more pronounced and
distributed staining for actin throughout the total area of TBBC section than oMSCs as indi-
cated by significantly more actin staining in the total, middle, and inner area (Figure 3A).
To assess the matrix formation, we normalized the relative expression of the extracellular
protein laminin as quantified at day 21 to day 1. We found an up to 2-fold increase of
matrix production in MSCs and oMSCs over time without observing differences between
the two groups (Figure 3B). When focusing on the OPN expression as a measure of os-
teogenic phenotype, we observed significantly more OPN expression per cell in the TBBCs
populated with MSCs than those with oMSCs both in the total area and in the middle and
inner area (Figure 3C). Together with the observed actin distribution within the TCP, the
OPN results indicate that the invading cells differentiate towards the osteogenic lineage. In
this line of observation, the upregulation of runt-related transcription factor 2 (RUNX2),
secreted phosphoprotein 1 (SPP1), osteonectin (ON), and collagen type 1 alpha 1 (COL1A1),
respectively, where superior over time in MSCs as compared to oMSCs (Figure 3D). Based
on these findings, we proceeded with the use of MSCs for the generation of TBBCs.
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Figure 2. In vitro studies on β-TCP biocompatibility and cell survival comparing the suitability of human mesenchymal
stromal cells (MSCs) and osteogenic pre-differentiated MSCs (oMSCs). (A) Experimental design of the in vitro TCP-based
bone component (TBBC). (B) Structural evaluation of β-TCP using scanning electron microscopy. Exemplary images of n
= 6. Scale bars show 500 µm and 50 µm as indicated in the images. (C) LDH-assay was conducted after 24 h to confirm
the biocompatibility of β-TCP. Ctrl = 2% of Triton X-100. Data are shown as mean ± SEM for n = 10–12. Gene expression
of lactate dehydrogenase A (LDHA) was determined by qPCR and normalized to the housekeeper gene EF1A. Data are
shown as mean ± SEM for n = 4. Mann-Whitney U-test was used to determine the statistical significance between groups
and Wilcoxon signed-ranked test for the spontaneous LDH release control. (D) LIVE/DEAD staining was performed
after 21 days and (E) quantified using ImageJ. As control MSCs in monolayer (ML) were stained. Green and red colors
discriminated between living and dead cells (scale bar = 100 µm). Representative images are shown accordingly for n = 4–6.
Data are shown as mean ± SEM. (F) WST-1 assay was conducted to confirm metabolically active cells after 21 days of 3D
cultivation. Ctrl = 2% of Triton X-100. Data are shown as mean ± SEM for n = 6. Mann-Whitney U-test was used. (G) MSCs
and oMSCs were cultivated for 7 and 21 days in normal medium (NM control), in osteogenic medium without β-TCP (ML)
and with β-TCP populated with MSCs (MSC) or pre-differentiated MSCs (oMSC). Alizarin Red staining was quantified
(562 nm). Data are shown as mean ± SEM for n = 5. Wilcoxon matched-pairs signed rank test was used to determine the
statistical significance. p-values are indicated in the graphs with * p < 0.05, ** p < 0.01 and *** p < 0.001 (ns = not significant).
TCP, tricalcium phosphate; LDH, lactate dehydrogenase; EF1A, eukaryotic translation elongation factor 1 alpha.
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Figure 3. Characterization of the human in vitro tricalcium phosphate-based bone component (TBBC) using both MSCs and
oMSCs. (A) The amount of actin (in pixels) per cell nuclei (DAPI+) after 21 days within total area (t.a.), outer area (o.a.; outer
border determined by a reduction of the diameter by 0.95 for X- and Y-axes), middle area (m.a.; outer area subtracted from
total area, diameter reduced by 0.5 for X- and Y-axes) and inner area (i.a.; remaining inner part of the outer area subtracted
from total area, diameter reduced by 0.5 for X- and Y-axes) were quantified via ImageJ. Data are shown as Box and Whiskers
plot with median ±min/max for n = 4. Scale bar indicates 100 µm. (B) Laminin and DAPI were stained after day 1 and
21 and quantified via ImageJ. Data are shown as mean ± SEM for n = 3. Scale bar indicates 100 µm. (C) Osteopontin (OPN)
and DAPI were stained after 21 days. The amount of OPN (in pixels) per cell within t.a., o.a., m.a., and i.a. were quantified
via ImageJ. Data are shown as Box and Whiskers plot with median ± min/max for n = 4. Representative images are shown
accordingly (scale bar = 100 µm). (D) Total RNA extraction was performed from MSC monolayer (ML) and 3D cultures
with MSCs and oMSCs after 1, 7, 14 and 21 days. Gene expression was normalized to the housekeeper gene EF1A. Data
are shown as mean ± SEM for n = 4–6. Mann-Whitney U-test was used to determine the statistical significance; * p < 0.05,
** p < 0.01 (ns = not significant). MSC, mesenchymal stromal cell; oMSC, one-week osteogenic pre-differentiated MSC; EF1A,
eukaryotic translation elongation factor 1 alpha.
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The final TBBCs were produced in sizes with a diameter up to 0.5 cm and cultivated
for 21 days (Figure 4A). Exemplary images of actin and DAPI immunofluorescence staining
over time (day 1, 7, 14, 21) further supported prior endpoint analyses demonstrating the
invasion of cells into the TCP scaffold (Figure 4B). Furthermore, TBBCs cultivated for
21 days displayed a cell and matrix formation comparable to native bone as analyzed by
scanning electron microscopy (Figure 4C). H&E staining clearly indicated a matrix forma-
tion, the interconnection between cells and the TCP particles, and the beginning of osteoid
formation at day 21 (Figure 4D). Additionally, seeded MSCs maintained their metabolic
activity over 21 days when compared to day 1 and the respective monolayer control (ML;
Figure 4E). Analyzing bone formation using µCT, we observed a numerical increase in
bone volume at day 21 compared to day 0 (TCP only) and day 14 (Figure 4F). Finally,
gene expression of bone specific markers revealed a significant upregulation of RUNX2,
SPP1, ON, COL1A1 and osteocalcin (OC) as compared to the osteogenic differentiated ML
(Figure 4G). In summary, using MSCs to produce TBBCs is valid to achieve a sustainable
osteogenic phenotype and to recapitulate the subchondral bone compartment in our OTM
approach.

Figure 4. Human in vitro 3D TCP-based bone component (TBBC) based on MSCs. (A) Macroscopic overview of the in vitro 3D
TBBC. (B) Exemplary images to highlight cell localization and extracellular matrix formation as shown by immunofluorescence
staining for actin (red) and DAPI (blue) after day 1, 7, 14 and 21. Bright field (BF) shows the β-TCP scaffold. Exemplary images of n
= 4 (scale bar = 100 µm). (C) Structural examination of the TBBC in comparison to native bone using scanning electron microscopy.
Exemplary images of n = 8 TBBC and n = 2 human native bone. (D) Histological evaluation of the morphology via H&E staining.
Exemplary images for n = 8. Scale bars indicate 100 µm. (E) WST-1 assay was conducted to confirm metabolically active cells
after 21 days of cultivation compared to day 1 and monolayer control (ML). Data are shown as mean ± SEM (duplicates per
donor in two independent experiments) for n = 6. Mann-Whitney U-test was used to determine the statistical significance. (F)
In vitro 3D µCT reconstruction and quantitative results. Data are shown as mean ± SEM for n = 3. (G) Total RNA extraction
was performed from ML and TBBCs after 21 days of osteogenic differentiation. The relative gene expression was normalized to
the housekeeper gene EF1A and osteogenic differentiated ML. Data are shown as mean± SEM (duplicates per gene) for n = 6.
Wilcoxon Signed Rank Test was used to determine the statistical significance; p-values are indicated in the graphs with * p < 0.05.
MSC, mesenchymal stromal cell; TCP, tricalcium phosphate; EF1A, eukaryotic translation elongation factor 1 alpha.
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2.2. Characterization of the Scaffold-Free Cartilage Component Demonstrates a Valid
Cartilage-Like Phenotype Including Zonal Organization

The cartilage-like component was produced as described previously. In short, the
procedure is based on mesenchymal condensation and the cyclic application of biomechan-
ical force which finally leads to the self-organized 3D scaffold-free cartilage component
(SFCC) [18]. Thus, we were asking the question whether we can maintain a cartilage-
like phenotype of the SFCCs for 21 days, which is the time point that coincides with the
start of co-cultivation with TBBCs (Figure 1). SFCCs were produced in a diameter sized
up to 0.5 cm (Figure 5A). H&E staining of histological sections demonstrated an almost
homogenous cell matrix distribution with a higher cell density and more flattened cells
in the outer surface area similar to the superficial zone of native cartilage (Figure 5B).
Additionally, the inner area was characterized by spherical and randomly oriented cells
reflecting characteristics of the middle zone of native cartilage. Using TUNEL staining at
day 21, we observed only a low number of apoptotic cells within the SFCC (Figure 5C).
Histochemistry and immunohistochemistry revealed the presence of glycosaminoglycans
(Alcian blue staining) and collagen type 2 (Figure 5D). We also found collagen type 1 ex-
pressed in the tissue, although its extent of expression was clearly lower as compared to
the TBBC control. However, mineralization was not present as shown by Alizarin and
von Kossa staining (Figure 5D). Comparing the gene expression of SFCCs to undifferenti-
ated MSCs in ML at day 21, we observed an up-regulation of cartilage specific markers
such as collagen type 2 alpha 1 (COL2A1), aggrecan (ACAN) and collagen type 10 alpha 1
(COL10A1), while the expression of the bone specific markers COL1A1 and RUNX2 was
downregulated as compared to the monolayer control (Figure 5E). In addition, the cartilage
specific transcription factor SOX9, which is an early marker of chondrogenesis during
cartilage development, was also downregulated (Figure 5E). However, the temporal course
of the analyzed marker gene expression revealed no significant changes over 21 days as
assessed weekly (Appendix A Figure A2). Based on our findings, we continued with the
in vitro generated SFCCs displaying a stable chondrogenic phenotype and characteristics
of native cartilage.
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2.3. Co-Cultivation of Scaffold-Free Cartilage Components and In Vitro 3D Tricalcium
Phosphate-Based Bone Components Lead to Formation of a Subchondral Bone-Like Zone

Since we aimed to develop a complex human in vitro 3D OTM to mimic the part of a
joint which is affected during the late stages of RA, we cultivated the SFCC on top of the
TBBC. Therefore, TBBCs and SFCCs were produced as outlined before (Figures 1 and 6A)
and cultivated for 21 days before analysis (day 42). H&E staining of OTMs showed that
SFCC and TBBC were sticking together without any gap formation (Figure 6B). Although
both parts could still be discriminated morphologically by H&E staining, we additionally
phenotypically discriminated the SFCC from the TBBC part using Toluidine blue combined
with von Kossa staining visualizing the chondrogenic phenotype by Toluidine blue dye
attaching to the negative charges of the proteoglycans while calcified tissue phenotype

Figure 5. In vitro studies on the 3D scaffold-free cartilage constructs (SFCC) based on human MSCs. (A) Macroscopic
overview of the in vitro 3D SFCCs. (B) Histological evaluation of the morphology via H&E staining. Exemplary images
for n = 6. Scale bars indicate 200 µm. (C) Detecting apoptotic cells (green) using TUNEL staining after 21 days without
mechanical force. Exemplary image for n = 4. Scale bars indicate 200 µm. Pos. ctrl = incubation with DNase I for 10 min.
(D) Histological (Alcian Blue, Alizarin Red, von Kossa) and immunohistochemistry staining (collagen type 1 and collagen
type 2) of the SFCC in comparison with the tricalcium phosphate-based bone component (TBBC) control. Exemplary images
for n = 4. Scale bars indicate 200 µm. (E) Total RNA extraction was performed from 3D cultures after 21 days. Gene
expression was normalized to the housekeeper gene EF1A. Data are shown as mean ± SEM (duplicates per gene) for n = 3–6.
Mann-Whitney U-test was used to determine the statistical significance; p-values are indicated in the graphs with * p < 0.05,
** p < 0.01 (ns = not significant). MSC, mesenchymal stromal cell; EF1A, eukaryotic translation elongation factor 1 alpha.
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was confirmed by von Kossa (Figure 6C). Moreover, we observed a rearrangement of the
cytoskeleton after 21 days of co-cultivation in the bridging area between both components
reflecting a subchondral bone-like zone of the osteochondral tissue as visualized by actin
and DAPI (cytoskeleton, nucleus) staining (Figure 6D). To confirm cellular viability after
21 days of co-cultivation, we conducted a TUNEL staining (green: apoptotic cells) showing
only a few apoptotic cells compared to the positive control with induced apoptosis by
DNase I treatment (Figure 6E). Taken together, co-cultivation of SFCC and TBBC led to the
formation of a connecting OTM with cellular rearrangements in the bridging area.

Figure 6. Human in vitro 3D osteochondral tissue model (OTM). Both components were developed independently and
subsequently co-cultured in a cell culture insert for 21 days. (A) Experimental design of the in vitro 3D OTM. (B) Histological
evaluation via H&E and (C) Toluidine blue combined with von Kossa staining. Exemplary image for n = 4. Scale bars
indicate 500 µm. White asterisks highlight initial mineralization. (D) Actin and DAPI staining were performed to
visualize the transitional bridging area between both components. Neg. ctrl = co-cultivation for 1 day, simulating a not
unified OTM. Exemplary image for n = 4. Scale bars indicate 200 µm. (E) The number of apoptotic cells (green; TUNEL
staining) normalized to cell nuclei (DAPI+) in both TBBC and SFCC after 21 days of co-cultivation was quantified via
ImageJ. Exemplary images for n = 5. Scale bars indicate 200 µm. Pos. ctrl = incubation with DNase I for 10 min to induce
apoptosis. Mann-Whitney U-test was used to determine the statistical significance compared to the control, p-values
are indicated in the graphs with ** p < 0.01. TBBC, tricalcium phosphate-based bone component; SFCC, scaffold-free
cartilage component.
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2.4. The Osteochondral Tissue Model Shows Cell- and Matrix-Related Changes after Cytokine
Stimulation Which Were Prevented by Application of Anti-Rheumatic Drugs

To mimic the chronic inflammatory environment of RA, our osteochondral tissue
model was treated for a prolonged period of 21 days repetitively (every 3 days) using a
cocktail of three major RA-related cytokines, namely TNFα (10 ng/mL), IL-6 (30 ng/mL)
and MIF (10 ng/mL) at pathophysiological, non-cytotoxic concentrations (Figure 7A–C).
Cytokine concentrations were used as reported from synovial fluid of patients with RA
(STIM) or left untreated (CTRL). The cytokine cocktail was applied with or without drugs
to quantify both the effects of the cytokines and the preventive potential of the drugs under
investigation. To this end, we added a combination of clinically available drugs in their
therapeutic dosage (10 µg/mL adalimumab, 8 µg/mL tocilizumab, 5 µg/mL milatuzumab;
TREAT). After sustained repetitive treatment for 21 days mimicking chronic inflammation,
we analyzed the transcriptional response of our model and identified a significant cytokine-
mediated upregulation of the metabolic marker lactate dehydrogenase A (LDHA) in the
STIM group compared to CTRL which was significantly reduced in both SFCC and TBBC
when treated with the combination of chosen drugs (TREAT; Figure 7D,E). Additionally,
a cytokine-induced upregulation of the angiogenic marker vascular endothelial growth
factor A (VEGFA) was observed, which was prevented in the TREAT group. The expression
of IL6 was numerically reduced after both cytokine stimulation (STIM) and therapeutic
treatment (TREAT) as compared to CTRL in SFCCs (Figure 7D) but was significantly
reduced in TBBCs (Figure 7E). Conversely, IL8 and TNF were significantly upregulated
after stimulation, while this effect was prevented by the drugs. In the SFCC model, MMP1
and MMP3 were significantly upregulated in the cytokine-treated group compared to the
CTRL group (Figure 7D). This effect was reversed in the drug-treated group compared
to the STIM group. There were no significant differences in gene expression for MMP13
within the experimental groups. However, in the bone-like model, MMP1 expression
was numerically diminished in both the STIM and TREAT group compared to the CTRL
group (Figure 7E). There was no significant difference in gene expression of MMP3 within
CTRL and STIM, while we observed a significant downregulation in the TREAT group.
Moreover, there were no significant differences in gene expression for MMP13 within the
experimental groups. Of note, cartilage and bone component differentially responded to
cytokine-mediated stimulation with respect to the significantly upregulated expression of
MMP1 and MMP3.

In summary, stimulation with TNFα, IL-6 and MIF lead to cytokine-mediated cartilage
degradation, a key feature of arthritis. These findings are in accordance with in vivo data
from animal studies and with observations made in human pathophysiology. Cultivation in
the presence of immunomodulatory drugs did sufficiently prevent these cytokine-induced
changes.
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Figure 7. Experimental results of our osteochondral tissue model incubated for 21 days under non-inflammatory conditions
(CTRL), repetitive cytokine stimulation with a cocktail of TNFα, IL-6 and MIF (STIM) and under treatment conditions
(TREAT). (A) Schematic overview of the experimental design. (B) LDH-assay was performed after 1 day to cover any
cytotoxic effects using supernatant from the OTM treated with cytokines (STIM—10 ng/mL TNFα, 30 ng/mL IL-6,
10 ng/mL MIF) and in combination with clinically available drugs (TREAT—10 µg/mL adalimumab, 8 µg/mL tocilizumab,
5 µg/mL milatuzumab). CTRL = untreated control; HIGH = 2% of Triton X-100 to induce LDH release. Data are shown
as mean ± SEM for n = 5. Wilcoxon matched-pairs signed rank test was used to determine the statistical significance
between groups and One sample t test for the spontaneous LDH release control (CTRL). (C) Percentage of cytotoxicity
was determined by the following equation [%] = (exp. value − CTRL)/(HIGH − CTRL) × 100 for n = 5. Data are shown
as mean ± SEM. One sample t test was used with a cytotoxicity cut off of 20% [29]. (D) Gene expression studied via
qPCR for LDHA, VEGFA, IL6, TNF, IL8, MMP1, MMP3 and MMP13 for scaffold-free cartilage components (SFCCs) and (E)
tricalcium phosphate-based bone components (TBBCs). Data were normalized to the housekeeper gene EF1A and are shown
as mean ± SEM (duplicates per gene) for n = 5. Mann-Whitney U-test was used to determine the statistical significance,
p-values are indicated in the graphs with * p < 0.05, ** p < 0.01, *** p < 0.001. LDH, lactate dehydrogenase; TNF, tumor
necrosis factor; IL, interleukin; MIF, macrophage migration inhibitory factor; LDHA, lactate dehydrogenase A; VEGFA,
vascular endothelial growth factor A; MMP, matrix metalloproteases; EF1A, eukaryotic translation elongation factor 1 alpha.
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3. Discussion

Until today, no appropriate human in vitro model exists so far, which can appropri-
ately mimic the (patho)physiological relevant environment of a healthy or an inflamed joint
specifically focusing on the later stage of disease involving cartilage matrix degradation and
subchondral bone erosion with the need for a crosstalk between bone and cartilage within
the osteochondral unit. Simulating such features in a preclinical drug screening tool would
be transformative for the translational process necessary for optimizing rheumatological
care. Here, we have developed a human MSC-derived OTM and described its capacity
to create a RA-like phenotype, which replicated in part the immunomodulatory effect of
well-known anti-rheumatic drugs such as adalimumab [30,31] and tocilizumab [32,33], but
also the antineoplastic agent milatuzumab [34].

As in our current study, MSCs are widely used as suitable cell source to engineer
in vitro tissue owing to their availability, isolation simplicity, high proliferation rate and
differentiation capacity towards individual resident cell types of bone and cartilage [35,36].
Since there has been evidence that high-density scaffold-free chondrogenic cultures and
ceramic bone scaffolds might lead to the formation of well-integrated OTMs [37], we
firstly engineered bone components by using TCP ceramic particles, which mimic the
mineral bony part. Comparable in vitro and in vivo approaches to promote osteogenesis
and bone regeneration have been published during the last decade [38,39]. With respect
to the biocompatibility and prominent osteoconductive activity of TCP [40], our results
(Figures 2 and 3) are in line with a study conducted by Herten et al. where both MSCs
and osteoblasts were cultivated on TCP particles [41]. Additionally, we confirmed the
osteogenic phenotype based on upregulated expressions of early osteoblast-specific genes,
including RUNX2, SPP1 and COL1A1 and enhanced expression of mature osteoblast mark-
ers (SPP1, ON), indicating the mineralization capacity of MSCs within the tissue models
(Figure 4) [42,43]. Secondly, in order to generate cartilage-like tissue components, emerg-
ing tissue engineering approaches use mesenchymal condensation based on cell-sheet
formation, self-assembly or self-organization to engineer scaffold-free constructs [44–47].
Although MSCs are well-known to differentiate into various lineages, their capacity to
form mature chondrocytes and full articular cartilage is limited. However, chondrogenic
differentiated MSCs still provide sufficient similarities to articular cartilage which ren-
ders them eligible to serve as therapeutic option for e.g., cartilage defects [48] or in vitro
models [18,49]. Furthermore, Li et al. showed that adding mechanical load additionally
promotes chondrogenesis of MSCs by up-regulating TGF-β. An approach which is identi-
cal to the procedure we applied here. As a result, chondroblastic cells form a functional
network, embedded into their self-synthesized matrix comprising both superficial and
middle zone and abundant expression of collagen type 2 but also collagen type 1 (Figure
5). The latter is a prerequisite for chondrogenic MSC differentiation, because MSCs firstly
reside within the pre-cartilaginous matrix rich in collagen type 1 inducing cell-cell contact,
which finally results in an increased expression of SOX9 and differentiation [50–52].

The crosstalk between bone and cartilage within the osteochondral unit is supposed to
play an important role in the etiopathogenesis of cartilage matrix degradation and subchon-
dral bone erosion and needs, therefore, to be considered in emerging therapeutic strategies
and preclinical testing tools. To mimic the osteochondral unit, common in vitro approaches
use a bi-layered scaffold where chondrocytes or MSCs are embedded in polymers and the
bone layer is based on e.g., ceramics [53]. Both layers are most often fixed by adhesives
such as fibrin resulting in a barrier for cell-cell contacts. Conversely, Lin et al. encapsulated
iPSCs-derived MSCs in a gelatin scaffold and cultivated these scaffolds in a dual-flow
bioreactor [54]. In contrast to our approach, they directly generated a stable bridging zone
between the components but neglected the different cellular demands on the given ECM
(stiffness, matrix composition) and microenvironment (oxygen supply) [53]. As shown
in our study, co-cultivation for 21 days in a static culture system led to the formation of
a bridging zone, suggesting a functional interplay between the two tissue components
(subchondral bone-like zone; Figure 6).

Int. J. Mol. Sci. 2021, 22, 128 13 of 25

42



   CHAPTER: RESULTS 

42 

 

Int. J. Mol. Sci. 2021, 22, 128 14 of 25

Studies have shown that synovial fibroblasts and different immune cells (e.g., neu-
trophils, macrophages, T-cells) are a major source of pro-inflammatory cytokines in RA.
For example, TNFα, IL-6 and MIF activate resident chondrocytes to produce TNFα, IL-8,
IL-6 and matrix metalloproteases (MMP1, MMP3, MMP13) promoting cartilage degen-
eration and subsequent bone erosion. In line with our results, Pretzel et al. analyzed
cartilage degradation of bovine cartilage discs co-cultivated with human synovial fibrob-
lasts and supplemented IL-1β and TNFα. They were able to demonstrate an upregulation
of tissue-degrading enzymes (MMP1, MMP3) and pro-inflammatory cytokines (IL-6, IL-8).
In addition, several studies report an increased production of matrix metalloproteinases
(MMP3, MMP13) in chondrocytes and cartilage explants after IL-6 treatment, which is in
accordance with our results (Figure 7) [55–57]. Moreover, TNFα and IL-6 have been recently
shown to have overlapping and synergistic effects, even though some of these effects are
regulated by separate mechanisms [58]. Interestingly, Honorati et al. analyzed chondro-
cytes from non-inflammatory pathology in comparison with RA chondrocytes showing that
inflammation seems to play an important role in inducing the chondrocyte-related VEGF
secretion [59]. Here, we demonstrate that exposure to TNFα, IL-6 and MIF [60–62] does
induce arthritic transformation followed by activation of the angiogenic marker VEGFA in
the SFCC (Figure 7) [63]. In contrast, we did not observe a cytokine-related upregulation
of IL6 which has been already described after TNFα exposure. It was shown that the
self-activation of pY-STAT3 by newly synthesized IL-6 leads to a transient auto-inhibition
of further IL-6 transcription [64]. Thus, the supplementation of IL-6 may be responsible for
the absence of induced IL-6 expression in our study.

Finally, we provide first evidence that effects of immunomodulatory drug candidates
can be demonstrated in our MSC-derived OTM on mRNA level (Figure 7). We used
adalimumab [30,31], tocilizumab [32,33] and milatuzumab [34] for proof of concept, as
these are clinically used monoclonal antibodies directed against TNFα, IL-6 and MIF.
Recent work has indicated that TNFα may mediate its angiogenic effect in RA via IL-8 and
VEGF [65]. In fact, treatment strategies aimed at decreasing TNFα resulted in decreased
angiogenic IL-8 production in vitro and decreased serum levels of angiogenic VEGF in
RA patients [66,67]. We reported that treatment in a pharmacologically relevant dose
does prevent pro-inflammatory effects, attenuating the TNF and IL-6 signaling pathway.
Preclinical testing of therapeutics towards RA is a major challenge, since current therapeutic
approaches target specific molecules or pathways by e.g., antibodies or small molecules
which are unique in humans. Nevertheless, recent studies have indicated that there
are differences in functionality and binding capacity between the human and murine
system leading to the potential failure of promising antibodies during clinical trials as
exemplified by anti-IL-17 antibodies (e.g., secukinumab) [68] as an biological disease-
modifying antirheumatic drugs or the phosphodiesterase 4 inhibitor apremilast [69] which
were both tested successfully in mice but failed to provide clinical efficacy in patients
suffering from RA [70–72].

Nevertheless, the model has still some limitations that need to be addressed in the
future. So far, the TBBC does not include bone remodeling processes and our current ver-
sion of the OTM omits circulating cells such as leukocytes and endothelial cells. However,
there is the opportunity to expand our model by including e.g., osteoblasts/osteoclasts, se-
lected RA-related leukocyte populations or human umbilical vein endothelial cells. Finally,
an approach that offers possibilities to investigate the cellular behavior and intercellular
interactions in a perfused 3D context is given by the organ-on-a-chip technology [73].

4. Materials and Methods
4.1. MSC Isolation, Cultivation and Characterization

Primary human mesenchymal stromal cells (MSCs) were isolated from bone mar-
row obtained from patients undergoing total hip replacement (provided by the Center of
Musculoskeletal Surgery, Charité-Universitätsmedizin Berlin, donor list in Table 1). Study
design and protocols were approved by the Charité-Universitätsmedizin Ethics Commit-
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tee and performed according to the Helsinki Declaration (ethical approval EA1/012/13,
31 January 2013). Briefly, bone marrow was transferred into a T-175 flasks (Greiner Bio-one
International GmbH, Kremsmünster, Austria) with Dulbecco’s Modified eagle minimal
Essential Medium (DMEM) GlutaMAX™ (Gibco, Waltham, MA, USA) supplemented with
10% fetal calf serum (FCS, Biowest, Nuaillé, France), 100 U/mL penicillin (Gibco, Waltham,
MA, USA), 100 µg/mL streptomycin (Gibco, Waltham, MA, USA) and 20% StemMACSTM

MSC Expansion Media Kit XF (Miltenyi Biotech, Bergisch Gladbach, Germany). After
incubation for two days (37 ◦C, 5% CO2), medium was changed, remaining tissue parts
were removed, and the adherent cells were washed with phosphate-buffered saline (PBS;
pH 7.4). Reaching 90% confluency, cells were passaged. MSCs were characterized after
three passages using differentiation assays (adipogenic, osteogenic, chondrogenic) and
flow cytometry (MSC Phenotyping Kit; Miltenyi Biotech, Bergisch Gladbach, Germany;
CD90+, CD105+, CD73+, CD14−, CD20−, CD34−, CD45−, and HLA-DR−, Appendix A
Figure A3). Only MSCs successfully passing the characterization were further used for
experiments until passage 3–8.

Table 1. Human MSCs donor information and conducted experiments.

Donor Age Sex Type of Experiments Used Methods

MSC 1 62 m

Characterization of TBBCs

LDH, WST-1, gene expression analysis, histology,
immunofluorescence

MSC 2 78 m
MSC 3 56 w
MSC 4 69 w
MSC 5 57 m
MSC 6 74 w

MSC 7 75 w

LDH, µCT, SEM, Alizarin Red, histology,
immunofluorescence

MSC 8 76 w
MSC 9 77 m

MSC 10 77 w
MSC 11 66 m
MSC 12 53 m
MSC 13 63 m

MSC 14 84 w

Characterization of SFCCs Gene expression analysis, histology

MSC 15 71 w
MSC 16 66 m
MSC 17 59 w
MSC 18 79 m
MSC 19 78 m

MSC 20 64 m

Co-cultivation (OTM),
proof of OTM experiments

Gene expression analysis, histology
MSC 21 67 w
MSC 22 72 w
MSC 23 76 w
MSC 24 57 m

For differentiation, MSCs were seeded at a density of 1× 104 cells per well in a 96-well
plate (Greiner Bio-one International GmbH, Kremsmünster, Austria) and cultivated in
appropriate differentiation medium for three weeks (37 ◦C, 5% CO2). For adipogenic dif-
ferentiation, MSCs were incubated in StemMACSTM AdipoDiff medium (Miltenyi Biotech,
Bergisch Gladbach, Germany). After 3 weeks, cells were fixed in 4% paraformaldehyde
(PFA; Electron Microscopy Sciences, Hatfield, PA, USA) for 15 min. After washing with
60% isopropanol, cells were stained with 60% Oil Red O solution dissolved in ddH2O
(Sigma-Aldrich Chemie GmbH, Munich, Germany: freshly prepared and passed through a
0.45 µm filter; stock solution: 0.3% Oil Red O dissolved in 100% isopropanol) for 15 min,
washed with 60% isopropanol. Finally, ddH2O was added and intracellular lipid droplets
were analyzed microscopically.
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For osteogenic differentiation, MSCs were cultivated in StemMACSTM OsteoDiff
medium (Miltenyi Biotech, Bergisch Gladbach, Germany) for three weeks. Alizarin Red
staining was performed according to the following protocol: cells were washed with PBS,
fixed with 4% PFA for 15 min, washed with PBS and stained using a 0.5% Alizarin Red
S staining solution (pH 4; Sigma-Aldrich Chemie GmbH, Munich, Germany) dissolved
in ddH2O for 15 min. After the final washing step with ddH2O, calcium deposition was
analyzed microscopically.

For chondrogenic differentiation MSCs were transferred in a 3D state (pellet cultiva-
tion) via centrifugation for 10 min at 400× g and cultivated in StemMACSTM ChondroDiff
medium (Miltenyi Biotech, Bergisch Gladbach, Germany). Slices were prepared and Al-
cian Blue staining was performed to analyze the presence of acidic mucopolysaccharides
microscopically.

4.2. Generation of the Osteogenic Component—TCP-Based Bone Component (TBBC)

The 3D cultivation was performed in cell culture inserts (Sarstedt AG, Nümbrecht, Ger-
many) with a 0.3 cm2 growth area and a polyethylene terephthalate (PET) membrane (8 µm
pore size). Approximately 12 mg of β-tricalcium phosphate (TCP) granules (Cerasorb®M,
Curasan AG, Kleinostheim, Germany) were preincubated with 1 mL of DMEM Gluta-
MAX™ supplemented with 10% FCS, 100 U/mL penicillin, 100 µg/mL streptomycin, in
the following referred to as normal medium (NM) for one day. To optimize the 3D TCP-
based bone component (TBBC), 1 × 106 MSCs or pre-differentiated MSCs (pre-incubated
in osteogenic differentiation medium for one week, oMSCs) were seeded onto TCP gran-
ules. Cell suspension and TCP particles were gently mixed and cultured in osteogenic
medium (OM, NM supplemented with 0.5 mM ascorbic acid, 10−8 M dexamethasone,
10 mM L-glycerophosphate). Medium was changed twice a week.

4.3. Generation of the Scaffold-Free Cartilage Component (SFCC)

The 3D scaffold-free cartilage components (SFCCs) were generated based on a patented
method (No. 10 2004 001 225, German Patent and Trade Mark Office, 2004) purchased from
the Research Center of Medical Technology and Biotechnology (fzmb GmbH), Bad Langen-
salza, Germany. Briefly, approximately 6 × 106 MSCs were detached and transferred into a
3D state via centrifugation for 10 min at 400× g. After 5 to 7 days, biomechanical forces
were applied for 3 to 4 weeks to the self-assembled 3D component. SFCCs were then culti-
vated for up to 21 days without biomechanical forces (resting phase) in NM supplemented
with 9.39 mg/L ascorbic acid (Sigma-Aldrich Chemie GmbH, Munich, Germany), in the
following referred to as chondrogenic medium (CM).

4.4. Generation of the Osteochondral Tissue Model and Experimental Setup

An overview on the experimental setup is given Figure 1. Co-cultivation of both
SFCC and TBBC was performed in cell culture inserts by placing the SFCC on top of
the TBBC. Chondrogenic medium was added and both components were cultured for
21 days at 37 ◦C, 5% CO2 to develop the osteochondral tissue model by allowing cell-
cell interaction. To mimic chronic cytokine-mediated joint inflammation, stimulation
was performed using CM (CTRL) supplemented with 10 ng/mL recombinant human
macrophage migration inhibitory factor (MIF) [60], 30 ng/mL recombinant human IL-6 [62],
10 ng/mL recombinant human tumor necrosis factor alpha (TNFα; all ImmunoTools GmbH,
Friesoythe; Germany) [61] using concentrations as reported from synovial fluid of patients
with RA and 23 µg/mL Flebogamma (Grifols, Barcelona, Spain) in the following referred
as STIM. To evaluate the impact of specific therapeutic approaches, CM was supplemented
with cytokines and well-known clinically available drugs in their therapeutic dosage:
10 µg/mL adalimumab (Amgen, Thousand Oaks, CA, USA) [30,31], 8 µg/mL tocilizumab
(Roche, Basel, Switzerland) [32,33] and 5 µg/mL milatuzumab (Immunomedics, Morris
Plains, NJ, USA) [34], in the following referred to as TREAT. Medium was changed every
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3 days including the respective supplements resulting in a repetitive chronic cytokine
stimulation in case of STIM and a repeated counter-treatment in case of TREAT.

4.5. Viability and Cytotoxicity Assay

Cell Proliferation Reagent WST-1 Kit (Sigma-Aldrich Chemie GmbH, Munich, Ger-
many) was used according to the manufacturer’s instructions. Samples were mixed with
WST-1 solution and incubated for 30 min at 37 ◦C, 5% CO2. Supernatants were measured
photometrically using a standard 96-well plate reader (SynergyTM HT Reader, BioTek In-
struments, Bad Friedrichshall, Germany) at a wavelength of 450 nm (reference wavelength
630 nm). To induce cell death, a control group of cells was incubated with 2% Triton X-100
(Sigma-Aldrich Chemie GmbH, Munich, Germany) for one day (Ctrl). The assay was
performed in two independent experiments with duplicates.

Cytotoxicity Detection LDH Kit (Sigma-Aldrich Chemie GmbH, Munich, Germany)
was used to detect cytotoxic effects of TCP particles, cell/TCP ratio, cytokine and treatment
concentrations. According to the manufacturer’s instructions the OD-values were measured
at a wavelength of 490 nm (reference wavelength 630 nm). Additionally, to induce LDH
release via cell death, cells were incubated with 2% Triton X-100 for one day, in the following
referred as high control (Ctrl). The LDH assay was performed in duplicates.

LIVE/DEAD® Viability/Cytotoxicity Kit (Invitrogen AG, Carlsbad, CA, USA) was
used to determine cell viability and to visualize 3D cell colonization. Samples were first
washed with PBS, transferred to a slide and subsequently incubated with LIVE/DEAD®

staining solution (established concentration: 2 µM Calcein AM, 4 µM EthD-1) for 35 min
at RT in the dark. Evaluation was performed with the fluorescence microscope BZ-9000
(Keyence, Itasca, IL, USA).

4.6. Alizarin Red Assay

For calcium quantification, Alizarin Red assay was performed. MSCs were seeded at a
density of 1× 104 cells per well in a 96-well plate and cultivated in NM (NM control), in OM
without TCP (ML) and in OM with TCP co-cultivating MSCs (MSC) or pre-differentiated
MSCs (oMSC). To exclude TCP-related staining, the OD value of TCP cultivated in OM
without cells was subtracted from the TCP OD value. Medium was removed and cells were
fixed in 4% PFA (10 min) and stained with Alizarin Red S staining solution (10 min), washed
with ddH2O, staining was dissolved with 10% cetylpyridiniumchlorid and OD-values were
measured with a plate reader at a wavelength of 562 nm (reference wavelength 630 nm).
Data were normalized to the NM OD-values. The assay was performed in duplicates.

4.7. Scanning Electron Microscopy

First, samples were washed twice with PBS and then fixed with 2.5% glutaralde-
hyde (Sigma-Aldrich Chemie GmbH, Munich, Germany) solved in PBS (10 min, room
temperature—RT). After washing with PBS, samples were dewatered using ascending
ethanol concentrations 30%, 50%, 70%, 80%, 90%, 95% and twice 100% for 5 min each. After-
wards samples were incubated with hexamethyldisilazane (1 × 5 min, 2 × 10 min; Sigma-
Aldrich Chemie GmbH, Munich, Germany). Finally, samples were air dried overnight
and coated with gold using a Fine Coater JFC-1200 (Jeol GmbH, Freising, Germany). The
imaging with the scanning electron microscope JCM-6000 Plus Neo ScopeTM (Jeol GmbH,
Freising, Germany) was performed under high vacuum.

4.8. Histochemistry

Slices were prepared using the Kawamoto method to allow the embedding of samples
without decalcification [74]. Samples were first fixed in 4% PFA for 3 h followed by
an ascending sucrose solution treatment (10%, 20% and 30%) for one day each at 4 ◦C.
Afterwards, the samples were embedded with SCEM embedding medium (Sectionlab,
Hiroshima, Japan) and stored at −80 ◦C. We prepared cryo-sections of 7 µm thickness
using Kawamoto cryofilm type 2C (Sectionlab, Hiroshima, Japan). Prior to each staining
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procedure, slices were dried for 20 min at RT and at the final step covered with DPX
Mountant (Sigma-Aldrich Chemie GmbH, Munich, Germany).

Hematoxylin and Eosin (H&E) staining was conducted using the following protocol:
fixing with 4% PFA for 10 min, washing with ddH2O for 5 min, first staining with Harris’s
hematoxylin for 7 min (Merck, Darmstadt, Germany), washing twice with ddH2O, differen-
tiating in 0.25 mL HCl solution (37% HCl, Merck, Darmstadt, Germany) in 100 mL of 70%
ethanol. After washing with tap water for 10 min, second staining with Eosin (0.2%, 2 min;
Chroma Waldeck GmbH & Co KG, Münster, Germany) was performed, differentiation step
in 96% ethanol, followed by 100% ethanol (2 × 2 min) and xylol (2 × 2 min) treatments.

Von Kossa Toluidine blue staining was performed according to the following protocol:
fixing with 4% PFA (10 min), washing with ddH2O (5 min), staining in silver nitrate solution
(3% in ddH2O, 10 min), washing with ddH2O, staining in sodium carbonate/formaldehyde
solution (2 min), washing with ddH2O, followed by a staining step in sodium thiosulfate
solution (5% in ddH2O, 5 min). After washing with tap water for 10 min, slices were
washed with ddH2O, counter stained in Toluidine blue solution for 8 min, washed with
ddH2O, differentiated in 70% ethanol, 100% ethanol and fixed in xylol (each 2 × 2 min).

Alcian Blue staining was performed according to the following protocol: fixing with
4% PFA (10 min), washing with ddH O (5 min), treating with 3% acetic acid (3 min), staining2
step in 1% Alcian Blue for 30 min (Sigma-Aldrich Chemie GmbH, Munich, Germany),
washing in 3% acetic acid (pH 2.5), washing with ddH2O, staining step in nuclear fast
red aluminum sulfate for 4 min, washing with ddH2O, followed by 80%, 96% and 100%
ethanol (2 min each) and fixing with xylol (2 × 2 min).

4.9. Immunohistochemistry

Immunohistochemistry was performed according to the following protocol: rehy-
drating with PBS (10 min), blocking with 3% H2O2 (30 min), washing with PBS (5 min),
blocking with 5% normal horse serum (Vector Laboratories, Burlingame, CA, USA) in 2%
bovine serum albumin (BSA, Sigma-Aldrich Chemie GmbH, Munich, Germany)/PBS, first
incubation step with primary antibody for collagen type I (1:500, Abcam plc, Cambridge,
UK) or collagen type II (1:10, Quartett GmbH, Berlin, Germany) at 4 ◦C overnight, washing
in PBS (2 × 5 min), second incubation step with 2% biotinylated horse anti-mouse IgG
antibody (secondary antibody, Vector Laboratories, Burlingame, CA, USA) diluted in 5%
normal horse serum/2% BSA/PBS for 30 min and washing in PBS (2 × 5 min). After
incubation with Vecastain® Elite® ABC HRP Kit (Vector Laboratories, Burlingame, CA,
USA) for 50 min, slices were washed with PBS (2 × 5 min), incubated with DAB Peroxidase
HRP Substrate Kit (microscopic control, Vector Laboratories, Burlingame, CA, USA), thus
the reaction was stopped with PBS, followed by washing with ddH2O, counter staining
step in Mayer’s hematoxylin (2 min, Sigma-Aldrich Chemie GmbH, Munich, Germany),
washing in tap water (10 min) and finally washing in ddH2O.

4.10. Immunofluorescence Staining

Immunofluorescence staining was performed in a dark, humid chamber at RT. First,
slices were air dried and then rehydrated with PBS for 10 min. Subsequently, unspecific
binding sites were blocked with PBS/5% FCS for 30 min. Afterwards, primary antibody was
diluted in PBS/5% FCS/0.1% Tween® 20 (Qbiogene Inc., Carlsbad, CA, USA) and incubated
according to the manufacturer’s instructions, followed by washing with PBS/0.1% Tween®

20 (3×). Secondary antibody was diluted in PBS/5% FCS/0.1% Tween® 20 and applied
for 2 h, washed with PBS/0.1% Tween® 20 (3×) and nuclei staining was performed using
4′,6-diamidino-2-phenylindole (DAPI; 1 µg/mL diluted in PBS/5% FCS/0.1% Tween® 20,
15 min). After bubble-free covering with FluoroMount (Sigma-Aldrich Chemie GmbH,
Munich, Germany) covering medium, imaging was performed with the fluorescence
microscope BZ-9000 (Keyence). Image analysis was performed using ImageJ. Primary and
secondary antibodies used for immunofluorescence staining are listed in Table 2.
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Table 2. Primary and secondary antibodies used for immunofluorescence staining.

Primary
Antibody Dye Host ID Concentration

[mg/mL] Company

Phalloidin TRITC - P1951 1.5 Sigma-Aldrich
Laminin - rabbit NB300 0.8 Novus Biologicals LLC

Osteopontin A488 rabbit ab8448 1 Abcam
Collagen 1 - mouse ab6308 1.5 Abcam
Collagen 2 - mouse CO072 1 Quartett

Secondary
Antibody Dye Host ID Concentration

[mg/mL] Company

Anti-mouse Biotin horse BA-2000 1.5 Vector Laboratories Inc.
Anti-rabbit A488 goat A32731 2 Thermo Fisher Scientific

TUNEL assay (Sigma-Aldrich Chemie GmbH, Munich, Germany) was performed to
detect apoptotic cells. As a positive control, slices were treated with desoxyribonuclease
(DNase) I (0.34 Kunitz units, Qiagen GmbH, Hilden, Germany) for 10 min and washed
twice with PBS. Staining was performed with TUNEL reaction mixture (5 µL TUNEL
enzyme + 45 µL TUNEL label) for 1 h at 37 ◦C and then washed twice with PBS. A negative
control was incubated with TUNEL label without TUNEL enzyme.

4.11. Image Analysis with ImageJ

Evaluation of immunofluorescence images was performed using FIJI ImageJ 1.52p
(National Institutes of Health, Bethesda, MD, USA). First, a free hand selection tool was
used to define the region of interest (ROI) representing the total area (t.a.). The outer area
(o.a.) was determined by a reduction of the diameter by 0.95 for X- and Y-axes. Another
reduction of the diameter by 0.5 for X- and Y-axes leads to the middle area (m.a.; outer area
subtracted from total area, diameter reduced by 0.5 for X- and Y-axes) and inner area (i.a.;
remaining inner part). The positive stained areas were defined using the color threshold
tool. Finally, the cell count was performed with a combination of the Find Maxima tool in
ImageJ and manual counting.

4.12. In Vitro µCT

TBBCs were scanned at a nominal resolution of 4–5 µm, with a Bruker SkyScan
1172 high-resolution microCT (Bruker, Kontich, Belgium). X-ray tube voltage was of 80 kV
and a 0.5 mm aluminum filter was employed. The scan orbit was 360 degrees with a
rotation step of 0.3 degree. For reconstruction the SkyScan NRecon software was used
and Gaussian smoothing, ring artifact reduction, misalignment compensation, and beam
hardening correction were applied. CTAn (Bruker MicroCT, Kontich, Belgium) software
was used to analyze the total VOI.

4.13. RNA Isolation, cDNA Synthesis and qPCR

Total RNA from the 3D components was isolated according to the manufacturer’s
instructions using the RNeasy® Fibrous Tissue Mini Kit (Qiagen GmbH, Hilden, Germany)
after homogenization with the TissueRuptor II (Qiagen GmbH, Hilden, Germany). Total
RNA from monolayer (ML) cultivations was isolated according to the manufacturer’s
instructions using the RNeasy® Mini Kit (Qiagen GmbH, Hilden, Germany). RNA con-
centrations were determined via NanoDrop®-ND-1000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and stored at −80 ◦C. TaqMan® Reverse Transcription
Reagents Kit (Applied Biosystems Inc., Foster City, CA, USA) was used for cDNA synthesis
with more than 50 ng per reaction whereas Sensiscript Reverse Transcriptase Kit (Qiagen
GmbH, Hilden, Germany) was used for cDNA synthesis with less than 50 ng per reaction.
Primer were designed using Primer Blast (NCBI, Bethesda, MD, USA). Sequence analyses
of qPCR products were confirmed by LGC Genomics GmbH (Berlin, Germany) and evalu-
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ated using the Chromas software 2.6.4 (Technelysium Pty Ltd., South Brisbane, Australia).
Quantitative PCR (qPCR) was carried out using the DyNAmo ColorFlash SYBR Green
qPCR Kit (Thermo Fisher Scientific, Waltham, MA, USA) in the Stratagene Mx3000PTM

(Agilent Technologies Inc., Santa Clara, CA, USA). The qPCR was conducted in duplicates
with a non-template control (NTC) for each mastermix using the following temperature
profile: 7 min initial denaturation at 95 ◦C, 45 to 60 cycles of 10 s denaturation at 95 ◦C, 7 s
annealing at 60 ◦C and 9 s elongation at 72 ◦C. After every run, a melting curve analysis
was performed to confirm primer specificity. In cases where the amplification curve did
not reach the threshold within the cycles, the value of the maximum cycle number was
used. All primers were purchased from TIB Molbiol Berlin, Germany (Table 3).

Table 3. Sequences of primers, fragment size and GenBank ID used for qPCR.

Gene Sequence of Forward Primer Sequence of Reverse Primer GenBank ID

EF1A GTTGATATGGTTCCTGGCAAGC TTGCCAGCTCCAGCAGCCT NM_001402.5
RUNX2 TTACTTACACCCCGCCAGTC TATGGAGTGCTGCTGGTCTG NM_001015051.3

SPP1 GCCGAGGTGATAGTGTGGTT TGAGGTGATGTCCTCGTCTG NM_001251830.1
COL1A1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC NM_000088.3

ON ACCAGCACCCCATTGACG AGGTCACAGGTCTCGAAAAAGC NM_001309443.1
SOX9 CGCCTTGAAGATGGCGTTG GCTCTGGAGACTTCTGAACGA NM_000346.3

PPARG2 CAAACCCCTATTCCATGCTGTT AATGGCATCTCTGTGTCAACC NM_015869.4
COL2A1 GTGGGGCAAGACTGTTATCG AGGTCAGGTCAGCCATTCAG NM_033150.3

COL10A1 CCAGCACGCAGAATCCATCT TATGCCTGTGGGCATTTGGT NM_000493.4
ACAN AACGCAGACTACAGAAGCGG GGCGGACAAATTAGATGCGG NM_001369268.1
MMP1 CTCTGGAGTAATGTCACACCTCT TGTTGGTCCACCTTTCATCTTC NM_001145938.2
MMP3 ATCCTACTGTTGCTGTGCGT CATCACCTCCAGAGTGTCGG NM_002422.5
MMP13 TCCTGATGTGGGTGAATACAATG GCCATCGTGAAGTCTGGTAAAAT NM_002427.4

TNF GTCTCCTACCAGACCAAG CAAAGTAGACCCTGCCCAGACTC NM_000594.4
IL6 TACCCCCAGGAGAAGATTCC TTTTCTGCCAGTGCCTCTTT NM_001371096.1
IL8 GAATGGGTTTGCTAGAATGTGATA CAGACTAGGGTTGCCAGATTTAAC NM_000584.4

LDHA ACCCAGTTTCCACCATGATT CCCAAAATGCAAGGAACACT NM_005566.4
VEGFA AGCCTTGCCTTGCTGCTCTA GTGCTGGCCTTGGTGAGG NM_001025366.3

4.14. Statistical Analysis

Statistical analysis was performed using the GraphPad® Prism V.8.4.1 software (Graph-
Pad Software, La Jolla/San Diego, CA, USA). All values are shown as the mean ± SEM if
not indicated otherwise. Mann-Whitney U test was applied for independent datasets while
dependent datasets were compared by means using the Wilcoxon-signed rank test. Values
of p < 0.05 were considered as statistically significant.

5. Conclusions

We herein describe a novel alternative approach simulating key features of RA in-
cluding cartilage destruction and subchondral bone erosion in late stages of disease to be
used as preclinical drug screening tool. The 3D osteochondral tissue model replicates the
interaction of cells within a physiological matrix and environment, the crosstalk between
the major resident cells of human cartilage and anabolic bone, and the option to further
expand cellular interactions by the application of e.g., leukocytes.
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Appendix A

Figure A1. Cell number/mg TCP. (A) LDH assay was performed after 1 day and different cell densities (0.1 × 105, 0.3 × 105,
0.8 × 105, 1.6 × 105, 3.3 × 105 cells/mg TCP). High Ctrl = 2% of Triton X-100 to induce LDH release. Data are shown as
mean ± SEM (duplicates per donor) for n = 4. For statistical analysis the Wilcoxon matched-pairs signed rank test was
used; * p < 0.05. (B) LIVE/DEAD staining was performed after 21 days and different cell densities (0.3 × 105, 0.8 × 105,
1.6 × 105 cells/mg TCP). Images were quantified using ImageJ. Green and grey colors discriminated between living and
dead cells (scale bars = 100 µm). Representative images are shown accordingly for n = 5. Data are shown as mean ± SEM.
For statistical analysis the Wilcoxon matched-pairs signed rank test was used; * p < 0.05. TCP, tricalcium phosphate; LDH,
lactate dehydrogenase.
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Figure A2. Gene expression analysis of scaffold-free cartilage components for SOX9, COL2A1, COL10A1 ACAN, RUNX2
and COL1A1 were performed after 0, 7, 14 and 21 days. The relative gene expression was normalized to the housekeeper
gene EF1A and day 0. Data are shown as mean ± SEM (duplicates per gene) for n = 3. Mann-Whitney U-test was used to
determine the statistical significance. SOX9, SRY-box transcription factor 9; COL2A1, collagen type II alpha 1; COL10A1,
collagen type X alpha 1; ACAN, aggrecan; RUNX2, runt-related transcription factor 2; COL1A1; collagen type I alpha 1;
EF1A, eukaryotic translation elongation factor 1 alpha.

Figure A3. Bone marrow-derived mesenchymal stromal cells are characterized (A) by plastic adherence, by their differentia-
tion capacity towards (B) adipogenesis using Oil Red O staining, (C) osteogenesis using Alizarin Red staining (scale bars =
100 µm), (D) chondrogenesis using Alcian Blue staining (scale bar = 200 µm), (E) the expression of surface marker CD90,
CD105, CD73 and (F) lack of CD14, CD20, CD34, CD45 and HLA-DR.
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3.2. Part II: Optimization of the osteochondral building blocks  

More than four decades have passed since the term "tissue engineering" was introduced to 

describe a new concept focused on the generation of de novo synthesized tissues from cells 

using growth factors and biomaterials. While scaffold-free tissue formation is still restricted to 

the self-assembly of cells into spheroids and organoids, scaffold-based tissue formation is 

limited to the seeding of cells onto a specific type of non-degradable or biodegradable scaffold 

(Ikada 2006, Causa, Netti et al. 2007). Scaffold-free and scaffold-based approaches are 

usually generated in a small scale format and with few cell spheroids or scaffold particles. 

Therefore, optimal strategies for cell seeding and down-sizing or up-scaling without changing 

the manufacturing conditions are major challenges in the production of in vitro 3D models. 

Hence, the following manuscripts present the optimization of the building blocks of the 

osteochondral unit.  

(i) The bone model was further optimized by combining the ceramic-based scaffold 

with cell-sheet technology to improve the efficiency of cell colonization and 

differentiation (3.2.1).  

(ii) The macroscale scaffold-free chondrogenic construct was optimized by reducing 

the number of cells, while maintaining morphology during differentiation, in order to 

adapt culture size to mid/high-throughput that resulted in the development of 

microscale scaffold-free chondrogenic components (miniSFCCs) (3.2.2).  
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3.2.1. Manuscript 2: Optimization of a tricalcium phosphate-based 
bone model using cell-sheet technology to simulate bone 
disorders  

 

This is a peer-reviewed version of the following article:  

Authors: Alexandra Damerau, Frank Buttgereit, Timo Gaber  

Title: Optimization of a tricalcium phosphate-based bone model using cell-sheet technology 

to simulate bone disorders 
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immunofluorescence investigations and quantifications, gene expression analysis, and 

scanning electron microscopy. Manuscript design, visualization, writing, reviewing, and final 
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Optimization of a Tricalcium Phosphate-Based Bone Model
Using Cell-Sheet Technology to Simulate Bone Disorders
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Abstract: Bone diseases such as osteoporosis, delayed or impaired bone healing, and osteoarthritis
still represent a social, financial, and personal burden for affected patients and society. Fully human-
ized in vitro 3D models of cancellous bone tissue are needed to develop new treatment strategies
and meet patient-specific needs. Here, we demonstrate a successful cell-sheet-based process for
optimized mesenchymal stromal cell (MSC) seeding on a β-tricalcium phosphate (TCP) scaffold to
generate 3D models of cancellous bone tissue. Therefore, we seeded MSCs onto the β-TCP scaffold,
induced osteogenic differentiation, and wrapped a single osteogenically induced MSC sheet around
the pre-seeded scaffold. Comparing the wrapped with an unwrapped scaffold, we did not detect any
differences in cell viability and structural integrity but a higher cell seeding rate with osteoid-like
granular structures, an indicator of enhanced calcification. Finally, gene expression analysis showed
a reduction in chondrogenic and adipogenic markers, but an increase in osteogenic markers in MSCs
seeded on wrapped scaffolds. We conclude from these data that additional wrapping of pre-seeded
scaffolds will provide a local niche that enhances osteogenic differentiation while repressing chon-
drogenic and adipogenic differentiation. This approach will eventually lead to optimized preclinical
in vitro 3D models of cancellous bone tissue to develop new treatment strategies.

Keywords: mesenchymal stromal cell; cell sheet; osteogenesis; β-TCP; tricalcium phosphate; tissue
engineering; in vitro 3D model

1. Introduction

Bone defects and healing disorders arise from various causes such as fractures, other
traumas, tumors, infections, dental restorations, healing disorders, and congenital malfor-
mations. They can lead to pain and significant loss of quality of life [1–3]. The prevalence
of bone diseases and healing disorders increases with life expectancy [4,5]. Both regen-
erating bone defects and treating healing disorders represent considerable challenges for
clinicians. Autologous grafts from the iliac crest remain the gold standard; even though
their availability is limited, they carry a risk of infection, and there is only little autologous
bone material available [6,7]. Over the past two decades, significant progress has been
achieved in developing tissue engineering concepts for the production of synthetic bone
substitutes that overcome these challenges by adding new possibilities to standard surgical
procedures for the treatment of these patients [2,3].

Clinically, tissue-engineered bone restoration relies on the generation of neo-tissues
from osteogenic progenitor cells alone or with the support of osteoconductive bone substi-
tutes for bone ingrowth and osteoinductive growth factors, with and without the need of
supportive metal implants [2,3,8]. Although preclinical data from animal studies are often
promising, the clinical failure of implants, bone substitutes, and osteoinductive agents
is apparent because of limited animal-to-human predictability due to differences in, for
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example, physiology, genetics, epigenetics, and molecular biology between species [9,10].
This is also a problem when dealing with bone substitutes coated with osteoinductive
growth factors that work in animal models but fail in humans.

Preclinically, tissue-engineered in vitro 3D bone models can improve our understand-
ing of bone biology’s physiological and pathophysiological mechanisms (e.g., avascular
osteonecrosis). These models may also serve as predictive models of implant success or
failure concerning osteoconductive properties of novel biomaterials for bone regeneration.
In addition, in vitro 3D bone models provide the opportunity to test, verify, and evaluate
novel osteoinductive substances or other therapeutical attempts (e.g., anti-osteoporotic
drugs) in a human-based laboratory setting or may directly be used as a clinical implant [11].
However, due to the lack of sophisticated in vitro 3D models, animal models still remain
the gold standard, even though great differences in (patho) physiology led to low transfer-
ability [12,13].

To simulate native bone in vitro, various tissue engineering approaches have been
pursued, including scaffold-based, scaffold-free, and more sophisticated microfluidic model
systems that implement a variety of cell or tissue types [14,15]. The most common in vitro
3D approach involves seeding osteogenic progenitor cells on synthetic bone graft substitutes
that mimic the mineral bone part, followed by static cultivation, perfused cultivation, or
dynamic mechanical loading during cultivation. Artificial bone graft substitutes differ in
biocompatibility, immunogenicity, biological activity, cell–biomaterial interactions, and
mechanical properties [16]. Additional limitations include low cell attachment efficiency
and heterogeneous cellular distribution [17]. Calcium phosphate-based bioceramics that
mimic the inorganic bone component have been extensively studied for their applicability.
The most common bioceramics are β-tricalcium phosphate (β-TCP), hydroxyapatite (HA),
and a mixture of the two known as biphasic calcium phosphate (BCP)-HA/β-TCP—which
are well researched and have been reported to support cell adhesion, tissue formation, and
differentiation [18–20].

Conventional approaches usually focus on the injection of isolated cell suspensions
or the use of pre-seeded biodegradable scaffolds to support tissue formation, depriving
cells of their endogenous extracellular matrix (ECM). However, it is challenging to ensure
reproducible cell-seeding efficiency [21,22]. In addition, scaffold-based and scaffold-free
models are often produced on a small scale with few scaffold particles or cell spheroids.
Thus, optimized cell seeding and up-sizing without altering manufacturing conditions
are significant challenges in the fabrication of complex in vitro models. Moreover, in the
clinical situation, the microenvironment of the bone and surrounding cells are involved
in the regeneration process [7]. These conditions are missing and need to be mimicked in
developing preclinical models, enhancing translational and clinical success [2,3].

The cell-sheet technology offers the possibility to compensate for these deficits in
conventional approaches. This technology enables the generation of viable, transplantable
cell sheets from monolayer cell cultures, e.g., using temperature-dependent plates [17,22].
These plates allow cells to be harvested while preserving cell–cell junctions and the ECM
without using proteolytic enzymes, allowing for cell-dense tissues [22–25]. Cell-sheet tech-
nology has already been successfully used for proper tissue regeneration in periosteum [26],
corneal epithelial, myocardial, and—of note—in bone tissues [24,27–29]. However, the
development of grafts for bone regeneration is still in its infancy. The difficulty is repli-
cating the high level of bone hierarchical organization while considering the anabolic and
catabolic processes.

In bone regeneration, adult mesenchymal stromal cells (MSCs)—the progenitor cells
of the anabolic bone compartment—are well suited for the cell-sheet technology approach.
MSCs are “self-renewable, multipotent, easily accessible and culturally expandable in vitro
with exceptional genomic stability and few ethical issues, marking its importance in cell ther-
apy, regenerative medicine and tissue repairment” [30]. Moreover, MSCs own the potential
to modulate and suppress immune responses and thus reduce graft rejection or graft-versus-
host reactions [31–33]. Therefore, MSC-based cell-sheets have attracted increasing attention
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as a tool to accelerate bone healing, treat chronic pain and infection, and minimize immuno-
logical reactions associated with allogeneic bone graft substitutes [24,34]. Interestingly, thin
MSC-based cell-sheets can spontaneously form vascular or pre-vascularized capillaries
with endothelial (progenitor) cells to facilitate vascularization and integration into the host
anatomy [35,36]. Finally, the envelopment of osteoclasts and osteoblasts/osteocytes and
immune cells in the MSC-based cell sheets in vitro allows mapping both catabolic and
anabolic processes and immunological processes in the bone marrow.

In a previous study, we used a scaffold-based model and seeded MSCs on the
biodegradable β-TCP scaffold to mimic cancellous bone [37]. We could demonstrate
that these MSCs showed osteogenic properties in vitro, evidenced by the high expression of
collagen type 1 (COL1A1), osteocalcin (OC), osteonectin (ON), and bone formation via µCT
analysis. However, we observed that porous scaffolds, such as β-TCP, are hardly populated
by cells. Given this background, we evaluated osteogenically induced MSC-based cell
sheets wrapped around a human in vitro 3D bone model comprising a pre-seeded β-TCP
scaffold for cell seeding and differentiation efficiency.

To evaluate our human sheet-based in vitro 3D bone model, we analyzed its response
to osteoinductive deferoxamine (DFO). Several studies have already demonstrated the
efficacy of DFO in promoting bone fracture healing in a variety of animal models (mouse,
rat, and rabbit) with different bone defects (calvaria defect or critical size defect) [38–51].
DFO treatment promotes angiogenesis/vessel formation and bone regeneration indepen-
dent of the species, model, and evaluation methods [39–57]. Using well-characterized
MSCs, we previously demonstrated that HIF-1 promotes osteogenesis and suppresses
adipogenesis by loss of function experiments and by pharmacological intervention using
DFO [58]. Therefore, we investigated the applicability and response to DFO in this human
MSC-sheet-based in vitro 3D bone model, ultimately serving as a human-based preclinical
model providing transferability and reducing the number of animal experiments.

2. Materials and Methods
2.1. Bone Marrow-Derived MSC Isolation and Cultivation

Human bone marrow was provided by the Center of Musculoskeletal Surgery, Charité-
Universitätsmedizin Berlin, and obtained from patients undergoing total hip replacement
(Table 1). Protocols and study design were performed according to the Helsinki Declaration
and approved by the Charité-Universitätsmedizin Ethics Committee (ethical approval
EA1/146/21; EA1/012/13).

Table 1. Data on age and sex of human MSCs used.

Donor Age Sex Donor Age Sex

1 56 male 6 62 female
2 69 female 7 77 male
3 71 male 8 64 female
4 81 female 9 65 male
5 75 female 10 58 male

For isolation of MSCs, bone marrow was placed in a T-175 flask (Greiner Bio-one Inter-
national GmbH, Kremsmünster, Austria). MSCs—ability to adhere to plastic—were cul-
tured in Dulbecco’s Modified eagle Minimal Essential Medium with GlutaMAXTM (DMEM,
Gibco, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS, Biowest, Nuaillé,
France), 100 U/mL penicillin (Gibco), 100 µg/mL streptomycin (Gibco, Waltham, MA,
USA), and 20% StemMACSTM MSC Expansion Media Kit XF (Miltenyi Biotech, Bergisch
Gladbach, Germany). The remaining bone marrow tissue parts were removed after 48 h.
The medium was changed weekly, and passaging was performed when reaching 85–90%
confluence. Cells were used until passage 6. MSC characterization was performed as
described previously in detail [37,59].
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2.2. Fabrication of 3D Bone Models: β-TCP Wrapped with an Osteogenically Induced MSC Sheet

To mimic the mineral part of cancellous bone most closely, we used clinical-grade,
biocompatible and resorbable β-TCP (Cerasorb®M, Curasan AG, Kleinostheim, Germany)
with a particle size range from 1000 to 2000 µm, which provides an interconnecting, open
multiporosity with micro-, meso- and macropores (5–500 µm) and total porosity of ap-
proximately 65%. Notably, particles of this size most closely mimicked the properties of
cancellous bone about bone formation trabecular numbers and thickness in a model of
bone formation, whereas the chemical composition had only a minor influence [60].

We preincubated 12 mg of β-TCP with DMEM GlutaMAXTM supplemented with 10%
FCS, 100 U/mL penicillin, and 100 µg/mL streptomycin for 24 h. Subsequently, we pre-
seeded β-TCP with a suspension of 1× 106 MSCs and cultured them in tissue culture inserts
in a 24-well plate (Sarstedt, Nümbrecht, Germany) to ensure adequate nutrient supply (in
the following abbreviated as ‘TCP’). Osteogenic differentiation was induced using DMEM
supplemented with 10% FCS, 100 U/mL penicillin, 100 µg/mL streptomycin, 0.5 mM ascor-
bic acid, 10−8 M dexamethasone, and 10 mM L-glycerophosphate (osteogenic medium).
A single osteogenically induced MSC sheet was developed by culturing 1 × 106 cells in
a 35 mm temperature-responsive dish (NuncTM, Merck, Darmstadt, Germany) with an
osteogenic medium for 7 days. On day 7, the single cell-sheet was harvested by decreasing
the temperature under 32 ◦C and then wrapped around the pre-seeded β-TCP scaffold
(cell-sheet-based β-TCP, in the following abbreviated as ‘csTCP’). In total, the TCP and
csTCP model was osteogenically differentiated for 21 days.

2.3. Live/Dead Staining

To visualize the colonization of viable cells in 3D, LIVE/DEAD® Viability/Cytotoxicity
Kit (Invitrogen AG, Carlsbad, CA, USA) was performed: After a washing step with 1 × PBS,
the staining solution consisting of 2 µM Calcein-AM and 4 µM EthD-1 was added to the 3D
models and incubated for 35 min at room temperature in the dark. Imaging was performed
using the fluorescence microscope BZ-9000 (Keyence, Neu-Isenburg, Germany).

2.4. TUNEL Assay

Detecting apoptotic cells, TUNEL staining (Sigma-Aldrich, Munich, Germany) was
performed with 5 µL TUNEL enzyme and 45 µL TUNEL label for one hour at 37 ◦C. After
washing with 1 × PBS (twice), images were acquired using a BZ-9000 fluorescence mi-
croscope (Keyence). Slices treated with deoxyribonuclease (DNase) I (0.34 Kunitz units,
Qiagen, Hilden, Germany) for 10 min were positive, while the negative control was incu-
bated without the TUNEL enzyme.

2.5. Scanning Electron Microscopy (SEM)

Using SEM, scaffolds seeded with cells with and without an additional MSC sheet
were examined for cellular colonialization, distribution, and cell morphology. After a
washing step with 1 × PBS, samples were fixed with 2.5% glutaraldehyde (Sigma-Aldrich)
for 10 min and then washed again. Afterward, samples were stepwise dewatered in an
ascending ethanol order—30%, 50%, 70%, 80%, 90%, 95%, and twice 100%—for 5 min each,
followed by hexamethyldisilazane (1 × 5 min, 2 × 10 min; Sigma-Aldrich). Finally, all
samples were dried overnight. After gold coating using the Fine Coater JFC 1200 (Jeol
GmbH, Freising, Germany), images were acquired using the scanning electron microscope
JCM-6000 Plus Neo ScopeTM (Jeol GmbH).

2.6. (Immun)Histochemistry

Kawamoto cryofilm type 2C (Sectionlab, Hiroshima, Japan) was used to prepare
7 µm cryo-sections. Slices were air-dried before each staining protocol, then fixed in 4%
paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA, USA), and subse-
quently washed with ddH2O. After every staining protocol, cryo-sections were covered
with DPX Mountant (Sigma-Aldrich).
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Hematoxylin and Eosin (H & E) staining was performed using Harris’s hematoxylin
(Merck, Darmstadt, Germany) for 7 min, then washed with ddH2O, followed by a differen-
tiation step with 0.25% HCl–ethanol (Merck). Eosin staining (0.2%, 2 min; Chroma Waldeck
GmbH & Co. KG, Münster, Germany) was performed after 10 min in tap water, followed
by 96% ethanol, 100% ethanol, and xylol (2 min, twice).

Collagen type I staining was performed as follows: 3% H2O2 for 30 min, washing
step with 1 × PBS for 5 min. After a blocking step with 1 × PBS/5% normal horse
serum (HS, Vector Laboratories, Burlingame, CA, USA)/2% bovine serum albumin (BSA,
Sigma-Aldrich), staining with anti-collagen type I (1:500, Abcam, Cambridge, UK) was
performed overnight at 4 ◦C. Slices were washed with 1 × PBS, followed by an incubation
step with 2% biotinylated horse anti-mouse IgG antibody (Vector Laboratories; diluted in
1 × PBS/5% HS/2% BSA) at room temperature for 30 min. After a washing step, slices were
incubated with Vecastain® Elite® ABC HRP Kit (Vector Laboratories) for 50 min, washed
with 1 × PBS, and set with DAB Peroxidase HRP Substrate Kit (Vector Laboratories).
Finally, counterstaining was performed with Mayer’s hematoxylin (2 min, Sigma-Aldrich).

2.7. Immunofluorescence Staining

For the immunofluorescence staining, slices were rehydrated with 1 × PBS for 10 min
and permeabilized with 0.1% Tween 20® (Sigma-Aldrich) in 1 × PBS for 20 min. After
a blocking step with 5% FCS in 1 × PBS for 30 min, cells were washed three times with
1 × PBS/0.1% Tween 20® and incubated with phalloidin-TRITC (Sigma-Aldrich; working
solution: 10 µg/mL in 1 × PBS/0.1% Tween 20®/5% FCS) for 45 min or the primary
osteopontin antibody (Abcam; 1:50 in 1 × PBS/5% FCS/0.1% Tween 20®) for 2 h. After
a washing step, the secondary donkey anti-goat A568 antibody (Thermo Fisher Scientific,
Waltham, MA, USA; 1:500 in 1 × PBS/5% FCS/0.1% Tween 20®) was applied for 1 h.
Finally, after washing with 1 × PBS/0.1% Tween 20®, the visualization of nuclear DNA
was performed using 1 µg/mL 4′,6-diamidino-2-phenylindo (DAPI; Life Technologies,
Carlsbad, CA, USA; diluted in 1 × PBS/0.1% Tween 20®/5% FCS) for 15 min. Cryo-
sections were covered with FluoromountTM (Sigma-Aldrich). Images were performed
using a fluorescence microscope (BZ-9000; Keyence).

2.8. Gene Expression Analysis

TCPs were transferred to 300 µL RLT-buffer (Qiagen) with 1% 2-mercaptoethanol
(Serva Electrophoresis GmbH, Heidelberg, Germany) and homogenized using the Tis-
sueRuptor II (Qiagen). According to the manufacturer’s instructions, total RNA was
isolated using the RNeasy® Fibrous Tissue Mini Kit (Qiagen). Nanodrop ND-1000 (Peqlab
Biotechnologie GmbH, Erlangen, Germany) was used to determine the RNA concentra-
tion. cDNA synthesis was performed using TaqMan® Reverse Transcription Reagents Kit
(Applied Biosystems Inc., Waltham, MA, USA). The DyNAmo ColorFlash SYBR Green
qPCR Kit (Thermo Fisher Scientific) and the Stratagene Mx3000PTM (Agilent Technologies
Inc., Santa Clara, CA, USA) were used to perform qPCR. Gene expression analysis was
performed in duplicate with a non-template control for each master mix using the follow-
ing temperature profile: initial denaturation for 7 min at 95 ◦C, denaturation for 60 cycles
of 10 s at 95 ◦C, annealing for 7 s at 60 ◦C, and elongation for 9 s at 72 ◦C. All primers
(Table 2) were purchased from TIB Molbiol and verified by sequence analysis performed
by LGC Genomics.
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Table 2. Sequences of primers used for qPCR.

Gene Sequence of Forward Primer Sequence of Reverse Primer

EF1A GTTGATATGGTTCCTGGCAAGC TTGCCAGCTCCAGCAGCCT
RUNX2 TTACTTACACCCCGCCAGTC TATGGAGTGCTGCTGGTCTG

SPP1 GCCGAGGTGATAGTGTGGTT TGAGGTGATGTCCTCGTCTG
COL1A1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC

ON ACCAGCACCCCATTGACG AGGTCACAGGTCTCGAAAAAGC
SOX9 CGCCTTGAAGATGGCGTTG GCTCTGGAGACTTCTGAACGA

PPARγ2 CAAACCCCTATTCCATGCTGTT AATGGCATCTCTGTGTCAACC
IL6 TACCCCCAGGAGAAGATTCC TTTTCTGCCAGTGCCTCTTT
IL8 GAATGGGTTTGCTAGAATGTGATA CAGACTAGGGTTGCCAGATTTAAC

LDHA ACCCAGTTTCCACCATGATT CCCAAAATGCAAGGAACACT
VEGFA AGCCTTGCCTTGCTGCTCTA GTGCTGGCCTTGGTGAGG
PGK1 ATGGATGAGGTGGTGAAAGC CAGTGCTCACATGGCTGACT

2.9. Statistical Analysis

Statistical analyses were performed using the software GraphPad® Prism Version 9.3.0
(La Jolla, San Diego, CA, USA). Data are shown as box plots with all data points (centerline,
median; box limits, upper and lower quartiles; whiskers, maximum and minimum). For
independent datasets, the Mann–Whitney U test was applied. Concerning the deferoxamine
study, differences between the groups were determined with the two-tailed Wilcoxon matched-
pairs signed-rank test. p-values of <0.05 were considered to be statistically significant.

3. Results
3.1. MSC-Based Cell-Sheet Wrapping Enhanced Survival Rate of MSCs Seeded on β-TCP

Since it is essential to achieve flexibility in the size of the preclinical in vitro bone
model to allow for high throughput, use in a perfused cell culture chamber, or regeneration
of different sized bone defects, we investigated the FDA-approved synthetic β-TCP-based
bone graft substitute (1–2 mm particle size). We previously determined an optimal cell
source of 0.8× 105 cells/mg and readout parameters, such as SEM, RT-qPCR, and histology
after 21 days of differentiation [37].

To enhance the handling, reproducibility, and quality of β-TCP-based cancellous bone
models, we used a technique known as cell-sheet technology. We used bone-marrow-
derived MSCs obtained from patients undergoing surgery for total hip replacement as a
cell source. MSCs were seeded at a high density onto a temperature-responsive cell culture
surface and in parallel on biodegradable β-TCP scaffolds (Figure 1A). The cell-sheet reached
confluence within 2 or 3 days and formed a thin cellular sheet at 7 days. To investigate the
survival of differentiated MSCs in 3D, LIVE/DEAD® and TUNEL staining was performed
on day 21. Results indicated a higher survival rate—relative area of living (Calcein-AM+)
cells—of osteogenically induced MSCs populated on β-TCP wrapped with a single MSC-
sheet (csTCP) to the unwrapped MSC-populated β-TCP (TCP; Figure 1B,C). Taken together,
combining cell-sheet technology with conventional β-TCP leads to improved survival
without causing apoptosis.

3.2. CsTCPs Exhibit Higher MSC Seeding Density than Unwrapped Pre-Seeded TCPs

Next, we investigated cell adhesion to the β-TCP scaffold, morphological differences,
and ECM development between the MSC-populated TCPs and csTCPs using SEM. MSCs
adhered and spread on the surface of the scaffold by forming a cell layer covering the
pores of the scaffold. SEM images qualitatively but reproducibly highlight that MSCs
entirely colonized the biodegradable β-TCP scaffold when an additional cell sheet was
used, as indicated by more significant amounts of ECM on the scaffold (Figure 2A, asterisk).
Scanning the scaffold surface at specific locations and higher magnifications revealed the
presence of a microstructure deposit exhibiting a unique spherical morphology. After
three weeks of differentiation, the morphology of these deposits was similar to the typical
calcium phosphate microstructures, demonstrating osteogenic differentiation as reported
previously [61]. The proportion of cells covered with spherical deposits showed osteogenic
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differentiation in both approaches, although osteogenesis appears to be more pronounced
in csTCPs (Figure 2A, arrow). Furthermore, fluorescence analysis of the actin filaments con-
firmed a high cell density within the β-TCP particles, which was considerably higher when
using the cell-sheet technology (Figure 2B). The histological evaluation of the in vitro bone
model was consistent with the results of the SEM examination and immunofluorescence
analysis, demonstrating a high cell density, uniform cell distribution (Figure 3A), and the
presence of more significant amounts of ECM, especially in the csTCP models (Figure 3B).
In summary, using cell-sheet technology, isolated MSCs attached and differentiated on and
in the β-TCP scaffold.

Figure 1. MSC-based cell-sheet wrapping enhanced the survival rate of MSCs seeded on TCP.
(A) MSCs were seeded on (i) β-TCP particles (TCP) and (ii) temperature-responsive dishes. The latter
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was osteogenically differentiated for 7 days, then wrapped around TCP (csTCP), and differentiated
for 21 days. (B) Representative images of LIVE/DEAD staining were conducted at 21 days and
quantified using ImageJ. Living cells are presented in green (Calcein-AM+) and dead cells in grey
(EthD+). (C) Detection of apoptotic cells (red) using TUNEL staining at day 21 with and without
cell-sheet technology. Pos Ctrl = DNase I treatment for 10 min. Data are shown as box plots (centerline,
median; box limits, upper and lower quartiles; whiskers, maximum and minimum values; all data
points); n = 7. Scale bars show 100 µm. Statistics: Two-tailed Mann–Whitney U test.

Figure 2. Comparing csTCPs and MSC-populated TCPs regarding cell density and morphology.
(A) Exemplary SEM images at three magnifications highlighting cell adhesion, ECM content, pheno-
typic features at day 21 comparing TCP and csTCP. Cells well adhered to and spread on the surfaces
of β-TCP. (B) Immunofluorescence staining for F-actin and DAPI to visualize cell density through the
β-TCP particles. Exemplary images for n = 5. Scale bars show 100 µm. Legend: asterisk = highlighting
ECM; arrow = highlighting microstructure deposition; TCP = highlighting the scaffold material.
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Figure 3. Comparing csTCPs and MSC-populated TCPs regarding uniform cell distribution and ECM
at 21 days. (A) Representative images of hematoxylin and eosin (H & E) staining. (B) Exemplary
images of histological sections stained for collagen type I and visualized using brightfield microscopy.

3.3. Sheet Technology Slightly Enhance Osteogenic Tissue Formation In Vitro

To analyze whether the combination of cell-sheet technology with β-TCP promotes
osteogenic differentiation of MSCs, we monitored the relative mRNA expression levels of
osteogenic marker genes, such as runt-related transcription factor 2 (RUNX2), osteopontin
(SPP1), COL1A1, OC, alkaline phosphatase (ALP), and ON at 21 days using quantitative
PCR. As a result, we observed a similar expression pattern of RUNX2—an early osteogenic
marker—and ALP between TCP and csTCP. The expression of SPP1, COL1A1, and ON
tended to be higher in csTCP, whereas the late-stage bone marker OC was significantly
more highly expressed, compared to TCP.
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In this line of observation, PPARG as an adipogenic marker gene and SOX9 as a chon-
drogenic marker gene tended to be expressed less and significantly less, respectively, when
TCP scaffolds were combined with sheet technology (Figure 4A). We further confirmed
the SPP1 gene expression result with immunofluorescence staining and noticed an intense
staining of osteopontin at csTCP, as shown in Figure 4B. In summary, a clear osteogenic
differentiation was achieved when using cell-sheet technology.

Figure 4. RNA expression analysis at day 21 showed that sheet technology slightly enhances os-
teogenic tissue formation in vitro. (A) Relative expression of osteogenic marker genes. Total RNA
extraction was performed on day 21. Data are normalized to the housekeeper gene EF1A. Data are
shown as box plots (centerline, median; box limits, upper and lower quartiles; whiskers, maximum
and minimum values; all data points); n = 6. Statistics: Two-tailed Mann Whitney U test. p-values
are indicated in the graphs with * p < 0.05, ** p < 0.01, ns = not significant. (B) Exemplary images of
histological sections stained for osteopontin and visualized using a BZ-9000 fluorescence microscope
(n = 5). Scale bars show 100 µm.
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3.4. Deferoxamine Promotes Osteogenesis In Vitro

To confirm the responsiveness of our cell-sheet-based TCP bone model to modifying
substances (e.g., therapeutics), we used DFO, which is well known to induce cellular
hypoxia-adaptive, osteogenic, and angiogenic processes within the differentiated MSCs
of the cell-sheet-based TCP bone model. Therefore, we treated csTCPs with 250 µM
DFO for 3 days at day 21, compared them with the untreated control, and assessed the
expression of selected marker genes. We observed an upregulation of osteogenic (RUNX2,
SPP1), hypoxia-related (LDHA, PGK1, VEGFA), and pro-angiogenic (VEGFA, IL8) markers,
while IL6 was similarly expressed as compared to the untreated control (Figure 5). These
experiments demonstrate the responsiveness of our cell-sheet-based TCP bone model to
modifying substances, such as DFO.

Figure 5. Deferoxamine (DFO) conditioned medium further promotes osteogenesis of the csTCP bone
model verified on mRNA level using RT-qPCR. csTCP was treated after 21 days with 250 µM DFO for
72 h. Relative expression of RUNX2, SPP1, LDHA, PGK1, VEGFA, IL6, and IL8 was normalized to the
housekeeper gene EF1A. Data are shown as box plots (centerline, median; box limits, upper and lower
quartiles; whiskers, maximum and minimum values; all data points); n = 6. Statistics: Two-tailed
Wilcoxon matched-pairs signed-rank test. p-values are indicated in the graphs with * p < 0.05 and
ns = not significant.

4. Discussion

In recent years, new advances have been made in bone tissue engineering to overcome
the challenges of bone defect regeneration. Cell-sheet technology has become a promising
tool, as its application to ectopic sites or bone defects promotes bone formation in vivo
without using an additional scaffold [62,63]. Transplantation of mechanically generated
osteogenic cell-sheets to the site of bone defects resulted in significantly improved new
bone formation [64–66]. Fracture healing is characterized by initial inflammation, callus
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formation, and bone remodeling, resulting in scar-free bone regeneration. In some cases,
bone-healing disorders may occur, leading to delayed or non-union. Transplantation of
osteogenic cell-sheets into a fractured rat femur showed improved bone formation at the
fracture site, providing a treatment option for bone-healing disorders [67].

However, recapitulating the complex process of continuous bone remodeling in an ade-
quate preclinical in vitro 3D model remains a significant challenge in the field of preclinical
and basic musculoskeletal research [14]. Preclinical bone models as an alternative to the cur-
rent gold standard—in vivo animal models—require the (co-)culture of bone-relevant cells
under bone-like physiological conditions. Cell-sheets alone have poor mechanical proper-
ties and limited spatial support [16]. These obstacles can be surmounted by combining cell
sheets with biodegradable scaffolds that mimic the mineral cancellous bone part.

The most common biodegradable scaffolds used as synthetic bone graft substitutes
that closely resemble the native bone matrix are β-TCP, HA, and BCP (HA: β-TCP), well-
known to be osteoconductive [68]. These materials facilitate cell adhesion, differentiation,
and homogeneous cell distribution. The model or implant must be adjusted in particle
size, pore size, porosity, and mechanical strength to the target natural bone, considering the
different requirements of, for example, cortical and trabecular bone [60,69–71]. Macropores
allow for cell proliferation due to the enhanced nutrient supply and oxygen transportation,
while in vitro osteogenesis does not seem to be affected by pore size [72]. Trabecular bone
has a porosity in the range of 50%–90% and a pore size up to 1000 µm in diameter [73].

In vitro bone models are used to mimic native cortical or trabecular bone to study
physiological processes (e.g., metabolism of bone turnover), pathophysiological processes
(e.g., cellular processes in bone healing), the effects of agents on bone homeostasis and re-
generation (e.g., glucocorticoids or BMPs), implant integration (e.g., the interaction of bone
and implant surfaces), or the suitability of the model as an implant itself (e.g., load-bearing
capacity and stability) [2]. To evaluate substances or implant materials (evaluation of
osteoconductive properties) in high-throughput format about toxicology, biocompatibility,
tolerability, and osteoinductivity, simple, easy-to-handle scaffold-free spheroid cultures
(osteospheres) with a 3D architecture but without mechanical strength are used [74–79]. In
contrast, scaffold- or hydrogel-based models own load-bearing capacity and the option for
a trabecular-like structure [80–87]. These models are more complex and bear the capability
to add bone marrow cells, including immune cells, a supplying vascular-like system [86,87].
Typically scaffold-based models closely mimicking native bone are used to study physio-
logical and pathophysiological processes and implant integration or serve as an implant
itself. However, there is still space for optimization left.

The present study demonstrated that the biodegradable pre-seeded β-TCP scaffold or
bone graft substitute wrapped with osteogenically induced MSC sheets exhibited higher
expression of osteogenic genes and proteins in vitro. csTCP also showed sufficient matrix
formation. Here, we evidenced that pre-seeded biodegradable β-TCP scaffolds wrapped
with osteogenic MSC-sheets provide superior osteogenic performance in vitro and, therefore,
may represent an elegant and physiologically relevant preclinical 3D alternative. Up-sizing
of scaffold-based bone constructs becomes feasible through sheet technology. In addition,
sheets combining different cell types can be fabricated, as demonstrated by Zhang et al.
using MSC-derived endothelial progenitor cells on MSC sheets [88] and Kawamura et al.
adding MSCs to human-induced pluripotent stem cell-derived cardiomyocyte sheets [89].
This provides the opportunity to combine osteoblast and osteoclast progenitor cells.

Artificial bone scaffold materials, such as TCP, are biodegradable and can be replaced
by autologous bone after implantation. The β-TCP scaffold is one the most used and potent
synthetic bone graft substitute known to be osteoconductive and osteoinductive [90,91]. The
3D structure with interconnected pores and an optimal porosity of 65% allows for sufficient
nutrient supply, cell proliferation, and ingrowth of cells [92]. Ueha et al. demonstrated
the promising osteogenic potential of pre-seeded TCP with osteogenic cell-sheets in a
femoral defect model in rats [93]. A similar approach was applied to treat patients with
osteoarthritis and/or osteonecrosis by using differentiated osteoblasts in combination with
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scaffolds. Importantly, seeding cells on an artificial bone scaffold leads to bone formation,
but only in their pores, resulting in single separated constructs without any bridging area.
Considering the need for sophisticated preclinical in vitro 3D models, a physiologically
similar bone with sufficient cell colonization and strong osteogenic potential should be
developed to ensure the transferability of results. By confirming the cell adherence, cell
phenotype, morphology, and cell density of differentiated MSCs on β-TCP with and
without cell sheets, we successfully demonstrated an optimized cell seeding and the
differentiation of MSCs using cell-sheet technology. Usually, the number of cells combined
with artificial bone substitutes, such as β-TCP, is limited because most suspended cells
remain in the pores and do not homogeneously and reproducibly populate the β-TCP
scaffold as demonstrated here. Adding the cell sheet resulted in a large number of loaded
cells on the β-TCP scaffold, thereby providing a microenvironment that facilitates cell
seeding and differentiation. A strategy that optimizes seeding and production, up-sizing
and osteogenic properties of small scale and small amounts of particles such as β-TCP
particles. In this line of observation, Ueha et al. showed bone formation on the surface of
sheet/TCP constructs, assuming facilitation in bridging the fracture gap and promoting
bone formation [93]. Another sophisticated optimization approach of complex bone models
in tissue engineering strategy is the functionalization of bioinspired scaffold systems.
Functionalization with growth factors promoting angiogenesis and osteogenesis has shown
great therapeutic potential in preclinical models and clinical applications [94,95]. They
promote tissue ingrowth and proliferation. Growth factors such as VEGF, fibroblast growth
factor (FGF) (involved in angiogenesis) as well as transforming growth factor-beta (TGF-β)
and bone morphogenetic proteins (BMPs) (involved in healing and new bone formation)
are commonly applied [96]. The latter is probably the most essential protein to enhance
neo-bone formation in bone defects, such as tibia fracture reconstruction and spinal fusion
surgery [97,98]. BMPs can be delivered to a surgical site by scaffold-based carrier systems,
such as fibrous glass, HA granules, and β-TCP granules. Nowadays, these systems are
chemically modified to enable the controlled, precise, sustained, and localized release
of such proteins. Taken together, functionalized scaffolds allow mimicking hierarchical
architectures and ECM components with high cell affinity and bioactivity, bringing the
model closer to natural bone. In contrast, cell seeding and ingrowth can be optimized by
enveloping them with an additional cell layer.

5. Conclusions

Our data demonstrate that the colonization of β-TCP scaffolds with MSCs and the
additional wrapping of the colonized scaffolds creates a local niche. This niche promotes
osteogenic but not chondrogenic and adipogenic differentiation and allows for the com-
bination of multiple models. In addition, we have shown that our in vitro human MSC-
sheet-based 3D bone model is responsive to modifying agents such as DFO. This finding
suggests that optimization provides all the requirements to serve as an alternative personal-
ized preclinical model of cancellous bone tissue for predicting and developing therapeutic
strategies for treating bone healing disorders.

Although preclinical data from in vitro bone models and animal studies are often
promising, the clinical failure of cell-based implants, osteoconductive bone substitutes, and
osteoinductive growth factors cannot be predicted or generally excluded. Humans are
complex systems that are more than the sum of their parts, which cannot be represented in
all aspects by animal models or preclinical in vitro 3D models. Nevertheless, while animal
models still remain models, preclinical in vitro 3D models can directly serve as bone graft
substitutes for clinical application.
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Abstract 

The articular surface of joints is covered by hyaline cartilage characterized by a uniquely layered 
structure that resists compressive forces and enhances bone resilience. However, severe traumatic and 
repeated excessive stress can damage cartilage. The same is true for prolonged inflammation that also 
prevents cartilage regeneration. Therefore, progressive cartilage destruction is one of the main features 
of rheumatic diseases such as degenerative osteoarthritis (OA) and chronic inflammatory rheumatoid 
arthritis (RA). Current preclinical approaches to study cartilage degeneration rely on in vivo models, 
not allowing precise representation of the microenvironment. Therefore, human-based model 
approaches that properly incorporate complex biological properties are needed to investigate disease-
specific mechanisms and identify promising targets to address unmet therapeutic needs.  

Here, we aimed at establishing an in vitro approach to investigate the effect of TNF-α and activated 
CD4+ T helper (Th) cells on specific targets in arthritis-mediated cartilage degradation in a preclinical 
mid-throughput format. To this end, we have developed scaffold-free in vitro 3D cartilage-like 
constructs (SFCCs) based on mesenchymal condensation of bone marrow-derived mesenchymal 
stromal cells (MSCs) of different sizes – microscale (ø ~1.4 mm) and macroscale (ø ~5 mm). We show 
that (i) microscale mesenchymal condensation leads to the formation of viable, cell-dense miniSFCCs 
with collagen type 2 and GAG-rich extracellular matrix. This was comparable to that observed in 
generated macroSFCCs by intermittent mechanical stimulation. In addition, (ii) miniSFCCs and 
macroSFCCs show a similar chondrogenic phenotype, and (iii) TNF-α stimulation leads to apoptosis, 
metabolic changes, an inflammatory gene expression pattern, and IL-6 production, mimicking 
characteristic features of arthritis. Finally, stimulation by activated Th cells, which more closely 
resembles the in vivo situation, increased glycolysis. We conclusively demonstrate that miniSFCCs, as 
opposed to macroSFCCs, can be used as an in vitro model to study cytokine-induced cell- and matrix-
related alterations during cartilage degradation at a faster rate, enabling medium- to high-throughput 
investigation of the effects of potential therapeutics on specific targets.  
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1 Introduction 

Progressive cartilage destruction is one of the key features of rheumatic diseases such as osteoarthritis 
(OA) and rheumatoid arthritis (RA). The high prevalence of both age-related diseases (OA: 5% / RA: 
0.5-1%) leads to enormous individual and economic burden (1, 2). Moreover, the situation is 
exacerbated by increasing life expectancy and an aging population (1, 2). While OA is the most 
common degenerative joint disease, RA is the most common autoimmune-mediated joint disease. The 
pathogenesis of RA is characterized by systemic inflammation, progressive cartilage degeneration, and 
bone destruction driven by inflammatory processes (3-5). As hyaline cartilage does not regenerate, 
there is a growing need for innovative cell therapies to restore degenerative articular cartilage (1, 2, 6). 
Hence, various preclinical tissue engineering approaches have been developed to understand the 
pathophysiological mechanisms and to develop and verify novel therapeutic approaches. Articular 
cartilage is characterized by a unique layered structure that withstands shear stress and compressive 
loads and enables frictionless joint motion. It is an avascular, extracellular matrix (ECM)-rich tissue 
composed of 60-80% water, 20% proteoglycans/aggrecans, 5% collagen (Col) type II and 1-5% 
chondrocytes (7). In preclinical research, animal models remain the gold standard for studying cartilage 
degradation (8). However, RA-induced joint damage in animal models heals on its own when the 
affected joint is surrounded by open growth plates (9). Growth plate germinal cells can supply the 
regenerating cartilage and change the study results. In addition, mice's biomechanical properties and 
thin cartilage diverge from humans’ (10). Therefore, small animal joints cannot adequately mimic 
human joints. Consequently, in vitro developed 3D cartilage-like tissue of human origin has become 
increasingly important in preclinical research.  
Mainly native or autologous chondrocytes are used in 3D cartilage tissue engineering and regenerative 
medicine approaches (11-13). In a first surgical operation, chondrocytes are removed from the injured 
cartilage and cultivated in the laboratory for up to 6 weeks. The cultivated chondrocytes are then 
implanted into the defect in a second operation, where they grow into the entire cartilage. These cells 
are only available in minimal numbers in the healthy state, must originate from young patients, and 
can undergo rapid dedifferentiation during in vitro expansion, resulting in the formation of 
fibrocartilage with altered mechanical properties. (14). Mesenchymal stromal cells (MSCs) are a 
promising alternative cell source for 3D cartilage tissue engineering due to their high chondrogenic 
potential, availability from various sources, allogenic applicability, and increased proliferative capacity 
(15, 16). Upon exposure to chondrogenic factors in 3D, they produce glycosaminoglycan (GAG)- and 
COL2-rich ECM, like native cartilage (17, 18).  
Today, MSCs are used in a variety of in vitro models. However, these models vary in complexity, 
although more sophisticated research questions require more complex in vitro models. Hence, 3D 
approaches providing cell-cell interactions facilitate the investigation of matrix production and 
degradation mechanisms. However, most 3D models involve scaffolds such as hyaluronic acid (HA) 
(19), agarose (20), alginate (21, 22), and hybrids such as HA/collagen (23). These improve 
chondrogenesis and serve as carriers of the cells. However, their distinct effects on cells are often 
completely neglected or at least insufficiently considered (24, 25). Therefore, researchers aim to 
produce scaffold-free tissue-engineered cartilage. 3D pellet approaches could be promising for both in 
vivo cartilage repair and in vitro modeling, as ECM remodeling can be studied without the involvement 
of scaffolds (26-28). Spheroids from human autologous matrix-associated chondrocytes ─ co.don 
chondrosphere® ─ are already approved for clinical use in reconstructing cartilage defects. Despite 
considerable progress, a fine-balanced and precisely elaborated strategy is needed to keep complexity 
in in vitro systems allowing both the examination of basic research questions and the development of 
new therapeutic approaches, and to enhance translation in biomedical research. 
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Here, we propose a scaffold-free in vitro 3D chondrogenic model produced from human bone marrow-
derived MSCs. We aimed at demonstrating that this pellet culture can be used as an in vitro model to 
study cytokine-mediated alterations in cells and ECM during cartilage degradation, a major feature of 
rheumatic joint diseases such as OA and RA. This study was designed to precisely characterize the 
MSC-based chondrogenic model concerning its phenotype and spatial distribution compared to the 
previously developed macroscale approach concerning the gene expression levels of chondrogenic 
markers. Moreover, the effects of the pro-inflammatory cytokine tumor necrosis factor (TNF)-α and 
CD4+ Th cells on e.g., cell viability, glycolysis, and matrix metalloprotease (MMP) expression were 
determined to confirm a replication of RA-mediated cartilage degeneration. 

2 Materials and methods 

2.1 Mesenchymal stromal cell cultivation and ethical approval 

MSCs were obtained from the bone marrow of patients undergoing total hip replacement. Bone marrow 
was provided by the Center for Musculoskeletal Surgery, Charité–Universitätsmedizin Berlin, and 
distributed by the “Tissue Harvesting” core facility of the Berlin-Brandenburg Center for Regenerative 
Therapies (donor list in Table 1). Protocols and study design were approved by the Charité–
Universitätsmedizin Ethics Committee and performed according to the Helsinki Declaration 
(EA1/012/13, January 2013, EA1/146/21, May 2021). Cell isolation, expansion, and characterization 
were performed as previously described (29). MSCs were cultured with Dulbecco`s Modified eagle 
Minimal Essential Medium (DMEM) GlutaMAX™ (Gibco, Waltham, MA, USA), 10% fetal calf 
serum (FCS, Biowest, Nuaillé, France), 20% StemMACSTM MSC Expansion Media Kit XF (Miltenyi 
Biotech, Bergisch Gladbach, Germany), 100 U/mL penicillin (1% Pen, Gibco, Waltham, MA, USA), 
and 100 µg/mL streptomycin (1% Step, Gibco, Waltham, MA, USA) as previously described (29). 

2.2 Generation of macro and microscale scaffold-free cartilage-like constructs (SFCCs) 

Macroscale scaffold-free cartilage-like constructs (macoSFCCs) were obtained from the Research 
Center of Medical Technology and Biotechnology (fzmb GmbH, Bad Langensalza, Germany). They 
were prepared as previously described (29, 30), using a patented process (no. 10 2004 001 225, German 
Patent and Trade Mark Office, 2004). Briefly, around 6-10×106 MSCs were transferred into a 3D state 
via centrifugation. After one week, biomechanical forces were applied for 4 weeks to initiate 
maturation. Before the experiments, macroSFCCs were cultivated for 3 weeks without biomechanical 
forces in DMEM GlutaMAX™ supplemented with 10% FCS, 1% Pen/Strep, in the following referred 
to as normal medium (NM), and 9.39 mg/L ascorbic acid (Sigma-Aldrich Chemie GmbH, Munich, 
Germany). 
MiniSFCCs were generated based on MSCs. Reaching a confluence of >85%, cells were detached 
using Trypsin/EDTA (Gibco, Waltham, MA, USA). Subsequently, 2x105 cells were transferred to a 
1.5 mL tube and centrifuged at 400xg for 4 min. The tube was filled up with 500 μL NM. Cell pellets 
were left untreated within the first two days for self-organized mesenchymal condensation forming a 
microscale 3D pellet state. Afterward, cell pellets were transferred to a U-bottom 96-well plate 
(Corning, New York, USA) and the differentiation process started by adding 100% StemMACSTM 

ChondroDiff medium (Miltenyi Biotec, Bergisch Gladbach, Germany) for one week (in the following 
referred to as CD100), followed by DMEM GlutaMAX™ supplemented with 2% FCS, 1% Pen/Strep 
and 20% StemMACSTM ChondroDiff medium, in the following referred to as CD20. 
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2.3 Experimental setup for miniSFCCs stimulation 

TNF-α (ImmunoTools GmbH, Friesoythe, Germany) was solved in NM to reach the final 
concentrations: 10 ng/mL, 100 ng/mL, and 1000 ng/mL. Incubation was conducted at 37 °C in a 5% 
CO2 atmosphere with approximately 18% O2. Investigating TNF-α-mediated cell- and matrix-related 
changes, miniSFCCs were daily stimulated for three days with a non-cytotoxic, pathophysiological 
dose of TNF-α (100 ng/mL). Endpoint measurements (e.g., viability assays, qPCR) were performed on 
day 21 compared to the untreated control group. In addition, CD4+ T helper (Th) cells were isolated 
by MACS using anti-human CD4 conjugated magnetic beads (Miltenyi Biotec, Bergisch Gladbach, 
Germany) and activated with TransAct™ (Miltenyi Biotec, Bergisch Gladbach, Germany) for 24 h 
(Gating strategy shown in Supplementary Figure 1). 4x105 activated CD4+ Th cells (>98% purity 
and >95% viability) were seeded onto the polycarbonate membrane of an HTS Transwell® 96-well 
plate (Corning, New York, USA) and incubated for three days.  

2.4 Viability Assays 

Cytotoxicity Detection LDH Kit (Sigma-Aldrich, Munich, Germany) was used to detect the cytotoxic 
effects of the TNF-α treatment concentration. According to the manufacturer’s instructions and as 
previously described (29, 31), 100 µL of the supernatants were incubated with a 100 µL working 
solution for 30 min at RT in the dark. Absorption was measured at 490 nm (correction wavelength 630 
nm). To induce cell death resulting in LDH release, cells were incubated with 4% (v/v) Triton™ X-
100 (Sigma-Aldrich, Munich, Germany) for 24 h. LDH Assay was performed in duplicates.  
According to the manufacturer's instructions, the Cell Proliferation Reagent WST-1 Kit (Sigma-
Aldrich) was used as previously described (29). Samples mixed with WST-1 solution were incubated 
for 30 min at 37 °C, 5% CO2, and measured photometrically at 450 nm (reference wavelength 630 nm).  

2.5 External pO2 measurement  

Oxygen consumption (pO2) was measured using a Clark electrode (SI130 Microcathode electrode, 
Strathkelvin Instruments Limited, North Lanarkshire, Scotland) connected to a control unit (SI782 
Meter, Strathkelvin Instruments Limited, North Lanarkshire, Scotland). The connected, warm water 
system (Pilot-One™) was used to maintain a temperature of 37 °C. The electrode was covered with a 
fluorinated ethylene propylene membrane (FEP, Strathkelvin Instruments Limited, North Lanarkshire, 
Scotland). Equilibration was performed for at least 8 h. Before each daily measurement, the electrode 
was calibrated by two-point calibration:  

(i) Zero point: 2% (w/v) sodium sulfite solution. 
(ii) 100%: Experimental medium saturated with atmospheric oxygen overnight. 

A voltage range between 400-1000 mV was used for measurements. However, a sample volume of 
50 µL was given into the chamber and directly sealed with a polycarbonate plug. After 10 s of stable 
values, the value obtained was logged.  

2.6 Glucose and lactate measurements 

To quantify glycolysis, glucose and lactate concentrations were measured. Therefore, miniSFCCs were 
cultured with and without 100 ng/mL TNF-α (37 °C, 5% CO2). Daily, 20 μL supernatant was mixed 
with 1 mL PBS and analyzed using the Biosen C-Line Glucose and Lactate analyzer (EKF-diagnostic 
GmbH, Barleben, Germany). Instrument calibration and electrode validation were performed before 
the measurements, using the manufacturer’s calibration and control solutions. 



CHAPTER: RESULTS   

79 

 

80

   Microscale in vitro cartilage breakdown 

 
5

2.7 ApoTox-Glo™ Triplex Assay 

The ApoTox-Glo™ Triplex Assay was performed according to the manufacturer's instructions 
(Promega Corporation, Walldorf, Germany) to measure cell viability, cytotoxicity, and apoptosis. To 
this end, samples were incubated with phenol red-free DMEM (Gibco, Waltham, MA, USA). To 
induce cell death, samples were incubated with 4% (v/v) Triton™ X-100 for 4 h or 100 µg/mL 
digitonin (Boehringer Mannheim GmbH, Mannheim, Germany) for 30 min. As a positive control for 
apoptosis, samples were incubated with 0.1 mM camptothecin (Sigma-Aldrich) for 4 h. 
Readout Control Measurement 
Viability 100 µg/mL Digitonin (Neg. Ctrl) 360/40 Excitation, 460/40 Emission 
Cytotoxicity 4% (v/v) Triton™ X-100 (Pos. Ctrl) 485/20 Excitation, 528/20 Emission 
Apoptosis 0.1 mM Camptothecin (Pos. Ctrl) Luminescence, bottom 

2.8 Histology: Cryo-embedding and sectioning 

Samples were cryo-embedded for histological and immunofluorescence analysis. Tissues were 
carefully washed with PBS, fixed in 4% (v/v) paraformaldehyde (PFA; Electron Microscopy Sciences, 
Hatfield, PA, USA) in PBS for 2 h, and treated with 10%, 20%, and 30% (w/v) sucrose solution at 4 °C 
for 24 h each. Tissues were embedded in the SCEM embedding medium (Sectionlab, Hiroshima, 
Japan) and frozen by n-hexane using acetone and dry ice as a cooling agent. Embedded tissue samples 
were stored at -80 °C until cryostat microtome sectioning. Cryo-embedded samples were sectioned 
using the Microm Cryo Star HM 560 Cryostat (Thermo Fisher Scientific, Waltham, MA, USA). 
Samples were adhered to the sample plate using Tissue-Tek® O.C.T.TM Compound (Sakura Finetek 
Germany GmbH, Staufen, Germany). Cryosections of 7 μm thickness were prepared using the 
Kawamoto cryofilm type 2C (Sectionlab, Hiroshima, Japan). Hematoxylin and Eosin staining, alcian 
blue staining, and scanning electron microscopy were performed as previously described (29). 

2.9 Histomorphometry using ImageJ 

To provide quantitative data on tissue appearance, images were analyzed with FIJI ImageJ 1.52p 
(National Institutes of Health, Bethesda, MD, US). Brightness and contrast were adjusted to remove 
background noise. The surveyed areas are depicted in Figure 1. Gained results were normalized to the 
corresponding area: total area (t.a.), outer area (o.a), middle area (m.a.), and inner area (i.a.). Cell count 
was determined using ‘Find Maxima’, while mean fluorescence intensities were determined by 
threshold. The analysis pipeline was adapted to every staining. 

2.10 Immunofluorescence staining  

Immunofluorescence staining was performed using target-specific antibodies that are listed in Table 2. 
All stainings were performed in a humid chamber in the dark at RT as previously described (29). Before 
each staining, slices were dried, rimmed using a hydrophobic pen (Dako Pen; Agilent Technologies, 
Santa Clara, CA, USA), and then rehydrated with PBS for 10 min. Permeabilization was performed 
with 1x PBS/0.1% (v/v) Tween® 20 (Qbiogene Inc., Carlsbad, CA, USA) for 10 min, followed by 
blocking the unspecific binding sites with 1x PBS/5% (v/v) FCS for 30 min. Afterward, the primary 
antibody was diluted in 1x PBS/5% (v/v) FCS/0.1% (v/v) Tween® 20 and incubated according to the 
manufacturer’s instructions, followed by a washing step with PBS/0.1% (v/v) Tween® 20 (3×). All 
secondary antibodies were diluted 1:500 in PBS/5% (v/v) FCS/0.1% (v/v) Tween® 20 for 2 h. Nuclei 
staining was performed using 4,6-diamidino-2-phenylindole (DAPI; 1 µg/mL diluted in PBS/0.1% 
(v/v) Tween® 20 for 15 min). Samples were transferred on a new slide and covered with FluoroMount-
G™ (Sigma-Aldrich, Munich, Germany). Immunofluorescence imaging was performed with the 
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fluorescence microscope BZ-9000 (Keyence) or Zeiss LSM 710 Confocal Microscope (Carl Zeiss AG, 
Oberkochen, Germany). Image analysis was performed using ImageJ. 

2.11 Enzyme-linked immunosorbent assay (ELISA) 

TNF-α, interleukin (IL)-6, and IL-6/IL-6 receptor α (Ra) complex DuoSet® ELISA were performed 
according to the manufacturer’s instructions in duplicates (R&D Systems, Minneapolis, USA). Briefly, 
Nunc MaxiSorp™ high protein-binding capacity 96-well flat-bottomed plates (Thermo Fisher 
Scientific, Waltham, MA, USA) were incubated overnight at RT with 100 μL of the specific capture 
antibody diluted in PBS. After a washing step (3x) with the washing buffer (0.05% (v/v) Tween® 20 
in 1x PBS), unspecific binding sites were blocked by adding 200 μL reagent diluent (1% (w/v) bovine 
serum albumin (BSA; Sigma-Aldrich) in PBS, filtrated 0.22 µm, pH 7.2-7.4) for 1 h at RT, followed 
by a washing step. Standards and samples were diluted and incubated for 2 h. After a washing step, 
100 µL of the biotinylated detection antibody ─ binding a specific epitope of the target ─ diluted in 1x 
PBS was applied for 1 h, followed by 20 min incubation with Streptavidin-HRP conjugate. Finally, the 
TMB Chromogen Solution was added, and the reaction was stopped after 20 min (RT, dark) using 2N 
H2SO4. Absorption was measured with the SynergyTM HT plate reader (BioTek Instruments Inc., 
Winooski, USA) at 450 nm and 630 nm (wavelength correction). A four-parameter logistic curve fit 
was used to plot the standard curve.  

2.12 RNA isolation, cDNA synthesis, and qPCR 

RNA isolation, cDNA synthesis, and quantitative PCR (qPCR) were performed as previously described 
(29). Briefly, RNA was isolated using the RNeasy® Fibrous Tissue Mini Kit (Qiagen GmbH, Hilden, 
Germany). The cDNA synthesis was performed using TaqMan® Reverse Transcription Reagents Kit 
(Applied Biosystems Inc., Waltham, MA, USA), while the Stratagene Mx3000P (Agilent Technologies 
Inc., Santa Clara, CA, USA) was used for qPCR with the DyNAmo ColorFlash SYBR Green qPCR 
Kit (Thermo Fisher Scientific, USA). Duplicates per gene were performed with the temperature profile: 
7 min initial denaturation at 95 °C, 60 cycles of 10 s at 95 °C, 7 s at 60 °C, and 9 s at 72 °C. Melting 
curve analysis was performed after each run to confirm primer specificity (primer sequences listed in 
Table 3). 

2.13 Statistical analysis 

GraphPad® Prism Version 9.3.0 (La Jolla, San Diego, CA, USA) was used for statistical analyses. 
Mann-Whitney U test was used for direct comparisons of two independent datasets. For comparisons 
of more than two independent datasets, one-way analysis using Kruskal-Wallis with Dunn's multiple 
comparisons test was performed. Two-tailed Wilcoxon matched-pairs signed-rank test was applied for 
dependent datasets. For comparisons of more than two dependent datasets, one-way analysis using 
Friedman with Dunn's multiple comparisons test was performed. For two-way analysis, the mixed-
effect analysis with Šídák's multiple comparisons test was performed. The statistical tests used are 
indicated in the figure legends. P-values of <0.05 were considered as statistically significant (*p <0.05, 
**p <0.01, ***p <0.005). Data are shown as box plots (centerline, median; box limits, upper and lower 
quartiles; whiskers, maximum and minimum) if not indicated otherwise.  
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3 RESULTS 

3.1 Microscale mesenchymal condensation results in viable, matrix-rich, and cell-dense 3D 
constructs 

To mimic cartilage degradation and allow for studying the effect of preclinical drugs in a mid-
throughput way, an in vitro microscale scaffold-free chondrogenic component was generated using 
human bone marrow-derived MSCs. MSCs were isolated and characterized according to previously 
published protocols (29). Chondrogenic equivalents were developed without supporting materials, e.g., 
hydrogels. 2x105 cells were identified as the optimal seeding number since higher initial cell densities 
led to increased cell death. The adherent mesenchymal cells condensate within the first two days and 
form a 3D microscale structure easily transferable to a U-bottom 96-well plate (Figure 2A). The size 
of the miniSFCCs changed during culture from approximately 2.2 mm on day 3 to 1.4 mm after 21 
days, while the spherical appearance was maintained over time (Figure 2B). Small, compact, almost 
round constructs were formed during this cultivation period. To analyze the viability of MSCs 
differentiated in 3D, LIVE/DEAD® and TUNEL staining were performed after three weeks. The 
results showed viable chondrogenic differentiated MSCs in 3D with only a few TUNEL-positive cells 
in the outer region (Figure 2C, D).  

SEM analysis of the mature miniSFCCs revealed that chondrogenic differentiation of the MSCs after 
pellet formation resulted in a round, homogeneous, ECM-rich spheroid (Figure 2E). Scanning the 
surface with higher magnification did not reveal any microstructural deposits characteristic of bone-
like structures. Chondrogenically differentiated miniSFCCs showed high cell density with elongated 
cells in the outer region (Figure 2F, arrow) and more round cells in the inner part (Figure 2F, asterisk). 
In addition, these cells were embedded in ECM as shown by hematoxylin and eosin staining (Figure 
2G). They were capable of depositing glycosaminoglycan (GAG)-rich matrix, as alcian blue staining 
was more intense than in the undifferentiated control (Figure 2H). The matrix-to-cell ratio increased 
from the outside to the inside.  

3.2 Microscale and macroscale SFCCs demonstrate a similar chondrogenic phenotype  

Since the aim was to optimize the scaffold-free chondrogenic constructs in terms of cell number, size, 
homogeneous cell distribution, and differentiation for mid-/high-throughput analysis of potential drug 
targets, miniSFCCs were developed in this study. To analyze whether these miniSFCCs differentiate 
similarly to the mechanically stimulated macroscale ones, the expression of genes involved in 
chondrogenesis was analyzed on day 21 by qPCR. As a result, chondrogenic marker genes, such as 
COL2A1 and ACAN, were significantly upregulated in miniSFCCs compared to the 2D monolayer 
control. In this line of observation, COL1A1 — an osteogenic marker gene — was expressed 
significantly lower in miniSFCCs than in the control (Figure 3A). These results highlight the 
chondrogenic phenotype of the miniSFCCs. Moreover, this chondrogenic phenotype is comparable to 
the macroscale approach (Figure 3B). Immunofluorescence evaluation of miniSFCCs was consistent 
with the SEM examination and gene expression results, demonstrating the presence of significant 
amounts of ECM consisting of collagen type 2 (Figure 3C). 

3.3 Mimicking arthritis using TNF-α stimulation leads to programmed cell death in 
miniSFCCs 

A suitable in vitro model should be able to reflect disease-relevant changes; we therefore analyzed the 
responsiveness of miniSFCCs by simulating the inflammatory milieu of arthritic diseases by TNF-α 
treatment. This pro-inflammatory cytokine is one of the major cytokines during arthritic diseases such 
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as RA and OA. For this reason, TNF-α was administered at a concentration of 100 ng/mL, representing 
a non-cytotoxic but intense proinflammatory stimulation, to achieve maximal effects within a short 
stimulation period of three days (Figure 4A). Cell survival – relative number of Calcein AM+ cells – 
tended to be reduced by TNF-α stimulation Figure 4B, C). Concomitantly, TUNEL staining revealed 
more TUNEL-positive cells in the TNF-α stimulated group, whereas only a few TUNEL-positive cells 
were observed in the unstimulated group (Figure 4D). This finding suggests that MSCs undergo TNF-
driven apoptosis, a key feature of inflammation. In addition, the density of cell nuclei per area was 
significantly reduced by TNF-α treatment (Figure 4E).  

Programmed cell death (apoptosis) is well-known to be mediated by TNF-α. Indeed, TNF-α treatment 
for three days enhanced caspase activity levels in human arthritic miniSFCCs as analyzed by ApoTox-
GloTM assay (Figure 5A). Of note, TNF-α mediated death signaling induces B-cell lymphoma (BCL)2-
associated X protein (BAX) complex formation in mitochondrial membranes that are associated with 
propagated death signaling through cytochrome c and caspase-9 activity (32). Indeed, three-day short-
term exposure tended to reduce the BCL2-BAX-ratio compared to the untreated control group (Figure 
5B). 

3.4 TNF-α stimulation leads to metabolic changes, inflammatory gene expression, and 
cytokine production 

Measurements of oxygen saturation, glucose uptake, and lactate production were conducted to 
investigate metabolic changes. Oxygen consumption showed a similar course over time, not affected 
by TNF-α (Figure 6A). The amount of the water-soluble formazan product at the cell surface in an 
NADPH-dependent manner showed a significant increase within the TNF-α treated group (Figure 6B). 
As a parameter of glycolysis, glucose uptake was significantly downregulated upon cytokine 
stimulation. Accordingly, this resulted in reduced lactate production (Figure 6C).  

Since TNF-α causes degradation of both aggrecan and type II collagen by inducing the expression of 
MMPs (33), we investigated whether these effects could be mimicked in miniSFCCs in vitro. At 
mRNA level, the expression of ACAN and COL2A1 tended to be downregulated by cytokine 
stimulation (Figure 7A). This statistical trend was also detectable at the protein level using 
immunohistochemical analysis. Here, a statistically significantly lower content of aggrecan and 
collagen type II was observed in both the outer area (o.a.) and the total area (t.a.) of miniSFCCs 
compared to the untreated control group (Figure 7B). Histologically, the outer area containing 
elongated cells disappeared with stimulation, thereby demonstrating a sign of maceration of the 
superficial cell layer (Figure 7C, arrow). In line with this, expression of MMP13 tended to be higher 
at mRNA and on protein level, while the expression of MMP1 was significantly higher at the gene 
level after TNF-α stimulation (Figure 8A, B, C). Moreover, gene expression levels of cartilage 
oligomeric matrix protein (COMP) as a measure of matrix turnover and TNFA, IL8, and TGFB as a 
measure of inflammation were significantly higher than the untreated control (Figure 8D). At the same 
time, IL6 only tended to be higher. However, these results indicate that miniSFCCs are sensitive to an 
inflammatory trigger, as observed in RA. 

TNF-α-mediated IL-6 secretion is a well-known feature of inflammation and thus RA (34). Therefore, 
we examined the supernatants of miniSFCCs for IL-6, which increased after stimulation over time and 
compared to the untreated control (Figure 9A). Additionally, TNF-α was measured to monitor (i) TNF-
α uptake and (ii) inflammatory activity. The decrease of TNF-α correlated with increased IL-6 secretion 
over time but remained unchanged in the corresponding untreated control (Figure 9B). Of note, soluble 
IL-6R, which provides IL-6-responsiveness to cells lacking IL-6R, was unaffected by stimulation 
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(Figure 9C). In summary, in this microscale in vitro system, essential cytokine-mediated cell- and 
matrix-related changes ─ typical for arthritides ─ could be simulated. 

3.5 Mimicking the pathophysiology of arthritis by activated CD4 Th cells results in IL-6 
secretion and metabolic response of miniSFCCs  

To further investigate the Th cell-mediated humoral impact on the pathogenesis of RA in our model, 
anti-CD3/CD28-activated CD4+ Th cells were seeded onto a transwell membrane with a pore size of 
0.4 µm. In contrast to TNF-α stimulation, cytokine release from CD4+ Th cells significantly increased 
glucose uptake and lactate secretion as a measure of glycolysis (Figure 10A). In addition, WST-1 was 
significantly higher than the untreated control after 72 h (Figure 10B). Finally, we demonstrate that 
CD4+ Th cell stimulation induced IL-6 secretion as observed for TNF-α-mediated stimulation, whereas 
TNF-α secretion remained low (Figure 10C, D). On the other hand, gene expression levels of MMPs 
and pro-inflammatory cytokines were in mean numerically higher for IL6, IL8, MMP1, and MMP3 
than in the untreated control (Figure 10E). 
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4 Discussion 

Our study aimed to develop a human in vitro model for degenerative cartilage processes based on cell 
condensation of MSCs without any scaffold materials. We show that (i) microscale mesenchymal 
condensation results in the formation of a viable, cell-rich, densely-packed miniaturized MSC-based 
in vitro 3D scaffold-free cartilage-like constructs. In addition, (ii) miniSFCCs and previously 
developed macroSFCCs (29) demonstrate a similar chondrogenic phenotype. Mimicking arthritis by 
(iii) cytokine stimulation with TNF-α and (iv) secreted molecules from anti-CD3/CD28-activated 
CD4+ Th cells seeded onto a transwell membrane resulted in apoptosis, metabolic changes, 
inflammatory gene expression, and cytokine production of miniSFCCs.  
Previous reports have illustrated that a critical step in engineering functional chondrogenic equivalents 
is the condensation of mesenchymal cells, which initiates cell-cell communication before chondrogenic 
differentiation (35-37). Intercellular communication is closely related to the transfer of small 
molecules. Disturbances in the transfer of, e.g., GDF5 due to its mutation lead to the disruption of 
mesenchymal condensation and, consequently, brachypodism, i.e., an alteration in the length and 
number of bones in the limbs of mice (38-40). In the current study, human MSCs were condensed from 
a cell concentration of 2×105 cells. It is assumed that a high cell density is required for the extent of 
chondrogenesis to permit enough cell-cell contacts (36, 41). However, many studies have reported 
apoptosis or necrosis in the central region of the pellet culture ─ a phenomenon that usually occurs 
during endochondral ossification or as a result of exceeding the perfusion limit in large organoids. This 
was not observed in our miniSFCCs. (42-44). Here, mesenchymal condensation, even with low cell 
numbers, resulted in a solid pellet formation with viable cells and a higher cell density per area than 
our previously developed macroSFCCs (29). In general, our miniSFCCs, differentiated for 3 weeks, 
exhibited a chondrogenic phenotype on gene and protein levels as verified by the expression of 
cartilage-related genes such as COL2A1 and ACAN (45), COL2 – an important marker for functional 
articular cartilage – and the expression of GAGs – a major component of the cartilage ECM. Previous 
reports have shown that the formation of MSC pellets leads to fibrocartilage characterized by, e.g., the 
expression of collagen type I and osteopontin (46, 47). Although osteopontin expression was not 
analyzed, cell differentiation decreased COL1A1 expression in miniSFCCs compared to the monolayer 
control, confirming the observations in chondrogenic micromass pellet cultures of bone marrow-
derived MSCs reported by Kafienah et al. (48). Comparing miniSFCCs with the macroSFCCs that 
were developed for more than 7 weeks demonstrated similar COL2A1/COL1A1- and ACAN/COL1A1-
ratios within a shorter incubation time and fewer cell numbers (29). This emphasizes the superiority of 
mesenchymal pellet formation on a microscale-based approach regarding the velocity of chondrogenic 
differentiation, the applicability in mid-/high-throughput drug toxicity and efficacy assays. Grigull et 
al. compared pellet cultures with high-density cultures on a cellulose hydrogel and also showed an 
increased COL2A1/COL1A1-ratio, higher ECM deposits, and no increase in degenerative markers (41). 
Therefore, there is no need for additional scaffolds that facilitate cell seeding but might affect cell-cell 
communication and, thus cell differentiation. 
TNFα-transgenic mice (heterozygous for the transgene of human soluble TNF) are commonly used to 
model RA in vivo. These mice develop destructive arthritis caused by TNF-α, one of the major 
proinflammatory cytokines in RA (49). To investigate the suitability of our miniSFCCs to serve as a 
mid-/high-throughput cartilage degradation model, we administered TNF-α at a high but non-cytotoxic 
dose for three days. TNF-α plays a pivotal role in apoptosis, tissue damage, and inflammation. We 
observed a decrease in cell number upon nuclear staining, with a tendency for DNA fragmentation to 
increase upon TNF treatment, as shown by the nick-end labeling (TUNEL) method (50). Matsuo et al. 
demonstrated the role of caspase-3 in cell apoptosis and cartilage destruction, which correlates with 
the severity of OA (51). Our in vitro data agree with this finding and demonstrate that caspase-3 or -7 
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are involved in TNF-α stimulated apoptosis – a hallmark of degenerative arthritis (50, 52). In addition, 
we could show that oxygen consumption is independent of TNF-α stimulation. In contrast, glucose 
uptake and lactate excretion as a measure of glycolysis was decreased. However, CD4+ Th cell-
mediated stimulation increased glycolysis in a similar way as reported for e.g., IL-1β stimulation or 
other stressors (53, 54). Usually, chondrocytes shift from oxidative phosphorylation to glycolysis under 
environmental stress, as observed in RA or OA (54). These results indicate that TNF-α stimulation 
alone is insufficient to alter chondrocyte metabolism induced by an inflammatory environment.  
Recent studies have also shown that MMP1, 3, and 13 can degrade proteoglycans, while MMP1 and 
MMP13 specifically break down collagen types 1-4 (55-57). Resembling cartilage destruction, treating 
in vitro miniSFCCs with TNF-α resulted in collagen type 2 breakdown, a major and early event mainly 
affecting the outer area – superficial layer (58). We observed a significant increase in MMP1 
expression on protein and gene levels upon treatment, with MMP1 expressed predominantly in the 
superficial layer. This is consistent with the observation of Wu et al. demonstrating the highest 
expression of MMP1 in the superficial zone of cartilage in an anterior cruciate ligament transection 
(ACLT) rabbit model for traumatic osteoarthritis (59). A comparison of the expression levels of MMP1 
and MMP13 in the center of the miniSFCCs showed that MMP13 is predominant (60). MMP3 is known 
to activate other MMPs, such as proMMP1, and is significantly more expressed in the treated 
miniSFCCs than in the untreated control (61, 62). The fragmentation of collagen type 2, aggrecan, and 
COMP was detected during cartilage degradation in patients with OA and RA (63). COMP is a putative 
substrate for MMP1 and MMP13 but has also been shown to block apoptosis in the presence of TNF 
in HeLa cells (64). Here, we show a significant TNF-dependent increase in COMP gene expression. 
Usually, serum COMP levels are used as a diagnostic marker for arthritis, as they correlate closely with 
disease severity (63, 65). Furthermore, Li et al. investigated the expression of COMP and COL2A1 
during chondrogenesis using MSCs differentiated by pellet culture (66). They showed that COMP 
expression precedes COL2A1 expression (66). In support of this, miniSFCCs also showed higher 
COMP expression, which may indicate its role in early chondrogenesis. Interestingly, the results of Li 
et al. also suggest that TGF-β rapidly mediates the induction of COMP (66). In our study, TNF 
stimulation increased TGFB expression, which may affect COMP expression. Our in vitro miniSFCC 
further showed TNF-α-mediated expression of IL8 observed in various cells (67-69). TNF-α-induced 
IL8 expression is associated with ERK2 and JNK1 signaling pathways, with JNK finally activating 
BAX, which induces apoptosis (68, 70). Since it is well known that TNF-α mediates IL-6 secretion, its 
release was measured daily during the stimulation period of three days (71-73). Interestingly, CD4+ T 
cell-mediated humoral stimulation increased IL-6 but not TNF-α secretion. Although IL-6 secretion 
increased, the IL-6 receptor remained unchanged after TNF-α stimulation. These results demonstrate 
that the MSCs-based miniSFCC can map various pathways and may serve as a preclinical tool in a 
high throughput format.  
Our model has limitations that need to be addressed in the future. These include the use of (i) FCS 
instead of human sera and (ii) a high TNF-α dose to achieve results within a short-term exposure of 
three days. In addition, (iii) the microenvironment is usually characterized by hypoxia and limited 
nutrient supply. Therefore, mechanical forces are essential modulators in maintaining cartilage 
integrity and quality of developed tissue, which was not considered in this study. Bioreactors would 
therefore provide the opportunity to apply mechanical forces, whose effects could be studied by 
continuous monitoring. 

Despite these limitations, we conclude that our scaffold-free in vitro 3D chondrogenic model sourcing 
from human bone marrow-derived MSCs can be used as an in vitro model to study cytokine-driven 
cell- and matrix-related changes during cartilage degradation, replicating a key feature of rheumatic 
joint diseases such as OA and RA. 
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11 Figures 

 

Figure 1: Image analysis pipeline using FIJI ImageJ. 
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Figure 2: The formation of MSC-based in vitro 3D scaffold-free cartilage-like constructs 
(miniSFCCs). (A) Schematic overview of the experimental procedure of miniSFCC formation. MSCs 
at a density of 2×105 formed a pellet culture within 48 h and were then transferred to a U-bottom 96-
well plate. (B) Diameter of miniSFCCs during a 3-week culture analyzed using ImageJ. Data are shown 
as dot plots (error bars ± SD for n=4; duplicates). (C) Representative images of LIVE/DEAD staining 
on day 21. Living cells are presented in green (Calcein-AM+) and dead cells in grey (EthD+), n=6. (D) 
Detection of apoptotic cells (red) using TUNEL staining. Pos Ctrl = 10 min DNase I (n=6). (E) 
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Exemplary SEM images at three magnifications (scale bars show 100, 50, and 20 µm) highlighting cell 
formation and ECM content on day 21. (F) Immunofluorescence staining for F-actin (magenta) and 
DAPI (grey) to visualize cell morphology and spatial distribution (n=5). (G) Hematoxylin and eosin 
staining, demonstrating a cell-dense SFCC, with the outer zone showing the most elevated cell density. 
(H) MSC-based miniSFCCs after 21 days of chondrogenic differentiation compared with an 
undifferentiated control for alcian blue with nuclear fast red staining. Scale bars show 100 µm. Legend: 
asterisk = highlighting round cells; arrow = highlighting elongated cells. Statistics: Friedman with 
Dunn's multiple comparisons test, p-values are shown in the graphs with **p <0.01.  
 
 
 

 
Figure 3: Mesenchymal condensation resulted in a sustained chondrogenic phenotype 
independent of model scaling. (A) Relative expression of chondrogenic marker genes. Total RNA 
extraction was performed on day 21. Data are normalized to the housekeeping gene EF1A (n=8). (B) 
The ratio of relative gene expression of COL2A1 and ACAN to COL1A1 normalized to EF1A (n=6-8). 
(C) Representative images for collagen type 2 (COL2; cyan) and DAPI (grey) staining. The scale bar 
shows 100 µm. Data are shown as box plots (centerline, median; box limits, upper and lower quartiles; 
whiskers, maximum and minimum values). Statistics: Two-tailed Wilcoxon matched-pairs signed-rank 
test for data in (A) and Kruskal-Wallis with Dunn's multiple comparisons test in (B). Significances are 
indicated in the graphs with *p <0.05, **p <0.01. 
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Figure 4: Short-term exposure of miniSFCCs to 100 ng/mL TNF-α for three days induced 
apoptosis. (A) LDH-assay was performed after 24 h to cover any cytotoxic effects using supernatant 
from the miniSFCCs treated with TNF-α at 10, 100, and 1000 ng/mL (n=4); pos Ctrl = 4% (v/v) 
TritonTM X-100. (B) LIVE/DEAD staining - Calcein AM (green, alive) and EthD (grey, dead) - was 
performed after 21 days and (C) quantified using ImageJ (n=8). (D) TUNEL staining to visualize 
apoptotic cells (red). Quantified using ImageJ and normalized to the cell number (DAPI staining). 
Exemplary images for n=8. Pos. Ctrl = 10 min DNase I. (E) Nuclei density in μm² was quantified using 
ImageJ (n=6). Data are shown in box plots (centerline, median; box limits, upper and lower quartiles; 
whiskers, maximum and minimum values). Statistics: Two-tailed Wilcoxon matched-pairs signed-rank 
test (C, D, and E) and Wilcoxon signed-rank test to the ctrl (B and D); p-values are shown in the graphs 
with *p <0.05 and **p <0.01. 
 
 
 

 
Figure 5: TNF-α induced programmed cell death (apoptosis). (A) ApoTox-Glo™ Assay analyzing 
cell viability, cytotoxicity, and apoptosis level for n=8. Neg. Ctrl for viability: 100 µg/mL Digitonin; 
Pos. Ctrl for cytotoxicity: 4% TritonTM X-100; Pos. Ctrl for apoptosis: 0.1 mM Camptothecin. (B) 
Gene expression of BCL2 and BAX normalized to the housekeeping gene EF1A (n=6). Data are shown 
as box plots (centerline, median; box limits, upper and lower quartiles; whiskers, maximum and 
minimum values). Statistics: Two-tailed Wilcoxon matched-pairs signed-rank test and Wilcoxon 
signed-rank test to the ctrl; p-values are indicated in the graphs with *p <0.05 and **p <0.01. The 
figure contains graphics from Servier Medical Art, licensed under a Creative Common Attribution 3.0 
Generic License. http://smart.servier.com/. 
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Figure 6: TNF-α did not affect oxygen consumption but reduced glycolysis within three days. (A) 
Daily measurement of oxygen consumption using a Clark electrode (n=12). (B) WST-1 Assay was 
performed on day 21 without and with three days of TNF-α stimulation (n=8). The NADPH-dependent 
formazan production was measured at 450 nm (reference wavelength: 630 nm). Neg. Ctrl: treatment 
with 4% TritonTM X-100 for 24 h. (C) Glucose and lactate concentration [mmol/L] within the 
supernatant was measured using the Biosen C-line analyzer (n=12). Medium line: Glucose and lactate 
concentration within the cell-free culture medium. A and C are shown as dot plots (error bars ± SEM). 
Data of B are shown as box plots (centerline, median; box limits, upper and lower quartiles; whiskers, 
maximum and minimum values). Statistics: Mixed-effect analysis with Šídák's multiple comparisons 
test (A and C) and Two-tailed Wilcoxon matched-pairs signed-rank test (B). P-values are indicated in 
the graphs with *p <0.05 and **p <0.01.  
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Figure 7: Protein and gene expression profile of miniSFCCs stimulated with TNF-α simulating 
the pathophysiology of arthritis. (A) Total RNA extraction was performed from miniSFCCs. Gene 
expression of chondrogenic markers such as aggrecan (ACAN), collagen type 2 alpha 1 (COL2A1), and 
type 1 (COL1A1) was performed using SYBR Green and normalized to the housekeeping gene EF1A 

   Microscale in vitro cartilage breakdown 
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(n=7). (B) Image quantification was performed to determine the stained area normalized to the tissue 
area (duplicates per data point) using ImageJ (n=9). (C) Exemplary images for ACAN (yellow), COL2 
(cyan), COL1 (magenta), and DAPI (gray) are shown. Arrow indicates alterations in the outer area. 
Scale bars show 100 µm. Data are shown as box plots (center centerline, median; box limits, upper and 
lower quartiles; whiskers, maximum and minimum values). Statistics: Two-tailed Mann-Whitney U 
test; p‑values are indicated in the graphs with *p <0.05, **p <0.01.  
 
 
 

 
 
Figure 8: Profile of MMPs and proinflammatory cytokines after TNF-α simulation. (A) Relative 
gene expression of matrix metalloproteases (MMPs) normalized to the housekeeping gene EF1A (n=7). 
(B) Image quantification was performed to determine the stained area normalized to the tissue area 
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using ImageJ (n=9). (C) Exemplary images for MMP1 (red), MMP13 (green), and DAPI (gray) are 
shown. Scale bars show 100 µm. (D) mRNA expression of proinflammatory cytokines normalized to 
the housekeeper gene EF1A (n=7). Data are shown as box plots (center centerline, median; box limits, 
upper and lower quartiles; whiskers, maximum and minimum values). Statistics: Two-tailed Mann-
Whitney U test; p‑values are indicated in the graphs with *p <0.05, **p <0.01.  
 
 
 

 
Figure 9: Cytokine levels comparing a healthy, unstimulated, and arthritic, TNF-stimulated 
environment. (A) Quantification of soluble IL-6, (B) TNF-α, and (C) IL-6R (n=6-8). Data are shown 
as dot plots (error bars ± SEM) and box plots (center centerline, median; box limits, upper and lower 
quartiles; whiskers, maximum and minimum values). Statistics: Mixed-effect analysis with Šídák's 
multiple comparisons test and two-tailed Wilcoxon matched-pairs signed-rank test; p‑values are 
indicated in the graphs with *p <0.05, **p <0.01, ***p <0.001. 
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Figure 10: Short-term stimulation with activated CD4+ Th cell-induced IL-6 secretion and 
metabolic response of the miniSFCCs. (A) Glucose and lactate concentration [mmol/L] within the 
supernatant was measured using the Biosen C-line analyzer. Medium line: Glucose and lactate 
concentration within the cell-free culture medium (n=6). (B) WST-1 Assay was performed after 72 h 
(n=6). The NADPH-dependent formazan production was measured at 450 nm (reference wavelength: 
630 nm). Neg. Ctrl: treatment with 4% TritonTM X-100 for 24 h. (C) Quantification of TNF-α and (D) 
soluble IL-6 after 72 h (n=6). (E) Relative gene expression normalized to the housekeeping gene EF1A 
(n=5). Data are shown as dot plots (error bars ± SEM) and box plots (center centerline, median; box 
limits, upper and lower quartiles; whiskers, maximum and minimum values). Statistics: Mixed-effect 
analysis with Šídák's multiple comparisons test (A), Mann-Whitney U test (B-E); p‑values are 
indicated in the graphs with *p <0.05, **p <0.01, ***p <0.001.  
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12 Tables 

Table 1: MSC information and conducted experiments. 

Table 2: List of antibodies, kits, and staining solutions. 

Description Dye Host Working 
concentration Manufacturer 

Immunofluorescence antibodies 

DAPI  - 1 µg/mL German Rheumatism 
Research Center 

Phalloidin TRITC - 50 µg/mL Sigma-Aldrich 
Aggrecan - rabbit 5 µg/mL 

Abcam Collagen I - mouse 6 µg/mL 
Collagen II  - rabbit 10 µg/mL 

MMP1  - mouse #MA5-15872 
1:200 Invitrogen / Thermo 

Fisher Scientific MMP13  - mouse 1 µg/mL 
anti-mouse IgG (H+L) A594 goat 2 µg/mL Abcam 
anti-rabbit IgG (H+L) A488 donkey 4 µg/mL 

Invitrogen / Thermo 
Fisher Scientific 

anti-rabbit IgG (H+L) A546 goat 4 µg/mL 
anti-mouse IgG (H+L) A546 goat 4 µg/mL 
anti-rat IgG (H+L) A647 goat 4 µg/mL 
Kits and solutions 
LIVE/DEAD® 
Viability/Cytotoxicity  2 µM Calcein AM, 4 µM EthD-1 Invitrogen / Thermo 

Fisher Scientific 
TUNEL staining kit 5 µL enzyme + 45 µL TUNEL label Sigma-Aldrich FluoroMount-G™ Mounting slides for immunofluorescence 
Tween® 20 0.1% for permeabilization Qbiogene Inc. 

Donor Age Gender  Type of experiment 
1 84 f 

m
in

iS
FC

C
s 

ch
ar

ac
te

ri
za

tio
n 

Gene expression, SEM, histology
2 71 f Gene expression, SEM, histology
3 66 m Gene expression, SEM, histology, LIVE DEAD & TUNEL staining
4 59 f Gene expression, SEM, histology, LIVE DEAD & TUNEL staining
5 79 m Gene expression, histology, LIVE DEAD & TUNEL staining 
6 78 m Gene expression, histology, LIVE DEAD & TUNEL staining 
7 64 m Gene expression, histology, LIVE DEAD & TUNEL staining 
8 67 w Gene expression, histology, LIVE DEAD & TUNEL staining 
9 72 w 

St
im

ul
at

ed
 m

in
iS

FC
C

s 

Gene expression, histology, pO2, glucose & lactate, WST-1 
10 76 w Gene expression, histology, pO2, glucose & lactate, WST-1 
11 57 m Gene expression, histology, pO2, glucose & lactate, WST-1 
12 86 f Gene expression, histology, pO2, glucose & lactate, WST-1 
13 82 f Gene expression, histology, pO2, glucose & lactate, WST-1, ELISA
14 58 m Gene expression, histology, pO2, glucose & lactate, WST-1, ELISA
15 46 f Gene expression, histology, pO2, glucose & lactate, WST-1, ELISA
16 78 m Gene expression, histology, pO2, glucose & lactate, WST-1, ELISA
17 74 w Histology, pO2, glucose & lactate, ELISA,
18 70 m Histology, pO2, glucose & lactate, ELISA
19 56 w Histology, pO2, glucose & lactate, ELISA
20 73 w Histology, pO2, glucose & lactate, ELISA
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Table 3: Sequences of primers used for qPCR. 

Gene Gene name Sequence of the forward primer  Sequence of the reverse primer  
ACAN Aggrecan  AACGCAGACTACAGAAGCGG GGCGGACAAATTAGATGCGG 

BAX Bcl-2-associated X 
protein TCTGACGGCAACTTCAACTG ACAGGGACATCAGTCGCTTC 

BCL2 B-cell lymphoma 2 GGGATTCCTGCGGATTGACA GTCTACTTCCTCTGTGATGTTGTA 
COL1A1 Collagen type 1 α 1  CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC 
COL2A1 Collagen type 2 α 1  GTGGGGCAAGACTGTTATCG AGGTCAGGTCAGCCATTCAG 

COMP Cartilage oligomeric 
matrix protein CCGTAAGGACAACTGCGTGA ACTTGTCCTCGTCCGTGTTG 

EF1A Elongation factor 1-α  TGTGCTGTCCTGATTGTTGC GTAGGGTGGCTCAGTGGAAT 
IL6 Interleukin-6 TACCCCCAGGAGAAGATTCC TTTTCTGCCAGTGCCTCTTT 
IL8 Interleukin-8 GAATGGGTTTGCTAGAATGTGATA CAGACTAGGGTTGCCAGATTTAAC 

MMP1 Matrix 
metalloproteinase 1 CTCTGGAGTAATGTCACACCTCT TGTTGGTCCACCTTTCATCTTC 

MMP13 Matrix 
metalloproteinase 13 TCCTGATGTGGGTGAATACAATG GCCATCGTGAAGTCTGGTAAAAT 

MMP3 Matrix 
metalloproteinase 3 ATCCTACTGTTGCTGTGCGT CATCACCTCCAGAGTGTCGG 

TGFB Transforming growth 
factor-β CTAATGGTGGAAACCCACAACG TATCGCCAGGAATTGTTGCTG 

TNFA Tumor necrosis factor α GTCTCCTACCAGACCAAG CAAAGTAGACCCTGCCCAGACTC 

 



   CHAPTER: RESULTS 

104 

  

105

   

Supplementary Material 
1 Supplementary Figures  

 

Supplementary Figure 1: Flow cytometric characterization of the purity of isolated CD4 T helper 
cells. Cells were gated using a forward-scatter and side-scatter plot. Doublets were excluded according 
to the side-scatter area and height pattern. Purity was analyzed by CD3/CD4, and cell activation by 
CD69 staining using the MACSQuant® Analyzer 10.  
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3.3. Part III: The complementary building block ─ the synovial 
membrane 

Rheumatoid arthritis is maintained by three distinct pathomechanisms: (i) autoimmunological 

persistent synovitis, (ii) joint destruction by tumor-like proliferation of synovial tissue (pannus 

formation), and (iii) progressive extra-articular destruction (Burmester, Feist et al. 2014, 

Smolen, Aletaha et al. 2018). In recent years, fibroblasts, which physiologically maintain the 

structural and dynamic integrity of joints, have been identified as key drivers in disease 

pathogenesis because of their unexpected complexity in phenotype and function (Mizoguchi, 

Slowikowski et al. 2018, Stephenson, Donlin et al. 2018, Cai, Ming et al. 2019, Zhang, Wei et 

al. 2019, Wei, Korsunsky et al. 2020). Moreover, the extent of synovitis may appear almost 

indistinguishable between OA and RA tissues, while RA is associated with systemic 

autoimmune-mediated inflammation (Zhang, Wei et al. 2019, Sanchez-Lopez, Coras et al. 

2022). 

So far, only few tissue-engineered human in vitro synovial membrane models have been 

developed to mimic synovitis (Kiener, Watts et al. 2010, Broeren, Waterborg et al. 2019). 

Moreover, these models are mainly based on RA-FLSs or OA-FLSs combined with animal-

derived MatrigelTM (Kiener, Watts et al. 2010, Karonitsch, Beckmann et al. 2018, Broeren, 

Waterborg et al. 2019). These models apparently do not reflect the physiological or ‘healthy’ 

state of the synovial membrane. To study the (i) pathophysiologically altered processes of 

synovitis compared to the ‘healthy’ state, (ii) overcome species-specific differences, (iii) 

improve transferability by using appropriate human cells, and (iv) test novel therapeutic 

approaches, including biologics in vitro, human-centered approaches to mimic the synovial 

membrane are required.  

The synovial membrane consists of the lining and sublining layer. The former is one to four 

cell layers thick and is in constant contact with the intraarticular cavity (Smith 2011). Hence, a 

human-based synovial membrane model based on a synthetic hydrogel as the final component 

of an artificial joint was generated. To confirm MSCs as an optimal cell source to mimic 

quiescent non-inflamed FLSs they were evaluated for their phenotypic properties compared to 

trauma-FLSs. 
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3.3.1. Manuscript 4: A functional xeno-free 3D synovial membrane 
model to study synovitis in vitro 

   

 

The following manuscript has been drafted.  

Authors: Alexandra Damerau, Marieluise Kirchner, Julia Beißel, Moritz Pfeiffenberger, Philipp 

Mertins, Frank Buttgereit, Timo Gaber 

Title: A functional xeno-free 3D synovial membrane model to study synovitis in vitro 

 

Personal contribution: In this manuscript, I was responsible for conceptualizing, planning, 

preparing, conducting, analyzing and interpreting the experiments including the isolation 

expansion and characterization of MSCs and synovial fibroblasts from trauma and OA patients, 

analyzing the CTGF-induced MSC differentiation, generation and characterization of synovial 

membrane equivalents, cytokine treatment experiments, immunofluorescence investigations, 

gene expression analysis, viability assays, proliferation assay, immune cell isolation, flow 

cytometry, migration assay, sample preparation for proteome analysis, and scanning electron 

microscopy. Manuscript design, visualization, writing, and final approval under the supervision 

of Dr. Timo Gaber and Prof. Dr. Frank Buttgereit. 
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Abstract 

Musculoskeletal disorders such as rheumatoid arthritis (RA) and osteoarthritis (OA) are the most 

prevalent forms of inflammatory joint diseases, characterized by synovitis and, in late stages, 

cartilage and bone degradation. Fibroblast-like synoviocytes (FLSs) of the synovial membrane 

are critical drivers of arthritis. However, knowledge about the impact of FLSs in the early stages 

of cartilage degradation is still limited. The pathogenesis of inflammatory joint diseases is primarily 

studied using animal models, which represent an integral part of the preclinical drug discovery 

process. Although these animal models have limited predictive value and are accompanied by 

severe suffering for laboratory animals, they are still the gold standard due to the lack of human-

centered in vitro alternatives. Most in vitro models of the synovial membrane are based on RA-

FLSs or OA-FLSs suspended in animal-derived MatrigelTM, hence not reflecting the ‘healthy’ state. 

To overcome this research gap, we developed a xeno-free, human-centered 3D synovial 

membrane model based on bone marrow-derived mesenchymal stromal cells (MSCs) embedded 

in a synthetic hydrogel. We identified MSCs as a suitable cell source since we could show that 

MSCs share pronounced similarities with human knee-derived FLSs from trauma patients. In 

addition, differentiation of MSCs into a fibroblastic phenotype using connective tissue growth 

factor (CTGF) showed no substantial advantages in using these cells for model development. 

Rather, CTGF-triggered MSCs shifted their phenotype toward fibrosis and are therefore less 

suitable here. 

To characterize the synovial membrane model, we analyzed its geometry and demonstrated two 

to four cell layers that reflect the native synovial lining in vivo. Regarding the stratification process, 

we simulated an arthritic environment such as in RA by exposing the synovial membrane model 

to inflammatory stimuli, namely tumor necrosis factor-α, interleukin-6, and macrophage migration 

inhibitory factor. Cytokine stimulation led to an enhanced gene expression of pro-inflammatory, 

pro-angiogenic, and matrix-degrading enzymes, hyperproliferation, and a rise in cells’ glucose 

consumption within the synovial membrane model similar to that observed in human arthritis. 

These results indicate that our xeno-free in vitro model can mimic cytokine-driven cellular changes 

observed during arthritis. We propose that the xeno-free 3D synovial membrane model can be a 

good alternative for preclinical drug screening to reduce the number of animal experiments and 

improve the transferability of results to human patients. 

Keywords 

in vitro synovitis model, arthritis, trauma-fibroblast, MSC, CTGF, cytokines, TNF, MIF, IL-6
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Introduction 

The synovial membrane (synovium) is critical in joint homeostasis and diseases such as 

rheumatoid arthritis (RA) and osteoarthritis (OA). It encloses the joint, consists of the intimal lining 

and sublining layer, and determines synovial fluid composition by filtrating and synthesizing 

nutrients and lubricants [1-3]. Under physiological conditions, the intimal lining is in direct contact 

with the synovial fluid-filled joint cavity. It is one to four cell layers thick and composed of 90% 

fibroblast-like (type B) synoviocytes (FLSs) and 10% macrophage-like (type A) synoviocytes 

(MLSs) [4]. In contrast, the sublining layer is paucicellular connective tissue with fibrous and 

collagenous extracellular matrix (ECM) and adipose tissue areas with few blood vessels [3, 5].  

Under inflamed conditions, typically associated with RA but also crucial in OA, the synovium 

thickens into a pannus-like structure with an increase in cellularity (hyperplasia) e.g., immune cell 

infiltration, vascularity, fibrosis, and innervation. During the last decade, fibroblasts, which 

physiologically maintain the structural integrity of joints, have been identified as key drivers in 

disease pathogenesis, linking synovial inflammation to increased cartilage loss and the 

progression of joint degeneration [3, 6, 7].  

To mimic synovitis, few tissue-engineered human in vitro synovial membrane models have been 

developed, each with relative strengths and weaknesses [8-10]. For example, synovial explants 

have the advantage of their native ECM, FLSs, and MLSs spatial distribution, but the availability 

of “healthy” clinical specimens is limited [11]. Instead, clinical samples are usually collected from 

advanced-stage OA patients and are phenotypically and functionally altered due to disease state, 

donor variability, medication, and collection site [12]. In contrast, 2D monolayer models lack the 

dense ECM and three-dimensional (3D) architecture of the lining and sublining layer that play a 

crucial role in the function of the native tissue. Using 3D synovial organoids constructed from 

micromass cultures of RA- or OA-FLSs embedded in animal-derived MatrigelTM provides ECM-

like and cellular features of the intima. It becomes hyperplastic in the presence of inflammatory 

cytokines [8, 9, 13]. However, it lacks the geometry to facilitate polarized cell migration and solute 

transport. In addition, FLSs from patients with RA or OA may have an intrinsic imprinted 

pathological phenotype or be influenced by medication, not reflecting the physiological state of 

the synovial membrane [14-17]. Thus, a “normal” or “healthy” FLS source would be ideal for 

establishing a xeno-free 3D synovial membrane model that provides the physiological geometry. 

Traditionally, mesenchymal stromal cells (MSCs) are considered the progenitor cells of FLSs and 

share many characteristics, such as the ability to maintain and regenerate tissues through ECM 
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components and respond to various inflammatory and non-inflammatory factors. However, recent 

research indicates that human MSCs and FLSs are indistinguishable, as they share the same 

morphology, highly similar surface marker profile, and multi-lineage differentiation potential, 

suggesting the assumption of an identical cell type [18, 19]. Conversely, other reports have shown 

that various growth factors, such as connective tissue growth factor (CTGF) [20-23], fibroblast 

growth factor (FGF) [24, 25], and transforming growth factor (TGF)-β [26, 27], are capable of 

promoting the differentiation of MSCs into FLSs, as evidenced by the expression of classical 

fibroblast markers, e.g., vimentin (VIM), fibroblast-specific protein 1 (FSP1), and tenascin-C 

(TNC) [28, 29]. However, in contrast to other well-studied mesenchymal lineages, e.g., 

osteoblasts, adipocytes, or chondrocytes, the differentiation pathway from MSCs to FLSs ─ if one 

exists ─ has been poorly defined and is still controversially discussed.  

Consequently, we first compared the phenotypic characteristics of FLSs derived from trauma 

patients with human bone marrow-derived MSCs to identify a suitable cell type for simulating the 

synovial membrane in vitro. In addition, we present the results of the phenotypic comparison of 

these MSCs with either human FLSs or CTGF-differentiated MSCs on both the transcriptomic 

and proteomic levels to demonstrate whether, e.g., CTGF promotes MSC differentiation toward 

the fibroblast lineage. After defining MSCs as the optimal cell source to fabricate a human-based 

3D synovial membrane model, we used MSCs combined with a synthetic hydrogel to mimic the 

geometry of the synovial lining. Next, we applied inflammatory stimuli generating the human-

based xeno-free 3D synovitis model, as confirmed by increased inflammatory gene expression 

and enhanced cell proliferation mimicking pannus formation. This model provides a starting point 

for adding complexity, such as MLSs or immune cells, that infiltrate the model and other joint 

components, such as the osteochondral unit, to mimic the complexity of the pathogenesis of 

arthritis.  
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Material and Methods 

Cells and ethic statement  

Table 1: Information and conducted experiments. 

Since age, sex and comorbidities can affect the behavior of cells in vitro; we collected donor-

related information. MSCs isolation, expansion, and characterization were performed as 

described previously [30]. Bone marrow was obtained from patients undergoing total hip 

replacement, provided by the Center for Musculoskeletal Surgery (Charité–Universitätsmedizin), 

and distributed by the “Tissue Harvesting” core facility of the Berlin-Brandenburg Center for 

Regenerative Therapies (BCRT). FLSs were isolated from synovial tissue sections of (i) trauma 

patients collected during anterior cruciate ligament (ACL) reconstruction and (ii) OA patients 

excised during knee arthroplasty. Synovial tissue was provided by the Center of Musculoskeletal 

Surgery (Charité–Universitätsmedizin). The study design and protocols were approved by the 

 Donor Age Gender  Type of experiment 

M
S

C
s 

1 62 w 

S
yn

o
vi

al
 m

em
b

ra
n

e 
m

o
d

el
 

Gene expression, proliferation, cytokine secretion 

2 52 m 
Gene expression, proliferation, cytokine secretion, glucose & lactate, 

CTGF treatment, migration 
3 58 m Proliferation, cytokine secretion, CTGF treatment, migration 
4 71 m Proliferation, cytokine secretion, CTGF treatment, migration 
5 48 w Proliferation, cytokine secretion, CTGF treatment, migration 
6 76 w Proliferation, cytokine secretion, CTGF treatment, migration 
7 86 m Gene expression, glucose & lactate, migration 
8 63 w Gene expression, glucose & lactate, migration 
9 65 m Gene expression, glucose & lactate, migration 

T
ra

u
m

a-
F

L
S

 

1 26 m 

H
ea

lt
h

y 
F

L
S

 c
o

n
tr

o
l 

Gene expression analysis, proliferation 
2 25 w Gene expression analysis, histology, proliferation, cytokine secretion 
3 28 m Gene expression analysis, histology, proliferation, cytokine secretion 
4 29 w Gene expression analysis, histology, proliferation, cytokine secretion 

5 43 m Gene expression analysis, histology 

6 41 m Gene expression analysis, proliferation 
7 20 w Gene expression analysis, histology 
8 21 m Gene expression analysis, cytokine secretion 
9 27 w Histology, proliferation, cytokine secretion 

O
A

-F
L

S
 

1 83 m 

O
A

-F
L

S
 c

o
n

tr
o

l 

Gene expression analysis 

2 70 m 
3 67 m 
4 71 w 
5 81 w 
6 70 w 
7 71 w 
8 66 w 
9 59 m 



   CHAPTER: RESULTS 

112 

 

113

6 

Charité-Universitätsmedizin Ethics Committee and performed according to the Helsinki 

Declaration (ethical approval EA1/012/13, January 2013, EA1/146/21, May 2021).  

Isolation of human synovial fibroblasts 

The synovium was washed with 0.5% (w/v) BSA (Sigma-Aldrich, Munich, Germany) and 5 mM 

EDTA (Gibco, Waltham, MA, USA) in phosphate-buffered saline (PBS; DRFZ, Berlin, Germany; 

PBS/BSA/EDTA; pH 7.4) and dissected into small pieces. The small tissue pieces were filtered 

through a pre-wetted 100 µm MACS® SmartStrainer (Miltenyi Biotec, Bergisch Gladbach, 

Germany), transferred to a 25 cm2 (trauma synovium) or 75 cm2 flask (OA synovium), and cultured 

in a humidified atmosphere (37 °C, 5% CO2). Dulbecco`s Modified Eagle Minimal Essential 

Medium (DMEM) GlutaMAX™ (Gibco, Waltham, MA, USA) supplemented with 10% FCS (FCS, 

Biowest, Nuaillé, France) and 1% penicillin/streptomycin (Gibco, Waltham, MA, USA) was 

changed weekly. This medium is referred to as normal medium (NM).  

Stimulation with growth factors for MSC differentiation  

To differentiate MSCs toward the fibroblast lineage, cells were cultured for three weeks using NM 

supplemented with (i) 25 ng/mL recombinant human (rh) FGF (ImmunoTools GmbH, Friesoythe, 

Germany), (ii) 5 and 10 ng/mL rhFGF + rhTGF-β (R&D Systems, Inc., Minneapolis, USA), (iii) 

100 ng/mL rhCTGF (PeproTech, Hamburg, Germany) and 50 μg/mL ascorbic acid (Sigma-

Aldrich, Munich, Germany), or (iv) unstimulated.  

Generation of the synovial membrane model  

The synovial membrane model was developed using the xeno-free VitroGel® RGD hydrogel 

(TheWell Bioscience Inc., North Brunswick Township, USA). To allow for sufficient nutrient supply, 

the model was cultured in a 24-well plate hanging insert with a pore size of 8 µm (Sarstedt, 

Hildesheim, Germany). Therefore, the polycarbonate membrane was coated with 100 µL hydrogel 

(1:3 gel-solution) containing 1x105 cells and polymerized for 30 min at RT. Synovial membrane 

models were cultivated for up to 21 days in a humidified atmosphere (37 °C, 5% CO2). The 

medium contains DMEM GlutaMAX™ supplemented with 2% human AB serum (Capricorn 

Scientific, Ebsdorfergrund, Germany) and 1% penicillin/streptomycin, in the following referred to 

as NM-XF.  

Short- and long-term exposure to inflammatory stimuli 

To mimic cytokine-mediated joint inflammation, stimulation was performed in NM-XF using 

10 ng/mL rh macrophage migration inhibitory factor (MIF), 30 ng/mL rh interleukin (IL)-6, and 
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10 ng/mL rh tumor necrosis factor (TNF)-α (all ImmunoTools GmbH, Friesoythe; Germany), 

referred as +Cyt. The medium was changed every three days, including the respective 

supplements resulting in a repetitive chronic cytokine stimulation. Incubation was conducted for 

3 days (short-term) and 21 days (long-term) at 37 °C in a 5% CO2 atmosphere. 

Cytotoxicity and viability assay  

Cytotoxicity Detection LDH Kit (Sigma-Aldrich, Munich, Germany) was performed according to 

the manufacturer’s instructions and as previously described [30, 31]. Cell death was induced by 

4% (v/v) Triton™ X-100 (Sigma-Aldrich, Munich, Germany) for 24 h (high control).  

ApoTox-Glo™ Triplex Assay was performed according to the instructions of Promega Corporation 

(Walldorf, Germany) using phenol red-free DMEM (Gibco, Waltham, MA, USA). Cell death was 

induced by 4% (v/v) Triton™ X-100 for 4 h or 100 µg/mL digitonin (Boehringer Mannheim GmbH, 

Mannheim, Germany) for 30 min, whereas apoptosis was induced by 0.1 mM camptothecin 

(Sigma-Aldrich) for 4 h. 

BrdU proliferation assay  

According to the manufacturer’s instructions, the proliferation assay was performed using the 

BrdU (colorimetric) assay (Roche, Mannheim, Germany). The BrdU labeling solution was added 

to the cell culture medium on the synovial membrane model 20 h before endpoint measurement. 

Cells were fixed for 30 min at RT, followed by the addition of an anti-BrdU-POD working solution. 

After 90 min, cells were washed three times with 1x PBS, substrate solution was added, and 

incubation was stopped with 25 µL 2N H2SO4 after 30 min. Measurement was performed at 

450 nm (reference wavelength 630 nm). In addition, cells were treated with 1 μg/mL 

actinomycin D (Sigma-Aldrich, Munich, Germany) to suppress proliferation (negative control). 

Glucose and lactate concentration  

Glucose and lactate content – as a measure of glycolysis – were analyzed using the Biosen C-

Line Glucose and Lactate analyzer (EKF-diagnostic GmbH, Barleben, Germany). For this, 20 μL 

supernatant was mixed with 1 mL PBS, while instrument calibration and electrode validation were 

performed with the manufacturer’s solutions before the measurements. 

Flow cytometry analysis  

Characterizing synovial fibroblasts regarding their surface marker pattern, flow cytometry staining 

was performed using 5x104 cells per well of a U-bottom 96-well plate. After a washing step with 

PBS/BSA/Azide, unspecific binding sites of the Fc-receptors were blocked using 10 mg/mL 
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Flebogamma® (IgG1 66.6%, IgG2 28.5%, IgG3 2.7%, IgG4 2.2%; Grifols, Barcelona, Spain) for 

10 min on ice. Subsequently, cells were stained with the antibodies according to the 

manufacturer’s instructions (antibodies listed in Table 2). Cells were washed, centrifuged 

(400 × g, 4 min, 4 °C), and suspended in PBS/BSA/Azide. Apoptotic polymorphonuclear 

leukocytes (PMNs) were analyzed using annexin V (BD, Heidelberg, Germany). Cells were 

washed with PBS, resuspended in binding buffer with annexin V (1:100), and incubated for 15 min 

on ice. Measurement was performed using the MACSQuant® Analyzer 10 (Miltenyi Biotec, 

Bergisch Gladbach, Germany) and analyzed with FlowJo™ software (version 7.6.4 and 10.7.1, 

Tree Star). 

Table 2: Donor information and conducted experiments. 

Description Dye Species/Clone Manufacturer City, State 
Anti-human CD73 APC REA804 

Miltenyi Biotec 
Bergisch 

Gladbach, 
Germany 

Anti-human CD90 FITC REA897 
Anti-human CD105 APC-Vio770 REA794 
Anti-human CD14 PE REA599 
Anti-human CD20 PE REA780 
Anti-human CD34 PE REA1164 
Anti-human CD45 PE REA747 

Anti-human HLA-DR PE REA805 
Anti-human CD15 FITC Mouse (VIMC6) 

CD15+ polymorphonuclear leukocyte preparation and magnetic cell separation 

Blood from healthy donors was collected using 10 mL Heparin Vacutainers (Becton Dickinson, 

Franklin Lakes, USA) to isolate CD15+ PMNs. Protocols were approved by the Charité-

Universitätsmedizin Ethics Committee and performed according to the Helsinki Declaration 

(ethical approval EA1/367/14). Briefly, blood was mixed 1:5 with erythrocyte lysis buffer and 

incubated on ice for 5 min, followed by a centrifugation step at 400 x g, 5 min, 4 °C, and 

resuspension in 1 mL PBS/BSA/EDTA. This procedure was repeated until erythrocytes were 

lysed completely. The cell number was determined and adjusted with PBS/BSA/EDTA: 80 µL 

buffer per 10⁷ total cells. CD15 MACS® MicroBeads (Miltenyi Biotec, Bergisch Gladbach, 

Germany) were added to the cells: 20 µL per 10⁷ cells and incubated for 15 min in the refrigerator 

at 4-8 °C. After washing with 2 mL PBS/BSA/EDTA, cells were centrifuged (300 x g, 10 min, 4 °C) 

and resuspended in ice-cold 500 µL PBS/BSA/EDTA. A pre-cooled MACS Cell Separation LS 

column (Miltenyi Biotec, Bergisch Gladbach, Germany) was placed in the magnetic field of a 

MACS Separator and rinsed with ice-cold 3 mL PBS/BSA/EDTA buffer. The cell suspension was 

applied to the column, washed three times with 3 mL PBS/BSA/EDTA, and discarded the 

unlabeled cells. Finally, the column was removed from the separator and placed on a 15 mL 
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collection tube. Labeled CD15+ cells were collected by flushing the column with 5 mL buffer and 

pushing the plunger into the column. The purity of CD15+ cells was confirmed after every isolation 

using flow cytometry (Figure 1).  

 
Figure 1: Confirmation of CD15 purity after MACS® MicroBead isolation using flow cytometry. As a first step, 

cells were gated, and cell debris was excluded. Then, within the CD15+gate, the purity CD15+ cells isolated by 

MicroBeads were analyzed.  

Protein isolation and mass spectrometry (LC-MS/MS) 

Protein isolation and mass spectrometry were performed by Dr. Marieluise Kirchner (BIH 

Proteomics Core Facility) and have been previously described [32]. Briefly, proteins were 

extracted from 2x105 cells comparing untreated and CTGF treated MSCs. Cells were washed with 

cold 1x PBS twice and stored at -80 °C. For statistical analyses, 5 biological replicates for each 

condition (untreated MSCs, CTGF treated MSCs) were defined as groups. A minimum of 3 LFQ 

intensity values in at least one group was required. Missing values were imputed with low-intensity 

values simulating the detection limit of the mass spectrometer. Differences in protein abundance 

between the groups were calculated using the two-sample Student´s t-test. Proteins passing the 

FDR-based significance cut-off of 5% were considered differentially expressed.  

Migration assay  

The ChemoTx® Disposable Chemotaxis System (Gaithersburg, MD, USA) with a polycarbonate 

membrane of 8 µm pore size was used to analyze the ability of MSCs and PMNs to migrate 

through the membrane toward an attractant. Studying the spontaneous and directed migration of 

MSCs, 3x104 cells/membrane/30 µL hydrogel were incubated for 24 h using medium (ctrl) and 

IL-6 (10 ng/mL) as attractants, respectively. To investigate the ability of PMNs to migrate through 

the synovial model, MSCs were applied 24 h before PMNs. The cell density of 9x104 PMNs (1:4) 

was applied, and migration was investigated after 24 h via cell count using the Neubauer chamber 

(Paul Marienfeld GmbH & Co. KG, Lauda Königshofen, Germany). Directed migration was 

induced by 10 ng/mL IL-6 as a positive control.    
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Immunofluorescence staining  

Immunofluorescence staining was performed as previously described [30] using target-specific 

antibodies listed in Table 3. All staining were performed in a humid chamber. Imaging was 

performed with the Zeiss LSM 710 Confocal Microscope (Carl Zeiss AG, Oberkochen, Germany).  

Table 3: List of antibodies, kits, and staining solutions. 

Description Dye Host Working 
concentration 

Manufacturer 

Immunofluorescence antibodies 

DAPI  - 1 µg/mL 
German Rheumatism 

Research Center  
Phalloidin TRITC - 50 µg/mL Sigma-Aldrich 

Tubulin  A647 mouse 5 µg/mL 
Invitrogen / Thermo 

Fisher Scientific 

Vimentin  A488 rabbit 5 µg/mL 
Abcam 

THY1  A568 rabbit 5 µg/mL 

PDPN  - rat 2.5 µg/mL BioLegend 

anti-mouse IgG (H+L) A594 goat 2 µg/mL Abcam 

anti-rabbit IgG (H+L) A488 donkey 4 µg/mL 

Invitrogen / Thermo 
Fisher Scientific 

anti-rabbit IgG (H+L) A546 goat 4 µg/mL 

anti-mouse IgG (H+L) A546 goat 4 µg/mL 

anti-rat IgG (H+L) A647 goat 4 µg/mL 

Kits and solutions 
LIVE/DEAD® 

Viability/Cytotoxicity  2 µM Calcein AM, 4 µM EthD-1 
Invitrogen / Thermo 

Fisher Scientific 

FluoroMount-G™ Mounting slides for immunofluorescence Sigma-Aldrich 

Tween® 20 0.1% for permeabilization Qbiogene Inc. 

RNA isolation, cDNA synthesis, and qPCR 

RNA isolation using RNeasy® Fibrous Tissue Mini Kit (Qiagen GmbH, Germany), cDNA synthesis 

using TaqMan® Reverse Transcription Reagents Kit (Applied Biosystems Inc., USA), and 

quantitative PCR (qPCR) with the DyNAmo ColorFlash SYBR Green qPCR Kit (Thermo Fisher 

Scientific, USA) were performed as previously described [30]. The Stratagene Mx3000PTM 

(Agilent Technologies Inc., USA) was used for qPCR (duplicates per gene) with the following 

profile: 7 min at 95 °C, 60 cycles of 10 s at 95 °C, 7 s at 60 °C, and 9 s at 72 °C. Primer specificity 

was confirmed after every run (sequences listed in Table 4). 
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Table 4: Donor information and conducted experiments. 

Gene 
symbol Gene name Sequence of the forward primer  Sequence of the reverse primer  

COL3A1 Collagen, type III, alpha 1 CTTTGTGCAAAAGGGGAGCT TGGGTTGGGGCAGTCTAATT 

CXCR4 C-X-C chemokine receptor 
type 4 GCATGACGGACAAGTACAGGCT AAAGTACCAGTTTGCCACGGC 

DCN Decorin CCTTTGGTGAAGTTGGAACG TCGCACTTTGGTGATCTCAT 

EF1A Elongation factor 1 alpha 1 TGTGCTGTCCTGATTGTTGC GTAGGGTGGCTCAGTGGAAT 

FN1 Fibronectin 1 GGTGACACTTATGAGCGTCCTAAA AACATGTAACCACCAGTCTCATGTG 

FSP1 Fibroblast-specific protein 1  TCTTGGTTTGATCCTGACTGCT TCACCCTCTTTGCCCGAGTA 

GLUT1 Glucose transporter 1  AACCACTGCAACGGCTTAGA TCACGGCTGGCACAAAACTA 

HAS2 Hyaluronan synthase 2 TGTCGAGTTTACTTCCCGCC CAGCGTCAAAAGCATGACCC 

HIF1A Hypoxia-inducible factor 1 CCATTAGAAAGCAGTTCCGC TGGGTAGGAGATGGAGATGC 

IL1b Interleukin 1b AGCTACGAATCTCCGACCAC CGTTATCCCATGTGTCGAAGAA 

IL6 Interleukin 6 AAGCAGCAAAGAGGCACTGG TGGGTCAGGGGTGGTTATTG 

IL8 Interleukin 8 CAGAGACAGCAGAGCACACA TGGGGTGGAAAGGTTTGGAG 

LDHA Lactate dehydrogenase A ACCCAGTTTCCACCATGATT CCCAAAATGCAAGGAACACT 

MMP1 Matrix metallopeptidase 1 CTCTGGAGTAATGTCACACCTCT TGTTGGTCCACCTTTCATCTTC 

MMP13 Matrix metallopeptidase 13 TCCTGATGTGGGTGAATACAATG GCCATCGTGAAGTCTGGTAAAAT 

MMP3 Matrix metallopeptidase 3 ATCCTACTGTTGCTGTGCGT CATCACCTCCAGAGTGTCGG 

PGK1 Phosphoglycerate Kinase 1 ATGGATGAGGTGGTGAAAGC CAGTGCTCACATGGCTGACT 

TNFA Tumor necrosis factor-alpha TCTGGGCAGGTCTACTTTGG ATCCCAGGTTTCGAAGTGGT 

VEGFA Vascular endothelial growth 
factor A 

AGCCTTGCCTTGCTGCTCTA GTGCTGGCCTTGGTGAGG 

VIM Vimentin GGACCAGCTAACCAACGACA AAGGTCAAGACGTGCCAGAG 

Statistics 

Statistical analyses were performed using the software GraphPad® Prism Version 9.3.0 (La Jolla, 

San Diego, CA, USA). Since the data sets were not normally distributed, non-parametric tests 

were performed. Mann-Whitney U test was used for direct comparisons of two independent 

datasets. For comparisons of more than two independent datasets, one-way analysis using 

Kruskal-Wallis with Dunn's multiple comparisons test was performed. Two-tailed Wilcoxon 

matched-pairs signed-rank test was applied for dependent datasets. For comparisons of more 

than two dependent datasets, one-way analysis using Friedman with Dunn's multiple 

comparisons test was performed. P-values of <0.05 were considered as statistically significant 

(*p <0.05, **p <0.01, ***p <0.005). Data are shown as box plots (centerline, median; box limits, 

upper and lower quartiles; whiskers, maximum and minimum) if not indicated otherwise. 
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Results 

Human knee-derived FLS from trauma patients exhibit a stem cell-like phenotype similar 

to that of human bone marrow-derived MSCs 

To confirm MSCs as an optimal cell source, we first evaluated their phenotypic properties 

compared with FLSs derived from trauma patients. Therefore, a standardized protocol was 

applied to characterize the isolated cells according to their mesenchymal nature. Characterization 

was performed during the second passaging. Following the international recommendations [33], 

the isolated MSCs and FLSs were analyzed for their plastic adherence, the presence and 

absence of defined surface markers, and multilineage differentiation potential ─ adipogenic and 

osteogenic lineage. MSCs and FLSs adhered to plastic and showed the characteristic spindle-

shaped cell morphology using brightfield microscopy (Figure 2A). Moreover, 21-day differentiation 

showed their ability to differentiate into mesenchymal lineages such as adipogenic (Figure 2B) 

and osteogenic (Figure 2C). Flow cytometric analysis revealed a similar expression pattern of 

stem cell markers CD105, CD73, and CD90, while negative markers such as CD14, CD20, CD34, 

CD45, and HLA-DR accounted for <5% (Figure 2D).  

   
 
Figure 2: Characterization of 
trauma-FLSs compared with 
bone marrow-derived MSCs. (A) 
MSCs and FLSs adhere to plastic 
and show spindle-shaped cell 
morphology. (B) Representative 
images of the Oil Red 
(adipogenesis) and (C) Alizarin 
Red S (osteogenesis) staining 
demonstrate their ability to 
differentiate into multiple lineages. 
Scale bars = 100 µm. (D) Flow 
cytometry was used to investigate 
the expression of CD73, CD90, 
and CD105 and the absence of 
CD14, CD20, CD34, CD45, and 
HLA-DR.  
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Due to their heterogeneity and lack of a specific marker, FLSs and MSCs are challenging to 

identify. Traditionally, FLSs have been recognized by the mesenchymal marker VIM. However, 

recent research on RA-FLS has shown that subpopulations differ by thymic cell antigen 1 (THY1, 

CD90), while podoplanin (PDPN) is associated with a severe course of chronic inflammation [32, 

34, 35]. Furthermore, visualization of THY1+ cells confirmed the flow cytometry results and 

showed similar expression of PDPN in both cell types (Figure 3). Therefore, the comparable 

PDPN expression argues for the suitability of MSCs as a cell source for developing a healthy 

synovial membrane. 

 

Figure 3: Exemplary images comparing trauma-FLS and MSCs regarding THY1 and PDPN. THY1 (magenta), 
PDPN (yellow), and DAPI (gray); scale bars show 50 μm. 

CTGF induces the differentiation of human MSCs toward fibrotic fibroblast phenotype  

To confirm the ability of specific growth factors such as CTGF to promote MSC differentiation 

toward the fibroblast lineage, MSCs were treated with (i) FGF, (ii) FGF + TGF-β, and (iii) CTGF 

for three weeks and analyzed in comparison with the untreated control group. Spindle-shaped 

cell morphology and vimentin expression are hallmarks of FLSs. Therefore, growth factor effects 

on cell morphology, vimentin expression, and the major component of microtubules were 

investigated. A concentration-dependent effect of FGF and TGF-β on the cell shape was 

detectable. Treatment with 5 ng/mL FGF + TGF-β or 25 ng/mL FGF resulted in fluffy morphology. 

On the other hand, treatment with CTGF and 10 ng/mL FGF + TGF-β showed thin, spindle-

shaped, elongated cells, with the CTGF group resembling the untreated group and trauma-FLS’ 

morphology (Figure 4). However, vimentin stability and microtubule polymerization were not 

affected regardless of treatment (Figure 4). In summary, CTGF seems to be the most promising 

candidate for promoting fibroblast differentiation of MSCs.  
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Figure 4: Cell morphology is affected by long-
term exposure of MSCs to FGF, TGF-β, and 
CTGF. Exemplary image for the untreated control 
group of mesenchymal stromal cells, cells treated 
with FGF + TGF-β at 5 ng/mL and 10 ng/mL, 
respectively, and FGF as well as CTGF alone. 
Vimentin (magenta), tubulin (cyan), and DAPI 
(gray). The scale bar shows 100 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

Analyzing the impact of CTGF on MSCs, a global proteome comparison revealed 57 differentially 

expressed proteins when applying a two-sample t-test (paired) with a false discovery rate (FDR) 

of 5% cut-off (Figure 5A, B). CTGF affects the expression of, e.g., serpin family B member 2 

(SERPINB2), lysyl oxidase-like 4 (LOXL4) (Figure 5A, B), and collagen type 4 and 6 (Figure 5C), 

which are known to be associated with fibrosis [36, 37]. In addition, neither the expression of 

fibroblast markers such as VIM, TNC, decorin (DCN), and COL1A1 (Figure 5D) nor the expression 
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of MSC markers such as THY1 and Ecto-5′-nucleotidase (NT5E; CD73) was affected by CTGF 

stimulation (Figure 5E).  

 
Figure 5: Distinct protein expression between CTGF treated and untreated MSCs. (A) Heatmap shows 57 
significant differentially expressed proteins, comparing untreated and CTGF-treated MSCs after 21 days (n=5). (B) 
Volcano plot of proteome data (LFQ intensities) comparing CTGF-treated MSCs and untreated MSCs. The colored 
dots indicate significant differentially expressed proteins (red; false discovery rate (FDR) of 5% cut-off) and selected 
cell-specific marker genes (blue). (C) Heatmap with non-imputed data showing collagen-specific marker genes. Grey 
color indicates missing value; NA = not detected, under limit of detection (n=5). (D) Protein abundance of classical 
fibroblast and (E) MSC-related markers (n=5). Shown are log2 transformed LFQ intensity values. Data are shown as 
box plots (centerline, median; box limits, upper and lower quartiles; whiskers, maximum and minimum values). 
Statistics: Paired two-sample t-test; FDR of 5% cut-off (A) and Šídák's multiple comparisons test (D, E); p‑values are 
indicated in the graphs with *p <0.05. 

Examination of marker genes revealed a similar expression profile of ‘classical fibroblast markers’ 

such as FSP1, DCN, VIM, and COL3A1 on protein and mRNA levels, whereas hyaluronan 

synthase 2 (HAS2) tended to be higher expressed on RNA level after CTGF treatment (Figure 6). 

Notably, fibronectin (FN1) is downregulated in OA-FLSs at both the protein [32] and RNA levels, 
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which appears to be related to disease status. In summary, the results are consistent with 

previous observations showing no significant differences between MSCs and trauma-FLSs.  

 

Figure 6: Transcriptome level 
demonstrated a similar expression 
profile. (A) Total RNA extraction was 
performed from undifferentiated MSCs and 
after differentiation, with 100 ng/mL CTGF 
after three weeks compared with FLS from 
trauma and OA patients (n=5-10). Gene 
expression of classical fibroblast markers 
was performed using SYBR Green and 
normalized to the housekeeper gene EF1A. 
Data are shown as box plots (centerline, 
median; box limits, upper and lower 
quartiles; whiskers, maximum and minimum 
values). Statistics: Kruskal-Wallis with 
Dunn's multiple comparisons tests; p‑values 
are indicated in the graphs with *p <0.05, 
**p <0.01, ***p <0.001.    

Mimicking the geometry of the synovial membrane using a biocompatible 3D hydrogel 

construct that allows neutrophil migration  

The synovial membrane is marked by a confluent synovial lining layer lacking a basement 

membrane and tight junctions [38]. Therefore, it is a loose composite of cells embedded in an 

amorphous matrix composed of collagens such as collagen type I and III [38, 39]. The intimal 

lining is usually one to four cell layers thick and in contact with the synovial fluid within the 

intraarticular cavity. To simulate a simplified synovial membrane in vitro, cells were embedded in 

a thin layer of synthetic hydrogel. The 3D model was cultured on a polycarbonate-based hanging 

insert and supplied apically and basally. Firstly, we determined 1×105 cells within the hydrogel as 

an optimal cell number leading to a confluent layer of viable cells. Next, an LDH assay was 

performed to confirm the hydrogel's biocompatibility, demonstrating no sign of induced LDH 

release compared to the high control (Figure 7A). Analyzing cell viability, cytotoxicity, and 

programmed cell death (apoptosis) after 21 days of incubation revealed viable, non-cytotoxic, 

non-apoptotic cells within the synthetic hydrogel (Figure 7B). In this line, LIVE/DEAD staining 

showed a confluent cell layer of viable Calcein AM+ cells (Figure 7C, D). Horizontal and vertical 
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tissue sections were stained with F-actin to visualize cell density and distribution in the 3D state. 

The horizontal analysis confirmed the homogeneous cell distribution with two to three layers, as 

indicated on the z-axis, which was approved by the vertical sections (Figure 7E, F).  

 
Figure 7: The RGD-based synovial membrane results in a biocompatible 3D construct with a homogenous one 
to four cell layers thick lining. (A) LDH cytotoxicity assay was conducted after 24 h to confirm the biocompatibility of 
the synthetic hydrogel. High ctrl = 4% TritonTM X-100 for 24 h; SM = synovial membrane model (n=4). (B) ApoTox-Glo™ 
Assay analyzing cell viability, cytotoxicity, and apoptosis level for n=4. Neg. Ctrl for viability: 100 µg/mL Digitonin. Pos. 
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Ctrl for cytotoxicity: 4% TritonTM X-100. Pos. Ctrl for apoptosis: 0.1 mM Camptothecin. (C) Relative number of viable 
cells was visualized using LIVE/DEAD staining. The staining was performed after 21 days and quantified using ImageJ 
(n=8). (D) Exemplary image of LIVE/DEAD staining. Living cells are presented in cyan (Calcein-AM+) and dead cells 
in yellow (EthD+). (E) Horizontal analysis of the synovial membrane. F-actin (red), DAPI (blue). (F) Vertical histological 
section. F-actin (magenta), vimentin (cyan), DAPI (grey). Scale bars = 100 µm. Statistics: Two-tailed Wilcoxon matched-
pairs signed-rank test and Wilcoxon signed-rank test to the ctrl.  

Since the aim is to simulate the pathogenesis of arthritic diseases in vitro, it was essential to 

investigate if immune cells could migrate through the synovial membrane model, as the migration 

of immune cells is evident in human arthritic joints. Analysis of the migration rate of MSCs toward 

either medium (ctrl) or the attractant IL-6 (10ng/mL) revealed that even when an attractant was 

used, only a few cells migrated, indicating the stability of the hydrogel-based system for immune 

cell-based studies in the future (Figure 8A). Polymorphonuclear leukocytes (PMNs), cells of the 

innate immune system, are the first cells at the site of inflammation and are much larger than cells 

of the adaptive immune system. Based on the lowest apoptosis rate and the highest survival rate 

in a co-culture setup, a ratio of MSCs to PMNs of 1:4 was determined, which is suitable to simulate 

the course of synovitis (Figure 8B). Furthermore, the ability of PMNs to migrate through the 

synovial membrane layer toward IL-6 could be confirmed (Figure 8C). This was the prerequisite 

for the subsequent simulation of the arthritic joint, in which immune cells migrate through the 

synovial membrane.  

 

Figure 8: The polycarbonate-based model 
system allows for immune cell migration. (A) 
Exemplary SEM image highlighting the ability of 
MSCs (cyan) to migrate through the polycarbonate 
membrane. The scale bar shows 20 µm. A 
migration assay was performed after 24 h to 
analyze spontaneously and induced MSC migration 
using IL-6 (10 ng/mL) as an attractant (n=8). (B) 
Determining the optimal MSC:PMN ratio and the 
apoptosis rate using annexin V was investigated by 
flow cytometry (n=6). (C) Migration assay was 
performed to analyze spontaneous and induced 
PMN migration through the 3D MSC-based synovial 
membrane model (n=8). Data are shown as box 
plots (centerline, median; box limits, upper and 
lower quartiles; whiskers, maximum and minimum 
values). Statistics: Friedman test with Dunn's 
multiple comparisons tests (B), two-tailed Wilcoxon 
signed-rank test (A, C); p-values are indicated in the 
graphs with **p <0.01, ***p <0.001. 
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Short-term exposure to inflammatory stimuli leads to an inflammatory gene expression, 

while long-term exposure results in hyperproliferation of the synovial membrane model 

To confirm the responsiveness of the xeno-free 3D synovial membrane model to pro-inflammatory 

cytokines, a cytokine cocktail of TNF-α, IL-6, and MIF was applied at non-cytotoxic 

concentrations, as tested previously [30]. These cytokines are well known to induce cellular 

hypoxia-adaptive, angiogenic, and invasive processes within the synovial membrane. Therefore, 

the synovial membrane was stimulated for 3 and 21 days and compared with the untreated control 

group. Proliferation and glucose uptake as markers of glycolysis were significantly increased after 

short-term exposure (Figure 9A, B). In addition, exposure resulted in increased cell thickening 

with enhanced PDPN expression (Figure 9C). Investigating the expression of selected marker 

genes, cytokine stimulation significantly induced the expression of pro-inflammatory markers such 

as Il6 and IL8. At the same time, TNFA tended to be higher expressed after short-term exposure 

than in the untreated control (Figure 9D). In addition, the inflammatory environment significantly 

increased vascular endothelial growth factor A (VEGFA) and phosphoglycerate kinase 1 (PGK1) 

expression, while LDHA tended to increase. Glucose transporter 1 (GLUT1) was similarly 

expressed compared to the untreated control (Figure 9E).  

 



   CHAPTER: RESULTS 

126 

 

127

20 

Figure 9: Short-term exposure to inflammatory stimuli leads to enhanced glycolysis and induced gene 
expression of pro-inflammatory markers. (A) BrdU assay was conducted to explore the proliferation rate (n=4). (B) 
Glucose uptake and lactate production was analyzed after day 3 days (n=7). (C) Exemplary top view images comparing 
short-term exposure with the unstimulated control regarding THY1 (magenta), PDPN (yellow), and DAPI (gray). (D)The 
expression of pro-inflammatory cytokine marker genes, (E) hypoxia-related and pro-angiogenic genes was studied via 
qPCR and normalized to the housekeeper gene EF1A (n=5). Data are shown as box plots (centerline, median; box 
limits, upper and lower quartiles; whiskers, maximum and minimum values). Statistics: Two-tailed Wilcoxon matched-
pairs signed-rank test (A, B), Mann-Whitney U test (D, E); p-values are indicated in the graphs with *p <0.05 and 
**p <0.01. 

In addition, we investigated the inflammatory response of the xeno-free synovial membrane model 

to repetitive long-term exposure. Since synovial hyperplasia is a hallmark of arthritis, we 

compared the proliferation rate after short-term and long-term exposure demonstrating the 

increased lining layer proliferation after 21 days (Figure 10A). We still observed a significant 

increase in IL8 expression on gene expression level, while pro-inflammatory markers such as 

TNFA, IL6, and IL1B were not significantly increased (Figure 10B). Furthermore, since the 

invasiveness of synoviocytes during inflammation is distinctive, marker genes such as matrix 

metalloproteinases (MMPs) were also analyzed. Long-term exposure significantly increased the 

MMP1 and MMP13 expression compared to the untreated control (Figure 10C). Moreover, 

hypoxia as a feature of inflammation is marked by the interaction of MIF and hypoxia-inducible 

factor (HIF)-1. The latter is significantly upregulated upon long-term exposure (Figure 10D).  

 
Figure 10: Gene expression after long-term exposure to inflammatory stimuli. (A) BrdU assay was conducted to 
explore the proliferation rate of short- and long-term exposure as a ratio to the untreated control (n=4). (B) Expression 
of pro-inflammatory cytokine marker genes, (C) invasive, and (D) hypoxia-related was studied via qPCR and normalized 
to the housekeeper gene EF1A (n=4). Data are shown as box plots (centerline, median; box limits, upper and lower 
quartiles; whiskers, maximum and minimum values). Statistics: Wilcoxon Signed Rank Test compared to the control 
(A); Mann-Whitney U test (A-C); p-values are indicated in the graphs with *p <0.05.   
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Discussion 

In this study, we developed and characterized for the first time a xeno-free, human-centered MSC-

hydrogel-based multilayered synovial membrane model that mimics the morphology, functionality, 

and response to inflammatory stimuli observed in native tissue. This model may be used as an 

alternative to animal experiments in both RA and OA research. Within the study, (i) we could 

mimic the geometry of the synovial membrane demonstrating a biocompatible, synthetic hydrogel 

3D construct supporting cell arrangement in a lining layer-like structure that allows neutrophil 

migration, while (ii) the exposure to inflammatory stimuli lead to an enhanced gene expression of 

pro-inflammatory, pro-angiogenic, and matrix-degrading proteins, increased proliferation and a 

rise in glucose consumption of cells within the synovial membrane model similar to that observed 

in human arthritis. Furthermore, we revealed that (iii) human knee-derived FLS from trauma 

patients exhibit a stem cell-like phenotype similar to that of human bone marrow-derived MSCs, 

and (iv) CTGF induced the differentiation of MSCs toward the fibrotic fibroblast phenotype, both 

underlining the profound suitability of MSCs in the development of both healthy and diseased in 

vitro models of the synovial membrane.  

During inflammatory joint diseases, activated FLSs of the synovial membrane have been 

identified as critical drivers of persistent inflammation and cartilage degradation. However, 

profound insights into the pathogenic mechanisms and the impact of FLSs in the early stages of 

cartilage degradation are still limited. To study processes that occur in the synovium during 

rheumatic diseases, various in vitro alternative approaches to mimic the synovial membrane have 

been developed to overcome current limitations of experiments using phylogenetically distant 

species (e.g., rodents) and to break the barrier to translation. A 3D synovial membrane micromass 

based on primary FLSs from RA patients was first explored by Kiener et al. [38]. They 

demonstrated that RA-FLSs suspended in an ice-cold MatrigelTM matrix formed a lining layer 

architecture at the interface between the matrix and liquid phase. The extension of this model by 

including monocytes further demonstrated that RA-FLSs promote monocyte survival and 

accumulation in the lining layer [8, 9]. However, these in vitro models of the synovial membrane 

are based on RA-FLSs and animal-derived MatrigelTM, which do not reflect the ‘healthy’ state.  

In a previous study, we observed that FLSs from patients with OA, even after prolonged culture, 

have a disease imprint, demonstrated by the release of pro-inflammatory cytokines, a high 

proliferation rate, and an altered metabolism [32]. Although fibroblasts are assumed to be of 

mesenchymal origin, we first verified the stem cell-like phenotype of synovial tissue-derived 
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trauma-FLSs compared to bone marrow-derived MSCs. The latter is the most suitable chronic 

inflammatory-unexposed control, as FLSs from healthy patients are not justifiable for ethical 

reasons. Both cells were indistinguishable in terms of plastic adherence, the characteristic 

elongated, spindle‑shaped morphology, and the presence of mesenchymal-specific markers, 

coupled with the absence of hematopoietic-specific markers [18, 40-44]. Traditionally, 

differentiation ability was used to distinguish FLSs from MSCs, with FLSs being the negative 

control [45]. Recent research revealed that FLSs from various tissues such as skin, bronchial, 

and synovium could differentiate into lineages of the mesenchyme – e.g., adipogenic and 

osteogenic [32, 44, 46-48]. However, until today, both cell types cannot be clearly distinguished 

due to the lack of a specific marker [33, 49].  

In contrast, studies reported that the addition of CTGF promotes MSC differentiation into FLSs, 

at least regarding markers such as COL1, COL3, FN1, FSP1, and TNC [50-53]. However, our 

unbiased global proteome analysis revealed that fibroblast markers such as COL1A1, COL1A2, 

and COL1A3 tended to be reduced by CTGF, while features such as VIM, FN1, FSP1, TNC, and 

DCN remained unchanged. Activated fibroblasts and myofibroblasts are the leading producers of 

structural proteins of the ECM [54]. In this line, induced COL4 and COL6 expression is a driver 

and biomarker in fibrosis associated with pro-fibrotic myofibroblasts [55-57]. The upregulation of 

HAS2 by CTGF stimulation suggests the improved ability to synthesize hyaluronic acid. This 

expression is not comparable to fibroblasts from trauma and OA patients but was observed in 

myofibroblasts induced by TGF-β1 [58]. In addition, overexpression of HAS is associated with 

fibroblast invasiveness, which promotes fibrosis [59]. CTGF also induced the expression of 

LOXL4, an indicator of fibrosis that correlates with tissue stiffness [60]. Interestingly, Elsafadi et 

al. identified SERBINB2 as a gene repressed by TGF-β, whereas CTGF tended to induce it at the 

protein level [61]. It is known that FLSs display characteristic gene expression patterns depending 

on their origin [62]. However, our data showed that MSCs are a suitable cell source to mimic the 

healthy synovial membrane in vitro, as MSCs and FLSs are phenotypically indistinguishable [63]. 

For developing healthy synovial membrane models, MSCs are better suited than CTGF-

differentiated MSCs. 

To mimic the geometry and cellular environment of the synovial membrane, thereby closing the 

gap towards the in vivo situation, MSCs were embedded in a synthetic hydrogel and, in contrast 

to a major part of previous studies, cultured under xeno-free conditions [8, 9, 38]. Both viability 

assay and immunofluorescence verified cell survival. During the cultivation period, the cells 

formed a synovial lining structure of two to four cell layers, as described for the native synovial 
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membrane [1]. The synovial membrane model was incubated in a trans-well system to enable 

future stimulation with cytokines from basal and application of immune cells from apical. We 

demonstrated immune cell migration through the hydrogel and the trans-well system. Short- and 

long-term exposure to TNF-α, IL-6, and MIF in pathophysiological concentrations showed that 

pro-inflammatory effects could be studied in the xeno-free synovial membrane model. In addition 

to the master cytokines TNF-α and IL-6 that essentially trigger inflammation in RA, they are also 

associated with OA pathology [64-66]. TNF-α promotes the expression and secretion of IL-6 and 

IL-8, which contribute to RA synovitis [8, 67-69]. Namba et al. investigated dogs' mitogen-

activated protein kinase (MAPK) signaling pathway in synovial fibroblasts. They showed that TNF-

α induced the IL-8 secretion and expression time-dependent [67]. In this line, MAPK pathways 

have been found to upregulate the expression of MMP1, MMP3, and MMP13 [70-72]. Our 

synovial membrane model resembles a significant induced IL8 expression already after short-

term exposure and the MMP expression after long-term exposure in vitro. While TNF-α induces 

the proliferation of synovial cells, IL-6 inhibits it in the presence of the soluble IL-6 receptor (sIL-

6R) [66]. As reported by Broeren and colleagues for TNF-α, we could recreate pathogenic 

processes such as enhanced glycolysis and hyperproliferation of the synovial lining layer – a 

hallmark of RA [8, 9, 73]. This is a major advantage compared to studies using synovial biopsies 

or diseased cells in which hyperplasia has already occurred. In addition, we observed a 

substantial increase in the expression of VEGFA and HIF1A, both generally activated by hypoxia. 

However, recent research revealed that TNF-α and MIF could induce HIF-1a expression under 

normoxic conditions [74, 75].  

In summary, we propose that our xeno-free synovial membrane model allows for studying disease 

processes in a human-centered way. MSCs have been demonstrated to be a suitable cell source 

as healthy synovial tissue is scarce. In future applications, to mimic the processes that occur 

during arthritis more closely, cell types such as macrophages and tissues such as articular 

cartilage will be included to study the effects on cartilage breakdown. Although the available 3D 

models still face major challenges, this xeno-free approach can serve as an alternative to animal 

experiments to (i) study basic mechanisms in RA and OA, (ii) identify targets, and (iii) test 

treatment strategies. This is the first human-centered xeno-free in vitro 3D synovial membrane 

model to study cytokine-driven mechanisms.    
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The aim of this thesis was to establish and characterize in vitro tissue equivalents of the human 

(1) cancellous bone (Damerau, Pfeiffenberger et al. 2020, Damerau, Buttgereit et al. 2022), 

(2) articular cartilage (Damerau, Pfeiffenberger et al. 2020), and (3) synovial membrane using 

mesenchymal stromal cells. This enables the production of a structurally complete joint model 

from single donor material, thereby laying the foundation for a personalized screening platform 

to identify novel targets and test therapeutic strategies. 

To this end, (i) an in vitro scaffold-based 3D bone model based on human MSCs, including the 

bone-forming cells without osteoclasts was developed and further optimized using cell-sheet 

technology. Osteogenic differentiation was induced by dexamethasone, β-glycerophosphate, 

and ascorbic acid, verified on gene and protein level and by measuring calcification and matrix 

deposition. Suitability and applicability were verified by treatment with either cytokines relevant 

in arthritis or the hypoxia-inducible factor (HIF)-stabilizer deferoxamine (DFO), well-known to 

promote and support osteogenesis. 

Next, (ii) scaffold-free cartilage-like constructs were developed at macro- and microscale. As 

a proof of principle study, these constructs were treated with disease-relevant cytokines to 

analyze arthritis-related changes in cell- and matrix-composition reflecting pathophysiological 

alterations similar to those found in RA and OA. 

To better simulate the in vivo structure of the joint, I combined both models (iii) to generate a 

functional osteochondral unit. Remarkably, after stimulation with disease-relevant cytokines, 

the functional osteochondral unit showed a different response in a tissue-specific manner, 

although they were from the same donor. 

Finally, (iv) a synovial membrane model was established consisting of a lining and sublining 

layer. As a prerequisite for the application of MSCs in this model, I demonstrated that MSCs 

share considerable similarities with "healthy" synovial fibroblasts in terms of e.g., morphology, 

surface markers, and the expression of "classical" fibroblast markers. Moreover, the synovial 

membrane model was validated in this work using disease-relevant cytokines as observed in 

RA.  

Although the models still have some limitations such as missing blood vessels, nerves, and 

hematopoietic cells of the bone marrow, the results obtained here are very promising. The 

developed 3D in vitro joint model provides the opportunity to study bone and cartilage 

degrading processes and the evolving synovial pannus as a result of arthritis on cellular level 

within the tissue. Moreover, it allows to investigate cytokine-driven processes of arthritis and 

therapeutic interventions on cellular and tissue level in vitro.  
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In the case of RA, the most common immune-mediated inflammatory joint disease, the 

treatment goal today is to achieve sustained clinical remission or at least low disease activity. 

However, a strong unmet medical need remains. Strikingly, not all patients reach sustained 

clinical remission, and a substantial proportion of them still suffer from moderate or even high 

disease activity (Haugeberg, Hansen et al. 2015, Ajeganova and Huizinga 2017, Burmester 

and Pope 2017). The disease is characterized by systemic inflammation, persistent synovitis, 

expansion of synovial cells (pannus formation), and progressive cartilage and bone 

destruction. Progressive cartilage destruction is also the key feature of OA ─ a degenerative 

joint disease ─ one of the leading causes of age-related disability. So far, therapeutic 

approaches only address the symptomatic relief of pain (Glyn-Jones, Palmer et al. 2015). 

However, many details of the underlying causes and mechanisms remain elusive. 

Although the development of potential new therapies was based on promising preclinical 

animal data, in recent years we experienced their failure in clinical trials. Despite these 

limitations, in vivo rodent models such as collagen type II induced arthritis in rats and serum 

transfer models in mice are still the "gold standard" in rheumatological research (Choudhary, 

Bhatt et al. 2018). However, their results often cannot be transferred one-to-one to humans, 

as arthritis does not occur spontaneously in these animal models and only depicts individual 

features of the disease. In the predominant animal models, arthritis has to be induced in vivo 

either chemically by a single agent or genetically by DNA manipulations (Trentham, Townes 

et al. 1977, Schinnerling, Rosas et al. 2019). However, chemically induced arthritis usually 

resolves within a few weeks without treatment, while genetically modified models of arthritis 

do only represent some features of human arthritis and these animals often develop additional 

diseases, including inflammatory bowel diseases (Trentham, Townes et al. 1977, Schinnerling, 

Rosas et al. 2019). Besides the fact that animals do not naturally develop RA, there are more 

important differences between the in vivo “gold standard” ─ the murine system ─ and the 

human system, including the balance of lymphocytes and neutrophils (Doeing, Borowicz et al. 

2003), the articular cartilage thickness/structure, the loading conditions during movement 

(Malda, de Grauw et al. 2013), the ecological niches and the lifespan (Mestas and Hughes 

2004). Although genomic comparisons of mice and humans revealed significant overlaps in 

transcriptional programs, they also expose noteworthy differences that may lead to challenges 

in clinical translation (Seok, Warren et al. 2013, Shay, Jojic et al. 2013). Additionally, rodent 

models are not applicable for testing biologics such as monoclonal antibodies that specifically 

target human proteins (Schinnerling, Rosas et al. 2019).  

Thus, it is necessary to shift the traditional research approaches in biomedicine towards 

improved human patient-driven translation by using human-based in vitro models. Besides the 

general enhancement of the protection level for animals used in scientific experiments, the 
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European Union (EU) Directive 2010/63/EU includes the request that alternative methods must 

be developed and used if they are available in order to facilitate the replacement, reduction, 

and refinement of animal experiments (3R principle) (Burch 2009, European Parliament 2010). 

In toxicology, animal-free methods have been discussed for years. Due to the political pressure 

by the REACH (Registration, Evaluation, Authorization of Chemicals) guideline and the EU 

Cosmetic Directive 76/768/EEC, international test guidelines based on in vitro human skin 

models for skin corrosion or irritation by chemicals were successfully approved. In addition, 

animal experiments were banished from the cosmetics industry in Europe in 2013 (Ruet 

Rossignol 2005, Hartung 2008).  

In biomedical research, the 3Rs are increasingly implemented although alternative methods 

are still scarce. Therefore, various in vitro model approaches have been developed and 

evaluated in recent years (Ringe and Sittinger 2009, Ribel-Madsen, Bartels et al. 2012, Peck, 

Leom et al. 2018). The variety of in vitro approaches ranges from simple monolayer cultures 

to co-culture systems and the in vitro cultivation of tissue explants from RA patients (Ringe 

and Sittinger 2009, Ribel-Madsen, Bartels et al. 2012, Peck, Leom et al. 2018). In addition, 

there has recently been significant progress in the development of miniaturized cell systems 

cultured in microfluidic devices ─ organ-on-a-chip approaches (Banh, Cheung et al. 2022, 

Paggi, Teixeira et al. 2022). However, until now, there is no in vitro joint model capable of 

mimicking either a healthy or inflamed joint, including most of the relevant tissue types, cells, 

and humoral factors, allowing the testing of a variety of specific therapeutic approaches. 

Since MSCs are multipotent non-hematopoietic progenitor cells capable of differentiating into 

individual resident cell types of the mesenchyme, they were used in this study to develop the 

three main components of a donor-derived joint in vitro. Their advantages include ease of 

harvest, availability, fast expansion, potent immunosuppressive effects, and their ability to 

differentiate into cell types of bone, cartilage, and synovium (Kim and Park 2017). However, 

many fundamental biological aspects of MSCs remain elusive. This is primarily a direct 

consequence of the heterogeneity observed between donors, tissues, and single cells within 

a population (Wilson, Hodgson-Garms et al. 2019). Their heterogeneity makes them extremely 

attractive for tissue engineering applications since the diversity of a group of individuals can 

be represented (Rosenbaum, Grande et al. 2008). To precisely characterize the MSCs used 

in this study, I followed the minimal criteria that define MSCs proposed by the International 

Society for Cellular Therapy (Dominici, Le Blanc et al. 2006). This includes that MSCs must be 

adherent to plastic. Furthermore, they must be positive for the surface markers CD73, CD90, 

and CD105, while lacking CD14, CD20, CD34, CD45, and HLA-DR. Finally, MSCs must show 

successful differentiation into at least two different lineages (Dominici, Le Blanc et al. 2006). 

Only cells that fulfilled these criteria were enrolled in the study. 
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One of the central local destructive features of RA is focal bone loss or erosion. In the later 

stages of inflammation, even cancellous bone and underlying remodeling processes are 

affected (Karmakar, Kay et al. 2010). Bone tissue is very complex in terms of cell composition, 

matrix organization, vascularization, and mechanical loading. The most common approaches 

of bone tissue engineering focus on fabricating implants for bone regeneration (Wang, Cao et 

al. 2017). However, over the past years, bone tissue engineering has been extensively used 

to establish artificial bone models. These models have not only improved our understanding 

of bone-related (patho)physiological mechanisms, such as osteoporosis, but can also be used 

to promote bone repair and regeneration (Amini, Laurencin et al. 2012, Ehnert, Rinderknecht 

et al. 2020). However, depicting native bone in its complexity remains a major challenge in 

vitro due to the physical properties and the different cell types ─ osteoblasts, osteoclasts, 

osteocytes, and endothelial cells ─ that have to be included. In the model presented here, 

however, the focus was on the generation of important articular building blocks from the same 

donor in a simplified manner, instead of representing bone complexity. 

Current in vitro bone modeling approaches range from scaffold-based over scaffold-free 

spheroids or organoids to 3D printing technologies (de Barros, Takiya et al. 2010, Dhivya, 

Saravanan et al. 2015, Agarwal, Kabiraj et al. 2016, Bendtsen, Quinnell et al. 2017, Duan, 

Haque et al. 2017). A variety of advanced scaffolds have been developed that reproduce 

structural properties and mechanical stiffness of bone. Biodegradable, and non-biodegradable 

synthetic, and natural bone graft substitutes provide cavities for nutrient supply and cell 

penetration (Ghassemi, Shahroodi et al. 2018). Among these, bioceramics are considered the 

most promising biomaterials as they generally show better tissue responses compared to 

polymers and metals and are well known to be osteoconductive (Liu, Zhao et al. 2007, 

Zimmermann and Moghaddam 2011, Bohner, Santoni et al. 2020). HA, β-tricalcium phosphate 

(TCP), and biphasic calcium phosphate (BCP), such as HA:β-TCP scaffolds closely resemble 

the native bone matrix and are therefore widely used. β-TCP is the most employed bone graft 

due to its biocompatibility, cell-mediated resorption, and osteotransductive and osteoinductive 

capacities in bone regeneration (Kondo, Ogose et al. 2005, Yuan, Fernandes et al. 2010, Le 

Gars Santoni, Niggli et al. 2022), which is in line with my results (Damerau, Pfeiffenberger et 

al. 2020, Damerau, Buttgereit et al. 2022). Osteogenic differentiation is controlled by several 

transcription factors such as runt-related transcription factor 2 (RUNX2) and osterix (OSX) 

representing early osteogenic markers (Komori 2006, Luo, Chen et al. 2008). Later osteogenic 

marker genes include e.g., secreted phosphoprotein 1 (SPP1) and osteonectin (ON) (Kulterer, 

Friedl et al. 2007, Wrobel, Leszczynska et al. 2016). Using β-TCP, mimicking the mineral bony 

part, we confirmed the osteogenic phenotype of MSCs based on the expression of RUNX2, 

COL1A1, SPP1, and ON. In addition, calcium deposition increased after 7 days, indicating the 
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cells’ mineralization capacity within the tissue model (Damerau, Pfeiffenberger et al. 2020). 

The time-dependent gene expression pattern is consistent with the study of Cao et al showing 

the differential gene expression of RUNX2, ON, and alkaline phosphatase (ALP) using rat bone 

marrow-derived MSCs on β-TCP particles (Cao, He et al. 2019). In a study comparing the most 

common bone graft substitutes seeded with either MSCs or primary osteoblasts, β-TCP 

(Cerasorb®) was shown to be superior in terms of cell adherence, biocompatibility, cell vitality, 

and cell growth (Herten, Rothamel et al. 2009). In the underlying study, β-TCP facilitated the 

differentiation, adhesion, and homogeneous cell distribution of MSCs and closely mimicked 

trabecular bone’s porosity (Keaveny, Morgan et al. 2001, Damerau, Pfeiffenberger et al. 2020). 

Furthermore, biocompatibility was confirmed by lactate dehydrogenase (LDH) assay and high 

cell viability after 3 weeks by LIVE/DEADTM staining, which is in agreement with the study of 

Mucientes et al who observed the highest cell viability when MSCs were colonized on β-TCP 

compared to other bone grafts (Damerau, Pfeiffenberger et al. 2020, Mucientes, Herranz et al. 

2021). All the aforementioned approaches further confirm MSCs as a suitable cell source for 

the development of a bone model. Bioactive compounds, such as BMP-2, fibroblast growth 

factors (FGFs) or vascular endothelial growth factors (VEGFs), have been used in several 

studies to further support cell proliferation and the osteoconductive and osteoinductive 

properties of scaffolds for bone regeneration (Vaccaro 2002, Fernandes, Wang et al. 2016, 

Wang, Zhang et al. 2017, De Witte, Fratila-Apachitei et al. 2018, Yin, Qiu et al. 2018). However, 

the focus of my model system was foremost not on bone regeneration, where these 

substances are most often used. Furthermore, particularly BMP-2 causes striking side effects 

that should be avoided in the underlying study (James, LaChaud et al. 2016). 

The mode of cell seeding and attachment of cells to a scaffold is an important step in tissue 

engineering. Its efficiency and distribution can influence the biological performance of in vitro 

models (Liu, Tamaddon et al. 2020). To further optimize our cancellous bone model presented 

here regarding cell number and cell distribution, pre-seeded β-TCP bone graft substitutes were 

wrapped with an osteogenically induced MSC-sheet (Damerau, Buttgereit et al. 2022). Sheet 

technology has been shown to result in a higher expression of osteogenic genes and showed 

profound matrix formation in vitro compared to the β-TCP without an additional cell-sheet (Lu, 

Zhang et al. 2019, Damerau, Buttgereit et al. 2022). The promising osteogenic potential of cell-

sheets wrapped around a pre-seeded TCP was e.g., demonstrated in a femoral defect model 

in rats: While MSC/TCP wrapped with osteogenic cell sheets induced callus formation at week 

8 post-transplantation, MSC/TCP without additional cell sheet resulted in non-union of bone 

(Ueha, Akahane et al. 2015). In another study, cell sheets were produced of rabbit MSCs and 

transplanted in subcutaneous pockets of mice demonstrating the formation of bone tissue 

without an additional bone graft substitute (Ma, Ren et al. 2010). These and also our studies 
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underline the osteogenic potential using sheet technology (Damerau, Buttgereit et al. 2022). 

Usually, cells seeded on artificial bone substitutes such as β-TCP do not populate the scaffold 

homogeneously and reproducibly, but remain trapped in suspension in the pores. In contrast, 

the cell-sheet provides a microenvironment that facilitates and enhances cell seeding and 

differentiation and is suitable to optimize production and osteogenic properties of small scale 

and small amounts of scaffolds (Liu, Tamaddon et al. 2020, Damerau, Buttgereit et al. 2022). 

To achieve the mechanical effect important for natural bone, microfluidic devices in 

combination with bioceramics facilitate in vitro osteogenesis in a defined, standardized, 

controlled and reproducible manner (Bouet, Cruel et al. 2015). New promising in vitro 

approaches aim to realize vascularized bone models using human umbilical vein endothelial 

cells (HUVECs) (Deng, Jiang et al. 2017, Marshall, Barnes et al. 2018, Yan, Chen et al. 2019, 

Chiesa, De Maria et al. 2020). For instance, osteogenic differentiation of MSCs was first 

induced on a 3D bioprinted micropore scaffold. After 2 weeks, HUVECs were applied and 

invaded the macropores, thereby forming a capillary-like network visualized via 

immunofluorescence (Chiesa, De Maria et al. 2020). To study the interaction of osteoblasts 

and osteoclasts, mainly in vitro monolayer co-cultures have been used, whereas more recent 

approaches focus on 3D cultivation. Novel triple cultures combine osteoblasts, osteocytes, and 

osteoclasts in a rat-based collagen gel to study cell-cell interactions related to bone remodeling 

(Bernhardt, Skottke et al. 2021, Wirsig, Kilian et al. 2022). In the bone model presented here, 

osteoclast-mediated bone remodeling processes, vascularization, and mechanical loading are 

not yet implemented. These inherent limitations need to be addressed in the future to mimic 

focal bone loss or erosion in late-stage RA involving osteoblasts, osteoclasts, and the vessel 

system.  

In RA, bone remodeling processes are mainly driven by pro-inflammatory cytokines secreted 

by synovial fibroblasts and immune cells such as T cells and macrophages (Karmakar, Kay et 

al. 2010). To analyze the applicability of the bone model presented here as a tool to mimic key 

features of arthritis, cytokine-mediated inflammation was induced. This resulted in a higher 

expression of inflammatory marker (e.g., TNFA, IL8) and the HIF-related marker LDHA 

(Damerau, Pfeiffenberger et al. 2020). In contrast to our study, exposure to IL-6, IL-1β, and 

TNF-α ─ representing an OA environment ─ significantly increased catabolic activity and 

angiogenesis in a vascularized bone model based on a mesenchymal cell line and HUVECs 

(Pirosa, Tankus et al. 2021). These differences could be explained by the considerable 

variation in culture and stimulation duration and experimental design, which might affect the 

gene expression pattern. In addition, FDA-approved therapeutics, namely adalimumab and 

tocilizumab, were able to reduce the extent of inflammation in the model presented here 

(Damerau, Pfeiffenberger et al. 2020). The efficacy of drugs tackling arthritic diseases was 
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inter alia confirmed by a study of Zigon-Branc and colleagues (Žigon-Branc, Barlič et al. 2018). 

They induced inflammation via TNF-α and IL-1β on microspheroids of osteoarthritic primary 

chondrocytes. After treatment with adalimumab, they demonstrated significant anti-

inflammatory effects (Žigon-Branc, Barlič et al. 2018). In contrast, DFO that is well-known to 

induce a cellular response resembling hypoxic adaptation and prevent HIF1α degradation 

(Guzey, Aykan et al. 2016), enhanced glycolytic, osteogenic, and angiogenic processes in my 

cancellous bone model (Damerau, Buttgereit et al. 2022). In summary, 3D cultivation of pre-

differentiated MSCs resulted in a response to disease-associated cytokines and therapeutics, 

which resembled essential processes in vivo. 

In addition to the destructive impact on bone tissue, arthritis primarily degenerates cartilage, 

ultimately resulting in cartilage breakdown. Similar to the bone modeling discussed above, in 

vitro 3D culturing of (pre)-chondrocytes most closely reflects the situation in vivo (Bhumiratana, 

Eton et al. 2014, Bhattacharjee, Coburn et al. 2015, Anderson, Markway et al. 2017). However, 

scaffolds are commonly used to provide 3D culture systems with a suitable predetermined 

structure. To avoid scaffold-induced cell effects, scaffold-free tissues such as cartilage are in 

the focus of recent developments. These engineered cartilage equivalents could serve as a 

promising approach for cartilage repair in vivo, or as an excellent in vitro model providing the 

opportunity to evaluate ECM formation and degradation without the interference of a scaffold 

(Murdoch, Grady et al. 2007, DuRaine, Brown et al. 2015). Since arthritis ultimately results in 

the non-regenerative degradation of articular cartilage driven by inflammatory processes, 

musculoskeletal research has mainly focused on the underlying processes in cartilage using 

explants or monolayer cultures as in vitro models (Gabriel, Innes et al. 2010, Neidlin, Chantzi 

et al. 2019, Mixon, Savage et al. 2021). Chondrocytes are very sensitive to the molecular and 

mechanical influences of their environment. Therefore, it is generally assumed that 3D tissue 

models with a matrix that corresponds to the natural tissue properties best mimic the situation 

in vivo (Goldring 2005). Hence, several in vitro tissue engineering approaches that impart a 

predetermined 3D structure to cells use scaffolds based on natural matrices such as porous 

collagen type II-based scaffolds (Zhang, Chen et al. 2013), gelatin microspheres (Peck, Leom 

et al. 2018), alginate beads (Andreas, Lubke et al. 2008), hyaluronic acid- and chitosan-based 

gels (Park, Choi et al. 2013). Peck et al. developed a 3D cartilage model based on 

chondrocytes isolated from porcine knee cartilage suspended in gelatin microspheres (Peck, 

Leom et al. 2018). Due to the use of primary chondrocytes instead of the pre-differentiated 

MSCs used in our approaches (Damerau, Pfeiffenberger et al. 2020, Weber, Fischer et al. 

2020), the model composition was characterized by high expression of collagen type II and 

proteoglycans from day 1, closely resembling native cartilage (Peck, Leom et al. 2018). The 

stiffness and absorption properties of natural matrices cannot be adapted to the specific 
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requirements of the individual cartilage zones. At present, the macroSFCCs and miniSFCCs 

are not capable of simulating all zones of the cartilage (Damerau, Pfeiffenberger et al. 2020, 

Weber, Fischer et al. 2020). To overcome this limitation, Karimi et al. modeled the superficial, 

middle, and calcified zones using cell density gradients, mechanical strain, and growth factors 

to specifically reconstruct the zonal architecture of articular cartilage prospectively (Karimi, 

Barati et al. 2015). To date, no single scaffold has all the desired properties to mimic the 

complexity and restore the functionality of chondrocytes in their natural state (Chinta, Velidandi 

et al. 2021). In contrast to scaffold-based tissue engineering approaches, scaffold-free 

procedures such as those used in this study mimic the condensation and differentiation that 

takes place during the development of natural cartilage and thus exclude material interference 

(Whitney, Mera et al. 2012, Bhumiratana, Eton et al. 2014, DuRaine, Brown et al. 2015, Yasui, 

Ando et al. 2016, Park, Jin et al. 2018, Damerau, Pfeiffenberger et al. 2020, Weber, Fischer et 

al. 2020). The scaffold-free, mechanical load-induced, self-organized, macroscale 

chondrogenic construct presented here exhibited a cartilage-like phenotype as evidenced by 

COL2A1 and ACAN gene expression and histological analysis (Damerau, Pfeiffenberger et al. 

2020, Weber, Fischer et al. 2020). However, COL1 was still expressed, in contrast to native 

human articular cartilage as observed in other studies (Furukawa, Suenaga et al. 2003, Babur, 

Ghanavi et al. 2013, Sato, Yamato et al. 2014, Futrega, Palmer et al. 2015, Zhang, Ba et al. 

2015, Nakagawa, Muneta et al. 2016). Although macroscale scaffold-free constructs have 

several advantages, such as the ability to study loading effects, obtain sufficient material for a 

range of analyses, avoid non-human exogenous material, and serve as implants, these 

chondrogenic constructs require a large number of cells. In addition, diffusion of metabolites 

across a pellet length of approximately 2 mm is inefficient, leading to radial tissue heterogeneity 

(Babur, Ghanavi et al. 2013). Besides, chronic undersupply of large spheroids or organoids 

can lead to a necrotic center (Ryu, Lee et al. 2019). For mid- and high-throughput preclinical 

screening tools, the size of chondrogenic constructs must be reduced to require a smaller 

number of cells while maintaining uniform morphology during differentiation and avoiding 

necrosis in the center (Penick, Solchaga et al. 2005, Moreira Teixeira, Leijten et al. 2012). In 

the study presented here, macroscale SFCCs (average size: 5 mm) were therefore reduced 

to miniSFCCs (average size: 1.4 mm), which showed comparable expression of COL2A1 and 

ACAN relative to COL1A1 after less differentiation time, demonstrating enhanced 

chondrogenic differentiation in microscale (Babur, Ghanavi et al. 2013). In the case of 

arthritides such as RA, chondrocytes have been reported to be involved in the following ways: 

production of pro-inflammatory cytokines, increased apoptosis, suppression of matrix 

synthesis, and increased expression of matrix-degrading enzymes and adhesion molecules 

(Pap and Korb-Pap 2015). The effects of pathophysiological concentrations of cytokines seen 

in RA or OA synovial fluid have been shown to cause cartilage damage only after years 
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(Ostrowska, Maśliński et al. 2018). In contrast, the experimental settings in vitro last only for 

weeks. Therefore, using supra(patho)physiological cytokine concentrations in vitro is widely 

accepted for experimental reasons (Pratta, Di Meo et al. 1989, Schuerwegh, Dombrecht et al. 

2003, Hogrefe, Joos et al. 2012, Weber, Fischer et al. 2020). Particularly in RA, pro-

inflammatory stimuli such as TNF-α or IFN-γ activate catabolic and inflammatory processes in 

human chondrocytes and decrease their viability and proliferation while increasing matrix 

degradation (Schuerwegh, Dombrecht et al. 2003, Rannou, François et al. 2006, Adan, 

Guzman-Morales et al. 2013). In our case, TNF-α stimulation with 100 ng/mL induced the 

expression of pro-inflammatory cytokines such as IL8, increased apoptosis (e.g., Bcl-2 

Associated X-protein (BAX) expression), decreased gene expression of matrix components 

such as COL2A1 and ACAN, and increased catabolic processes as observed in RA (Peck, 

Leom et al. 2018). In agreement with the study of Wu and colleagues, MMP1 was predominant 

in cells of the superficial zone (Wu, Du et al. 2008), whereas MMP13 was predominant in the 

central region. To approximate the arthritis environment, the macroSFCCs were used in 

another study of our group where we evaluated their capability to respond to the combination 

of IL-1β and TNF-α in vitro (Weber, Fischer et al. 2020). The stimulation enhanced the 

expression of proteases and inhibited the synthesis of ECM molecules, mainly collagen type 

II and aggrecan (Weber, Fischer et al. 2020). These findings are in line with the results 

obtained by Pretzel et al. (Pretzel, Pohlers et al. 2009). They analyzed processes in bovine 

cartilage disc degradation after treatment with IL-1β and TNF-α. As a result, they observed an 

upregulation of MMP1, MMP3, and pro-inflammatory cytokines such as IL6 and IL8 (Pretzel, 

Pohlers et al. 2009).  

It is well-known that the physical connection between bone and cartilage ─ the osteochondral 

unit ─ changes during arthritis, rendering this area critical in the disease progression of OA 

and RA (Sandell and Aigner 2001, Goldring and Goldring 2016, Fan, Wu et al. 2021). At least 

in OA, there is controversy whether the disease begins in cartilage or bone and which is the 

more appropriate target for the development of disease-modifying drugs (Lozito, Alexander et 

al. 2013). Currently, multicomponent engineering approaches are often used to mimic the main 

features of OA, not RA, or to develop artificial matrices for in vivo replacement or regeneration 

of damaged regions. Thus, many promising in vitro approaches have recently been developed 

using (i) heterogeneous or (ii) homogenous scaffolds for bone and cartilage, (iii) scaffold-based 

bone and scaffold-free cartilage, or (iv) heterogeneous (bi-layered) scaffolds (Zhao, Yan et al. 

2016, Wang, Hu et al. 2018). To avoid biocompatibility issues, the use of adhesives such as 

fibrin which are often used to fix bilayer systems but also provide a barrier to cell-cell contact 

was omitted (Okada, Nakai et al. 2017). In a study using mesenchymal progenitor cells, both 

tissues were developed based on a homogenous poly-D,L-lactic acid (PLA) scaffold and co-
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cultured after differentiation as in our study. This bilayer osteochondral unit showed a 

prominent transition zone between cartilage and bone without the use of adhesives (Tuli, Nandi 

et al. 2004). Combining polymer-ceramic bone scaffold and scaffold-free chondrogenic 

constructs, I also demonstrated the formation of a well-integrated osteochondral bilayer system 

(Damerau, Pfeiffenberger et al. 2020). However, the long cultivation time represents a major 

limitation since the individual components are first prepared and then combined by co-

cultivation. Lin et al. were able to overcome this limitation by using a multi-chamber bioreactor 

that provides a controlled environment and develops both tissue components simultaneously 

by feeding them with specific differentiation media streams (Lin, Lozito et al. 2014). Addressing 

the restriction that most artificial osteochondral units contain only cartilage and bone cells, 

recent approaches also attempt to integrate blood vessels in the form of a three-phase model 

with endothelial cells. Therein, HUVECs formed a stable capillary-like network under perfused 

cultivation conditions (Pirosa, Gottardi et al. 2021). To mimic the pathophysiology of RA, I 

repeatedly treated the osteochondral unit for three weeks with a cocktail of RA-related 

cytokines, TNF-α, IL-6 and MIF, at concentrations observed under pathophysiological 

conditions (Tetta, Camussi et al. 1990, Lettesjö, Nordström et al. 1998, Leech, Metz et al. 

1999, Damerau, Pfeiffenberger et al. 2020). This treatment resulted in an increase in MMPs 

and proinflammatory cytokines similar to that observed in RA patients (Burrage, Mix et al. 2006, 

Damerau, Pfeiffenberger et al. 2020). Remarkably, bone and cartilage components derived 

from the same MSC donor gave different responses regarding the gene expression. In brief, 

MMP1 and MMP3 were significantly higher expressed in cartilage after stimulation, while 

unaffected in bone (Damerau, Pfeiffenberger et al. 2020). These findings confirmed a study of 

Lin and colleagues. They stimulated their osteochondral unit with the OA-related cytokine IL-

1β and demonstrated that the chondral and osseous tissues are capable of responding in a 

disease-relevant and tissue-specific manner (Lin, Lozito et al. 2014).  

The impaired bone turnover and cartilage damage in RA and OA are thought to be due to 

worsening synovitis, an inflammation of the third structural component of the joint, the synovial 

membrane or synovium (Mor, Abramson et al. 2005, Han, Fang et al. 2020). The synovial 

membrane can be divided into synovial intima and subintima and lines the joint cavity. FLSs 

of the synovial membrane maintain the structural and dynamic integrity of joints under 

physiological conditions but have also been identified as key drivers of synovitis and cartilage 

degradation in both RA and OA (Mor, Abramson et al. 2005, Mathiessen and Conaghan 2017, 

Han, Fang et al. 2020). Therefore, FLSs are given greater consideration in tissue engineering 

approaches to develop in vitro 3D models of the synovial membrane (Pap, Dankbar et al. 

2020). The most challenging aspect of these approaches is to obtain sufficient numbers of 

FLSs that are not affected by inflammation. In recent years, several studies have compared 
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MSCs and FLSs and have shown that they express almost the same markers, exhibit 

multipotency potential, and immunomodulatory properties (Cappellesso-Fleury, Puissant-

Lubrano et al. 2010, Denu, Nemcek et al. 2016, Ichim, O'Heeron et al. 2018, Soundararajan 

and Kannan 2018, Fan, Liao et al. 2022). Other scientists reported clear differences between 

these cell types and the need for substances such as connective tissue growth factor (CTGF) 

to differentiate MSCs into fibroblasts (Lee, Moioli et al. 2006, Lee, Shah et al. 2010). Therefore, 

in a first step, I compared MSCs with trauma-FLSs according to the minimal criteria for MSCs 

(Dominici, Le Blanc et al. 2006). This comparison revealed profound similarities regarding their 

ability to adhere to plastic, typical MSC surface marker pattern and the multipotency potential, 

respectively. Secondly, I compared both cell types regarding characteristic fibroblast-related 

features. I identified similarities in cytokine release, proliferation, and the expression of specific 

fibroblast-related markers on mRNA level. In contrast to Lee et al., I did not observe an 

increase in collagen type I after CTGF treatment (Lee, Moioli et al. 2006, Lee, Shah et al. 

2010). Since treatment with CTGF did not correspond to the expression pattern of MSCs to 

FLSs, untreated MSCs were used to develop the in vitro synovial membrane model. Studying 

a selected gene expression pattern in FLSs exposed to an inflammatory milieu ─ OA-FLSs ─ 

revealed a similar fibroblast-specific gene expression profile, whereas fibronectin 1 (FN1) 

appeared to be decreased in a disease-specific manner (Damerau, Kirchner et al. 2022), in 

contrast to the study by Schröder et al. (Schroder, Nazet et al. 2019). So far, there are only a 

few reports on in vitro simulated synovial membranes that provide a mechanistic 

representation of the cellular inflammatory processes involved in synovitis. To mimic the 

inflamed synovial membrane, cells such as FLSs from e.g., RA patients are commonly 

embedded in hydrogels to map the 3D architecture (Kiener, Watts et al. 2010). The in vitro 

micromass culture of the synovial membrane was used to assess unique effects of 

proinflammatory cytokines on mesenchymal tissue remodeling. In this regard, IFN-γ enhanced 

the migrating FLSs phenotype, resulting in architectural changes, while TNF-α induced RA-

FLSs aggregation (Karonitsch, Beckmann et al. 2018). To overcome the limitation of using 

cells already exposed to an inflammatory milieu, I used MSCs to mimic a healthy synovial 

membrane. Inflammation was simulated by a cytokine cocktail of TNF-α, IL-6, and MIF. 

Cytokine treatment significantly increased gene expression of pro-inflammatory genes such as 

IL6 and IL8, the hypoxia-related gene VEGFA, cell hyperproliferation, and the tissue-degrading 

enzyme MMP1, while MMP13 and IL1B tended to be more expressed compared to the control. 

Broeren et al stimulated their micromass synovial membrane model based on human RA-FLSs 

and macrophages with either TNF-a or TGF-β (Broeren, Waterborg et al. 2019). This resulted 

in a specific response in terms of the expression of inflammatory and fibrosis markers, 

respectively (Broeren, Waterborg et al. 2019). In agreement with our findings, those results 

emphasize the high potential of 3D in vitro approaches as an excellent alternative for drug 
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testing and mechanistic research. The synovial membrane model from Broeren and colleagues 

simulates the lining layer with fibroblast- and macrophage-like synoviocytes on the outer 

surface of the micromass culture corresponding to the natural cellular composition of the 

synovium (Broeren, Waterborg et al. 2019). However, the macrophage-like synoviocytes of the 

synovial membrane that affect and mediate inflammatory processes are not yet implemented 

in my MSC-based model. In the human joint, only the lining layer is oriented toward the synovial 

fluid, whereas immune cells primarily infiltrate the sublining layer around the vessels (Smith 

2011, Mizoguchi, Slowikowski et al. 2018). This polar architecture is difficult to reproduce in a 

micromass culture. The synovial membrane presented here first offers the possibility to 

overcome this limitation: the physiological arrangement enables the simulation of the migration 

of immune cells in the sublining while the lining layer is in contact with the synovial fluid. Of 

note, all the above-mentioned studies used animal-derived MatrigelTM for micromass cultures 

(Kiener, Watts et al. 2010, Karonitsch, Beckmann et al. 2018, Broeren, Waterborg et al. 2019). 

Even though these models closely reflect the pathophysiological synovial membrane, they are 

all based on diseased FLSs, which are often limited in availability and affected by different 

stages of disease and current medications (Kasperkovitz, Timmer et al. 2005). Therefore, to 

mimic the healthy physiological situation that is essential for understanding pathogenic 

alterations of the synovium, an easy-to-handle and available cell source that shares the 

characteristics of FLSs would be ideal for simulating synovial tissue in vitro. Thus, adult MSCs 

sharing most of the properties with FLSs (Denu, Nemcek et al. 2016), are an ideal cell source 

to develop an in vitro 3D synovial membrane model and the other components of the joint 

highlighted in the study presented here. 

RA is a highly complex disease involving immune cell interaction. To date, bioengineering and 

in vitro 3D approaches mostly exclude the immune component due to its great diversity and 

complex requirements for an appropriate microenvironment and humoral surroundings 

(Ramadan and Gijs 2015, Mengus, Muraro et al. 2018). Underlying mechanisms are still poorly 

understood and therefore the immune system needs to be considered in future 3D approaches. 

Microfluidic devices could be used to culture immune cell populations under a controlled 

microenvironment, separated e.g., by a stretchable porous membrane from a joint tissue 

component, to study the specific involvement of immune cells in the disease process (Paggi, 

Teixeira et al. 2022). In addition, to enable inter-tissue communication, the building blocks of 

the joint generated here need to be combined to engineer an appropriate human joint model. 

To date and to the best of my knowledge, there is no comprehensive in vitro joint model that 

allows for the study of inter-tissue communication and that could serve as an alternative to 

animal experiments in the field of rheumatic diseases. Advanced 3D models are currently 

combined with cutting-edge technology such as 3D printing and microfluidic devices. The 
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former allows the precise control of the architecture, while the latter provide e.g., fluid 

circulation in a controlled environment. Microfluidic devices ─ organ-on-a-chip ─ are therefore 

the most promising future tool to understand tissue-tissue, immune system-tissue, and drug-

tissue interactions (Jorgensen and Simon 2021). The joint-on-a-chip still faces hurdles, while 

cartilage-on-a-chip has only been developed recently (Occhetta, Mainardi et al. 2019, Paggi, 

Venzac et al. 2020, Jorgensen and Simon 2021). However, novel approaches are emerging, 

implementing microfluidic devices that offer the opportunity to connect the tissue-specific units 

to an external pump or a microfluidic motherboard (Loskill, Marcus et al. 2015, Ong, Ching et 

al. 2019). Promotion of a xeno-free, preclinical testing tool could provide deeper insights into 

pathomechanisms of RA and OA. In addition, therapeutics such as biologics could be tested 

under controlled conditions in a high-throughput manner, and animal-free conditions could 

promote the transferability of results to patients.  

In summary, I successfully developed tissue equivalents of an artificial joint ─ cancellous bone, 

articular cartilage, and synovial membrane ─ using human bone marrow-derived MSCs and 

demonstrated that it is possible to simulate key features of arthritis in vitro (Damerau, 

Pfeiffenberger et al. 2020, Damerau, Buttgereit et al. 2022). The combination of the bone and 

cartilage components created a functional osteochondral unit that responded differently to 

cytokine stimulation and therapeutic intervention (Damerau, Pfeiffenberger et al. 2020). In 

addition, the developed xeno-free synovial membrane model is scalable and can be combined 

with the osteochondral unit and immune cells in the future to enable the crosstalk between 

tissues and cells which is essential for simulating this complex rheumatic disease. Ultimately, 

the established 3D in vitro models can be used for high-throughput analyses and provide the 

opportunity to study cellular processes within the tissue, investigate cytokine-driven 

mechanisms of arthritis, and analyze therapeutic interventions at the tissue level in vitro. Thus, 

the results of this thesis provide the basis for replacing or reducing animal testing in the field 

of arthritis. 
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Over the past decades, various protocols have been developed to individually generate in vitro 

equivalents of bone, cartilage, and synovial membrane (Schultz, Keyszer et al. 1997, Broeren, 

Waterborg et al. 2019, Pfeiffenberger, Damerau et al. 2021). The application of MSCs from a 

single donor to create an artificial joint model enables the development of personalized, 

tailored therapy. Furthermore, these single in vitro tissue equivalents are promising tools to 

mimic various musculoskeletal diseases such as RA or OA. When assembled, it allows the 

artificial creation of joint complexity to develop new diagnostics and therapeutics. In this work, 

cytokine-mediated cell- and matrix-related changes as they occur in inflammatory processes, 

were simulated in the different tissue components (Damerau, Pfeiffenberger et al. 2020, 

Damerau, Buttgereit et al. 2022). However, future studies by our group will implement different 

approaches, such as perfused cultivation, to optimize the goal of providing an artificial joint 

and overcome current limitations, including substrate availability and longevity. 

Therefore, we developed a bioreactor platform including a specialized joint tissue chamber (Do 

Nguyen, Lubahn et al. 2022). This platform allows the (i) modular and scalable bioprocesses 

and automation of cultivation in a stand-alone device (no additional incubator required), (ii) 

simultaneous cultivation of all tissue components of a joint under perfusion, (iii) continuous 

exchange of medium via two separate circuits, (iv) adjustment of the medium pH, (v) tracking 

of glucose and lactate concentrations, (vi) simulation of a walking-like load by applying 

biomechanical stress situations such as e.g., fluid shear stress to better mimic the situation in 

vivo, and (vii) application and removal/withdrawal of e.g., pathological or therapeutic 

substances or cells (e.g., cytokines, immune cells, glucocorticoids, biologics) (Do Nguyen, 

Lubahn et al. 2022). The tissue chamber consists of two compartments in which the 

osteochondral unit is cultured separately from the synovial membrane model, with both tissue 

types in contact via the synovial fluid-filled space (simulated using Non-Animal Stabilized 

Hyaluronic Acid). The design of the tissue chamber allows analysis of the supernatant in the 

different compartments via special access points to study specific cellular, metabolic and 

humoral changes, such as oxygen levels, glucose and lactate concentrations, whose changes 

serve as measures of respiration and glycolysis, respectively (Do Nguyen, Lubahn et al. 2022). 

In addition, targeted cytokines, therapeutics, and immune cells can be applied through these 

access points. This system is also individually and standardly scalable to allow analyses in the 

medium to high-throughput range. The perfusion of tissue components not only enables an 

extension of the culture time, but also supports differentiation processes, such as 

chondrogenesis, and ensures the long-term cultivation of immune cells.  
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The immune system is a highly complex and sophisticated interactive network of many 

biological structures and processes that defend the body against external invaders and the 

development of tumors. A prerequisite for the smooth functioning of the immune system is the 

ability to distinguish between "friend" in the form of the body's own cells or harmless antigens 

and "foe", for example, potential pathogens and tumor cells. Its importance becomes clear 

when defense mechanisms are directed against the body itself, so to say “friend becomes foe”, 

as is the case in autoimmune diseases such as RA (Burmester and Pope 2017). Persistent 

inflammation of the joint is one of the main features of this systemic, chronic inflammatory 

disease. The chronic inflammatory processes in the joint ultimately lead to pannus formation 

and the progressive destruction of cartilage and bone (Tateiwa, Yoshikawa et al. 2019). 

Current in vitro approaches primarily exclude the immune component due to its (i) diversity, (ii) 

reactivity against artificial structures and non-autologous cells, (iii) complex requirements for a 

suitable microenvironment, (iv) distinct cellular interplay, and a defined humoral environment 

(Ramadan and Gijs 2015, Mengus, Muraro et al. 2018). Therefore, we aim to include specific 

subpopulations of immune cells such as Th1 cells, Th17 cells, plasma B cells, and M1 

macrophages to investigate basic immune cell-mediated mechanisms. We will thus extend 

current in vitro models by including these cell populations: e.g., by including myeloid cells such 

as (i) macrophages in the synovial membrane model and (ii) osteoclasts in the cancellous 

subchondral bone model. To date, no bone remodeling processes have been successfully 

imaged in 3D over time.  

In this regard, the bone models further developed in this work with cell-sheet technology could 

overcome the hurdle of the detachment of these highly plastic affine myeloid cells by co-culture 

with osteoclasts, thus enabling the crosstalk of osteoblasts and osteoclasts in 3D.  

In this study, among others, the influence of DFO on the cell-sheet-based bone model was 

investigated but also the influence of pathogenic cytokines (TNF-α, IL-6, and MIF) and their 

antagonistic therapeutic antibodies on the cytokine-induced cell- and matrix-related changes 

of bone, cartilage, osteochondral unit and synovial membrane was analyzed (Damerau, 

Pfeiffenberger et al. 2020, Weber, Fischer et al. 2020, Damerau, Buttgereit et al. 2022). 

All models proved to be useful to mimic both pathogenic and therapeutic effects. Due to the 

still high rate of non-responders in patients with RA, new promising therapeutic approaches 

for this patient group, with e.g., biologics and small molecules, are constantly being tested, 

especially in animal models (Pham 2011, Huang, Fu et al. 2021). Ultimately, the goal must be 

to test our model with additional clinically effective compounds to further stratify it on the way 

to Organization for Economic Co-operation and Development (OECD) validation. In addition, 

as already shown for the synovial membrane model, replacing all animal substances, including 

fetal calf serum (FCS) as a media additive, with a xeno-free alternative will be necessary. 
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Therefore, we are currently working on a comparative study of replacing FCS with, e.g., human 

AB serum for all our tissue equivalents. In our group, we could already successfully reproduce 

the development of miniSFCCs under xeno-free conditions. 

To ensure that our model can be widely applied, not only in personalized medicine, we used 

MSCs for our models. Although research has shown that MSCs are not "immune privileged" 

as originally stated (Le Blanc, Tammik et al. 2003), their use should still not be a problem as 

recent studies have shown that allogeneic MSC therapy is safe (Hare, Fishman et al. 2012, 

Lalu, McIntyre et al. 2012).  

Moreover, in this study, I could identify numerous similarities between bone marrow-derived 

MSCs and synovial fibroblasts from trauma patients, which finally allowed their practical 

application in the synovial membrane model. However, in-depth comparative analyses with a 

"healthy" fibroblast control group should be performed in further studies, as these have been 

lacking so far. In addition, significant differences were observed between in vitro tissue 

components from different donors, reflecting heterogeneity between donors or individual cells 

within a population. Breakthrough technologies such as single-cell RNA sequencing or single-

cell multiplex imaging could be used to study the processed tissue components at the cellular 

level, significantly improving our understanding of patient heterogeneity in general and during 

in vitro 3D simulation (Hodzic 2016). This would ultimately advance personalized precision 

medicine. 
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