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Summary 

Interactions of cells with their surrounding cells and matrix, which most likely 
involves cell-cell communication, are vital for successful tissue development and 
regeneration. These interactions are complex due to the involvement of multiple 
signaling pathways, such as mediated by gap-junctions, direct cell-cell contacts and 
growth factor signaling which often simultaneously are activated in the same cell. 
Understanding the cellular communication mechanisms and the regulation of 
complex intercellular interactions in co-cultures are thus of great importance in 
cartilage tissue regeneration. To mimic the hydrated environment of articular 
cartilage injectable hydrogels can be used to facilitate cell proliferation, 
differentiation, and matrix production by encapsulated cells. Moreover, a hybrid 
injectable hydrogel can combine multiple functionalities, such as tunable physical 
properties, proteolytic degradation properties, and enhanced extracellular matrix 
production, into one gel system. Therefore, the optimal concentration and the ratio 
of polymers-based hybrid hydrogels for cell growth and matrix formation are 
essential for the application of cell encapsulated injectable bio-constructs for 
cartilage regeneration.      

This thesis describes: i) the fundamental knowledge regarding how mesenchymal 
stem cells act as a mediator in Chondrocyte-MSC co-cultures and how MSCs can 
regulate cellular behavior and chondro-induction features in co-cultures; ii) 
potential cell death mechanisms regulating Chondrocyte-MSC co-cultures and the 
cellular interactions in co-cultures; and iii) the modification of injectable hydrogels 
with optimal hybrid polymers and encapsulated cells to improve upon cartilage 
regeneration strategies. 

In Chapter 3, we selected a panel of MSCs from 18 distinct donors and investigated 
their propensity to undergo chondrogenesis. Monoculture and co-culture pellets 
were formed to sketch inter-donor variability and to evaluate whether the beneficial 
effect of the MSCs is relying on their donor variation. After four weeks, species-
specific qPCR analysis of human GAPDH demonstrated the near-complete loss of 
MSCs in all the co-culture pellets. However, enhanced cartilage matrix deposition 
in co-culture groups was confirmed by histology staining and GAG quantification 
assay. Besides, although widely distributed among different donors, average bovine 
chondrogenic mRNA was expressed higher compared to the pure bCH group. 
Moreover, both the matrix formation and GAG content show no correlation with 
donor variation of MSCs. Together with previous results, these results demonstrate 
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that the beneficial effects of MSC in the chondrocyte-MSC co-cultures are a general 
phenomenon independent of MSCs donor variation, culture conditions, and the 
origin of the MSCs. To further investigate the mechanism underlying this 
observation, in Chapter 4, we tested whether the beneficial effect of the MSCs was 
dependent on intercellular communication. For this work, we utilized a micro-
aggregates system formed through a high throughput platform to study cellular 
interaction during the co-cultures. Enhanced cartilage matrix deposition was 
confirmed in micro-aggregates encapsulated constructs and direct MSC-
Chondrocyte contact co-cultures. Via the indirect cell-cell contact, it was observed 
that the presence of MSCs promotes the proliferation of chondrocytes in the co-
cultures. Simultaneously preferential apoptosis of MSCs was induced through 
indirect MSC-Chondrocyte contact. Besides, cell viability was increased 
significantly in the direct cell-cell contact environment. Based on the data from 
Chapter 4, we concluded that both direct and indirect MSC-Chondrocyte contact is 
involved in the cellular behavior changes in micro-aggregate co-cultures. Direct 
MSC-Chondrocyte contact maintains the cell proliferation and consequently 
promotes matrix production, which is essential for increased chondro-induction in 
co-cultures. 

In Chapter 4, along with previous studies, we showed that MSCs in co-cultures 
disappeared over time. In Chapter 5, we set up experiments to elucidate the 
mechanism. Monoculture and co-culture pellets were cultured for seven days in 
chondrocyte proliferation media in hypoxia conditions. RNA sequencing was 
performed to assess differences in gene expression between monocultures and co-
culture. The expression level of Caspase-3, LC3B, and P62 were quantified by 
immune fluorescence assays. RNA sequencing revealed significant up-regulation of 
more than 90 genes in the co-cultures when compared to monocultures. Remarkably, 
75% of these genes play a role in cell death pathways, such as apoptosis and 
autophagy. Moreover, immunofluorescence results show an evident up-regulation 
of the autophagic machinery while there is no substantial activation of the apoptotic 
pathway. To further investigate the autophagic activity in the co-cultures, different 
cell conditions cultured in a starvation environment were exposed to different 
inhibitors and activators of the apoptotic and autophagic pathways in Chapter 6. The 
enhanced protein expression level of autophagy markers in the MSCs monoculture 
was confirmed by western blot and immunofluorescence staining. This result 
indicated that the starvation environment induces autophagy in the MSCs, which 



 ix 

can be regulated by chemical stimuli. Meanwhile, chondrocytes responded 
differently to the surrounding environment and external chemical stimuli. The 
results indicated that autophagy in chondrocytes was not utterly actived by the 
starvation condition. However, in the starvation environment, the co-culture did not 
induce the autophagy pathway as rarely protein expression was observed despite 
that the majority of cells consisted of MSCs. On the contrary, intercellular 
interaction in the co-cultures of chondrocytes and MSCs down-regulated the 
autophagic activity in each cell. Furthermore, interaction between the cells modified 
impact of cell death pathways modulators when compared with their effect in 
monocultures. Results from these chapters indicated that in co-cultures in hypoxia 
the autophagy pathway is mostly activated while in the starvation environment, both 
apoptosis and autophagy appear to be involved in cell death. We propose that this 
sacrificial cell death may contribute to the trophic effects of MSCs on cartilage 
formation. 

To further investigate the application of a cell-based injectable hydrogel for a 
cartilage regenerative approach, in Chapter 7, different ratios of Hyaluronic acid 
(HA)- and dextran (Dex)-based hybrid hydrogels at both 10%w/v and 5%w/v were 
prepared with a designed mold to investigate the property changes and their effects 
on the cellular behavior and cartilage matrix formation. The results from this chapter 
indicated that the rheology and compression analysis indicated that 5%w/v 
hydrogels laden with cells exhibit a significant increase in the mechanical properties 
after 21 days. Based on the data from Chapter 7, we concluded that 5%w/v HA and 
Dex hybrid hydrogels with a higher concentration of Dextran-TA were 
demonstrated to provide a mechanically stable environment, maintain the cell 
viability, and promote the cartilaginous specific matrix deposition in vitro. 5%w/v 
hybrid hydrogels were then combined with different types of cells and 
subcutaneously implanted in the back of male and female nude rats to assess the 
biocompatibility and safety of cells encapsulated hydrogels in Chapter 8. 
Subcutaneous implantation of these biomaterials revealed highly satisfactory results 
since the histology evidenced the integration of the gels within the host tissue with 
no sign of acute or chronic inflammatory response. Enhanced tissue invasion and 
some giant cells infiltration were observed in the HA/Dex hydrogels with 
encapsulated monoculture cells. Moreover, Chondrocyte-MSC co-cultures show 
beneficial interaction with the biomaterials, for instance be enhancing cell 
proliferation and matrix deposition. Taken together all these results, along with 
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previous data, we concluded that 5%w/v hydrogels with a higher concentration of 
Dextran-TA encapsulated with Chondrocyte-MSC co-cultures are adequate for 
injectable applications and in situ cell delivery in cartilage regeneration approaches. 
Besides, in this work, gender difference shows an impact on the performance of 
chondrocytes encapsulated HA/Dextran-TA hydrogels. 

Together, this thesis introduces a set of cellular interactions investigation and 
innovative hybrid injectable hydrogel modifications. The findings presented in this 
thesis could facilitate the development of new therapeutic strategies and contribute 
to the clinical translation of cartilage tissue engineering applications.  
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Samenvatting 

Interacties van cellen met de omringende cellen en matrix, die hoogstwaarschijnlijk 
cel-cel communicatie met zich meebrengt, zijn van vitaal belang voor een 
succesvolle weefselontwikkeling en regeneratie. Deze interacties zijn complex 
vanwege de betrokkenheid van meerdere signaalroutes, zoals gemedieerd door gap-
junctions, directe cel-celcontacten en groeifactorsignalering die vaak gelijktijdig in 
dezelfde cel worden geactiveerd. Het begrijpen van de cellulaire 
communicatiemechanismen en de regulering van complexe intercellulaire 
interacties in co-culturen zijn dus van groot belang bij de regeneratie van 
kraakbeenweefsel. Ondertussen wordt bij onderzoek naar regeneratie van 
kraakbeenweefsel de injecteerbare hydrogel gebruikt om de gehydrateerde 
omgeving van gewrichtskraakbeen na te bootsen en celproliferatie, differentiatie en 
matrixproductie door ingekapselde cellen te vergemakkelijken. Bovendien kan een 
hybride injecteerbare hydrogel meerdere functionaliteiten combineren, zoals 
afstembare fysische eigenschappen, proteolytische afbraakeigenschappen en 
verbeterde extracellulaire matrixproductie, tot één gelsysteem. Daarom zijn de 
optimale concentratie en de verhouding van op polymeren gebaseerde hybride 
hydrogels voor celgroei en matrixvorming essentieel voor de toepassing van in 
cellen ingekapselde injecteerbare bio-constructen voor kraakbeenregeneratie. 

Dit proefschrift beschrijft: i) de fundamentele kennis over hoe mesenchymale 
stamcellen optreden als mediator in co-culturen van Chondrocyte-MSC en hoe 
MSC's cellulair gedrag en chondro-inductie-eigenschappen in co-culturen kunnen 
reguleren; ii) mogelijke celdoodmechanismen die Chondrocyte-MSC-co-culturen 
en de cellulaire interacties in co-culturen reguleren; en iii) de modificatie van 
injecteerbare hydrogels met optimale hybride polymeren en ingekapselde cellen om 
de kraakbeenregeneratiestrategieën te verbeteren. 

In hoofdstuk 3 selecteerden we een panel van MSC's van 18 verschillende donoren 
en onderzochten ze hun neiging om chondrogenese te ondergaan. Er werden 
monocultuur- en co-kweekpellets gevormd om de variabiliteit tussen donoren te 
schetsen en om te evalueren of het gunstige effect van de MSC's afhankelijk is van 
de donorvariatie. Na vier weken toonde soortspecifieke qPCR-analyse van humaan 
GAPDH het bijna volledige verlies van MSC's in alle co-kweekpellets aan. 
Verbeterde depositie van kraakbeenmatrix in co-kweekgroepen werd echter 
bevestigd door histologische kleuring en GAG-kwantificeringstest. Bovendien, 
hoewel wijd verspreid onder verschillende donoren, werd het chondrogeen mRNA 
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van runderen gemiddeld hoger uitgedrukt in vergelijking met de groep bestaande 
uit alleen bCH. Bovendien vertonen zowel de matrixvorming als het GAG-gehalte 
geen correlatie met donorvariatie van de MSC's. Samen met eerdere resultaten tonen 
deze resultaten aan dat de gunstige effecten van MSC in de chondrocyten-MSC-co-
culturen een algemeen fenomeen zijn dat onafhankelijk is van de donorvariatie van 
MSC's, kweekomstandigheden of de oorsprong van de MSC's. Om het mechanisme 
achter deze waarneming verder te onderzoeken, hebben we in hoofdstuk 4 
vervolgens getest of het gunstige effect van de MSC's afhankelijk was van 
intercellulaire communicatie. In dit werk gebruikten we een microaggregaatsysteem 
gevormd via een platform met hoge doorvoer om cellulaire interactie tijdens de co-
culturen te bestuderen. Verbeterde depositie van kraakbeenmatrix werd bevestigd 
in micro-aggregaten ingekapselde constructen en directe co-culturen van MSC-
chondrocyten. Via het indirecte cel-celcontact werd waargenomen dat de 
aanwezigheid van MSC's de proliferatie van chondrocyten in de co-culturen 
bevordert. Tegelijkertijd werd preferentiële apoptose van MSC's geïnduceerd door 
indirect MSC-chondrocytencontact. Bovendien was de levensvatbaarheid van 
cellen significant verhoogd in de directe cel-cel contactomgeving. Op basis van de 
gegevens uit hoofdstuk 4 concludeerden we dat zowel direct als indirect MSC-
chondrocytencontact betrokken is bij cellulaire gedragsveranderingen in micro-
aggregaat co-culturen. Direct MSC-chondrocytcontact houdt de celproliferatie in 
stand en bevordert daardoor de matrixproductie, wat essentieel is voor verhoogde 
chondro-inductie in co-culturen. 

In hoofdstuk 4 toonden we, zoals ook in eerdere studies, aan dat MSC's in co-
culturen in de loop van de tijd verdwenen. In hoofdstuk 5 hebben we experimenten 
opgezet om het mechanisme op te helderen. Monocultuur- en co-kweekpellets 
werden gedurende zeven dagen gekweekt in chondrocytproliferatiemedia onder 
hypoxie-omstandigheden. RNA-sequencing werd uitgevoerd om verschillen in 
genexpressie tussen monoculturen en co-cultuur te beoordelen. Het expressieniveau 
van Caspase-3, LC3B en P62 werd gekwantificeerd door middel van 
immuunfluorescentietests. RNA-sequencing toonde een significante verhoogde 
regulering van meer dan 90 genen in de co-culturen in vergelijking met 
monoculturen. Opvallend is dat 75% van deze genen een rol spelen bij 
celdoodroutes, zoals apoptose en autofagie. Bovendien laten 
immunofluorescentieresultaten een duidelijke verhoogde regulatie van de 
autofagische activiteit zien, terwijl er geen substantiële activering van de 
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apoptotische route is. Om de autofagische activiteit in de co-culturen verder te 
onderzoeken, werden verschillende celcondities gekweekt in een 
verhongeringsomgeving blootgesteld aan verschillende remmers en activatoren van 
de apoptotische en autofagische routes in Hoofdstuk 6. Het verhoogde proteïne-
expressieniveau van autofagiemarkers in de MSC-monocultuur werd bevestigd door 
western blot en immunofluorescentie kleuring. Dit resultaat gaf aan dat de 
verhongeringsomgeving autofagie induceert in de MSC's, die kan worden 
gereguleerd door chemische stimuli. Ondertussen reageerden chondrocyten anders 
op de omgeving en externe chemische stimuli. Dit resultaat geeft aan dat autofagy 
in chondorcyten niet volledig wordt geactiveerd door de uithongeringsconditie. In 
de verhongeringsomgeving induceerde de co-cultuur echter niet de autofagieroute, 
aangezien zelden eiwitexpressie werd waargenomen, ondanks het feit dat de 
meerderheid van de cellen uit MSC's bestond. Integendeel, intercellulaire interactie 
in de co-culturen van chondrocyten en MSC's reguleerde de autofagische activiteit 
in elke cel naar beneden. Bovendien veranderde de interactie tussen de cellen de 
impact van modulatoren van celdoodroutes in vergelijking met hun effect in 
monoculturen. De resultaten van deze hoofdstukken gaven aan dat in co-culturen in 
hypoxie de autofagieroute meestal wordt geactiveerd, terwijl in de 
verhongeringsomgeving zowel apoptose als autofagie betrokken lijken te zijn bij 
celdood. We stellen voor dat deze opofferende celdood kan bijdragen aan de 
trofische effecten van MSC's op de vorming van kraakbeen. 

Om de toepassing van een op cellen gebaseerde injecteerbare hydrogel voor 
regeneratie van kraakbeen verder te onderzoeken, hebben we in hoofdstuk 7 
verschillende verhoudingen van een op hyaluronzuur (HA) - en dextran (Dex) 
gebaseerde hybride hydrogels bij zowel 10% w/v als 5% w/v gemaakt met een 
ontworpen mal om de veranderingen in eigenschappen en hun effecten op het 
cellulaire gedrag en de vorming van kraakbeenmatrix te onderzoeken. De resultaten 
van dit hoofdstuk gaven door middel van reologie en compressieanalyse dat 5% w/v 
hydrogels beladen met cellen na 21 dagen een significante toename van de 
mechanische eigenschappen vertoonden. Op basis van de gegevens uit hoofdstuk 7 
concludeerden we dat 5% w/v HA en Dex hybride hydrogels met een hogere 
concentratie Dextran-TA een mechanisch stabiele omgeving bleken te bieden, de 
levensvatbaarheid van de cellen te behouden en de kraakbeenspecifieke 
matrixafzetting te bevorderen in vitro. Hybride hydrogels met 5% w/v werden 
vervolgens gecombineerd met verschillende soorten cellen en subcutaan 
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geïmplanteerd in de rug van mannelijke en vrouwelijke naakte ratten, om de 
biocompatibiliteit en veiligheid van in cellen ingekapselde hydrogels in hoofdstuk 
8 te beoordelen. Subcutane implantatie van deze biomaterialen leverde zeer 
bevredigende resultaten op, aangezien de histologie de integratie van de gels in het 
gastheerweefsel aantoonde zonder tekenen van acute of chronische 
ontstekingsreactie. Verbeterde weefselinvasie en enkele infiltratie van reuzencellen 
werden waargenomen in de HA/Dex-hydrogels met ingekapselde 
monocultuurcellen. Bovendien vertonen chondrocyten-MSC-co-culturen een 
gunstige interactie met de biomaterialen, bijvoorbeeld door celproliferatie en 
matrixafzetting te verbeteren. Wanneer al deze resultaten worden samengenomen, 
in combinatie met eerdere gegevens, dan concludeerden we dat 5% w/v hydrogels 
met een hogere concentratie van Dextran-TA ingekapseld met Chondrocyte-MSC 
co-culturen geschikt zijn voor injecteerbare toepassingen en in situ celafgifte bij 
kraakbeenregeneratiebenaderingen. Bovendien toont het geslachtsverschil in deze 
studie aan dat dit van invloed is op de prestaties van in chondrocyten ingekapselde 
HA/Dextran-TA-hydrogels. 

Samengenomen levert dit proefschrift een reeks onderzoeken naar cellulaire 
interacties en innovatieve hybride injecteerbare hydrogelmodificaties. De 
bevindingen in dit proefschrift kunnen de ontwikkeling van nieuwe therapeutische 
strategieën vergemakkelijken en bijdragen aan de klinische vertaling van 
toepassingen van kraakbeenweefseltechniek. 
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1 

1.1 Trophic function of MSCs in cartilage tissue regeneration 

Mesenchymal stem cells (MSCs) hold great potential for regenerative medicine 
because of their ability for self-renewal and differentiation into tissue-specific cells 
such as osteoblasts, chondrocytes, and adipocytes1. The research on MSCs is 
evolving and continuously expanding with a recent boost of interest in clinical 
applications. Differentiation properties of MSCs are essential for tissue repair 
strategies and cell-based therapies. However, the clinical potential of the trophic 
effects of MSCs is recently gaining significant traction as the basis for new stem cell 
therapies2-5. The trophic function of MSCs refers to their functional capacity to 
secrete a broad array of bioactive factors that support regenerative processes in 
damaged tissues6. These factors can have a distinct impact on the processes they 
regulate and collectively generate a microenvironment that enables injured tissues 
to mount a self-regulated regenerative response7, 8.  

1.2 MSCs death modulation in co-cultures  

The mechanisms governing the beneficial effects of MSCs imply that MSCs 
improve cellular behavior by cell-to-cell contact and/or secretion of bioactive 
factors. A group of factors essential from the viewpoint of regeneration processes is 
factors with cell death regulative effect. From this aspect, cell death modulation 
appears as a crucial biological function that could carry a significant part of the 
therapeutic effects of MSCs. Indeed, MSCs were reported to decrease significantly 
after culturing with chondrocytes9. Cell death is a fundamental process in 
maintaining cellular homeostasis, which can be either accidental or programed. 
Programmed cell death, also known as apoptosis, requires a cascade of cysteine‐
aspartic proteases known as caspases to respond to the activation of the death signal. 
The intrinsic mitochondrial pathways and the extrinsic pathway are two distinct 
pathways for apoptosis10. Autophagy is a catabolic process that leads to cellular 
degradation and the recycling of proteins and organelles by lysosomal digestion. A 
basal level of autophagy is considered as cytoprotective, since it contributes to 
removing misfolded or unnecessary proteins, allowing a balance in cell 
homeostasis11.  

The interfaces between apoptosis and autophagy were reviewed in recent 
publications12, 13. Although apoptosis was considered as the most well-characterized 
and prevalent form of controlled cell death, it has been indicated the central 
importance of autophagy as a stress response that influences decisions of cell life 
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and cell death. The autophagy machinery has been associated with the execution of 
specific forms of cell death triggered either by hyperactivation of the autophagy flux 
or by its inhibition. Thus, although autophagy and apoptosis are distinct cellular 
processes, with different biochemical and morphological appearances, the actual 
protein networks that control their respective regulation and execution are highly 
interconnected. 

1.3 Injectable hydrogels as unique biomedical materials for cartilage tissue 
regeneration 

Injectable hydrogels offer the advantages of proper alignment with irregularly 
shaped defects and allow easy cell incorporation. Moreover, from the clinical 
viewpoint, implantation surgery can be avoided and replaced by a simple in situ 
injection procedure. Another considerable advantage is the utilization of hydrogels 
as a factor-delivery platform14. Compared to systemic co-delivery systems, 
injectable hydrogel-based factor-delivery systems allow for simultaneous delivery 
of multiple agents at the damaged sites with a relatively high concentration in a 
sustained manner, without or with reduced systemic toxic side effects15. Injectable 
hydrogels can be formed by physical or chemical crosslinking. Previously, we 
designed injectable biomimetic hydrogels based on mixtures of polysaccharide-
tyramine conjugates such as hyaluronic Acid-tyramine (HA-TA) and dextran-
tyramine (Dex-TA) using enzymatic crosslinking16. Based on this unique gel-
forming feature, various properties of formed hydrogels, such as gelation time, 
stiffness, and degradation rate, can be easily manipulated, thereby regulate the 
cellular behavior and chondro-induction features. 

1.4 Aims and outline of this thesis 

This thesis focuses on: i) acquisition of fundamental knowledge regarding how 
mesenchymal stem cells act as a mediator in Chondrocyte-MSC co-cultures and 
how MSCs are able to regulate cellular behavior and chondro-induction features in 
co-cultures, ii) determine which cell death mechanisms are affected in Chondrocyte-
MSC co-cultures and iii) pioneer novel approaches with optimal hybrid injectable 
hydrogels to improve upon cartilage regeneration strategies. 

The current chapter gives a general introduction that allows the reader to understand 
the scope and aims of the thesis. Chapter two gives an overview of the beneficial 
effects of MSCs in tissue regeneration and summarizes the various underlying 
mechanisms used by MSCs to act as trophic mediators, including the secretion of 
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growth factors, production of extracellular vesicles, and the formation of membrane 
nanotubes. Furthermore, we postulate that apoptosis of the MSCs is an integral part 
of the trophic effect during tissue repair. 

Chapter three provides further evidence that beneficial effects of MSCs in the 
Chondrocyte-MSC co-culture system are independent of MSCs donor variation, 
which indicates that this beneficial effect in co-cultures is a general phenomenon 
with potential implications for use in cartilage repair strategies. Chapter four 
investigates the way of cellular interaction during Chondrocyte-MSC co-cultures 
using a micro-aggregation approach. This chapter demonstrates that both direct and 
indirect MSC-Chondrocyte contact are involved in the cellular behavior changes of 
these cells, whereas these contact methods affect differently in co-cultures.  

In chapter five, we revealed that the autophagy pathway, rather than the apoptosis, 
probably is the principal regulator in the death of MSCs in Chondrocyte-MSC co-
cultures. We propose that this sacrificial cell death may perhaps contribute to the 
trophic effects of MSCs on cartilage formation. Chapter six aims to further elucidate 
the underlying mechanism by using various modulators of both the apoptotic and 
autophagy pathways. 

Chapters seven and eight investigate the optimal hybrid hydrogels to improve 
cartilage regeneration strategies in vitro and in vivo. Remarkably, compared to 
higher concentration hydrogels, 5% w/v hydrogels laden with cells exhibit a 
significant increase in the mechanical properties and the deposition of cartilage 
matrix in vitro. Moreover, in chapter eight, 5%w/v hybrid hydrogels were combined 
with different types of cells to assess the biocompatibility and safety of cells 
encapsulated hydrogels and characterize the reaction of the neighboring tissues. 
Chapter nine reflects upon the results presented in this thesis and provides directions 
for further research.  
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Abstract 

Mesenchymal stem cells (MSCs) are considered to hold great therapeutic value for 

cell-based therapy and for tissue regeneration in particular. Recent evidence 

indicates that the main underlying mechanism for MSCs’ beneficial effects in tissue 

regeneration is based on their capability to produce a large variety of bioactive 

trophic factors that stimulate neighboring parenchymal cells to start repairing 

damaged tissues. These new findings could potential replace the classical paradigm 

of MSC differentiation and cell replacement. These bioactive factors have diverse 

actions like modulating the local immune system, enhancing angiogenesis, 

preventing cell apoptosis, and stimulating survival, proliferation and differentiation 

of resident tissue specific cells. Therefore, MSCs are referred to as conductors of 

tissue repair and regeneration by secreting trophic mediators. In this review article, 

we have summarized the studies that focused on the trophic effects of MSC within 

the context of tissue regeneration. We will also highlight the various underlying 

mechanisms employed by MSCs to act as trophic mediators. Besides the secretion 

of growth factors, we discuss two additional mechanisms that are likely to mediate 

MSC’s beneficial effects in tissue regeneration, namely the production of 

extracellular vesicles (EVs) and the formation of membrane nanotubes (MNTs), 

which can both connect different cells and transfer a variety of trophic factors 

varying from proteins to mRNAs and miRNAs. Furthermore, we postulate that 

apoptosis of the MSCs is an integral part of the trophic effect during tissue repair. 
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2.1 Introduction 

The traditional approach of regenerating biologically functional tissues, the triad of 

cells, scaffolds and growth factors, has resulted in promising strategies1. In this 

approach, mesenchymal stem cells (MSCs) have been considered as potential 

therapeutic cells. MSCs can be readily isolated from a variety of adult tissues 

throughout the body, including bone marrow2, 3, adipose tissue4 and muscle5. They 

can also be derived from fetal tissues that can be collected during gestation and 

delivery, such as the amniotic fluid6 or the umbilical cord7. MSCs have a high 

proliferation potential and can differentiate into various committed cell types, 

including bone, cartilage, muscle, tendon/ligament, fat, dermis, and other 

connective tissues8-10. 

In the tissue engineering field, researchers have sought ways to exploit the 

multilineage differentiation potential of these culture expanded MSCs to regenerate 

lost or worn out tissue. For example, a working hypothesis is that MSCs would 

generate de novo tissue themselves by incorporating specific biological cues into 

scaffolds that combined with the cells would stimulate their differentiation into the 

desired cell type (Fig. 2.1A). This strategy is currently explored in preclinical 

studies11-13. In another strategy, MSCs are injected either at the site of the injured 

tissue or in the blood stream. It is believed that the MSCs would subsequently home 

to the diseased tissue and induce tissue repair. Indeed this concept is under 

investigation in a large number of preclinical trials for treating a wide range of 

diseases14-16. While beneficial effects of this approach have been reported there is 

much uncertainty with respect of the mechanism of action. In fact, only a small 

fraction of the injected cells are actually homing to damaged tissues and even less 

cells can be found back in the tissue in long term follow up of days to weeks17-21. 

After transplantation into the heart, the exogenous MSC showed poor survival and 

do not persist in the infarcted area22. Other investigators have even failed to detect 

permanent engraftment of transplanted MSCs in infarcted hearts23. MSC have been 
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found to home preferentially to the ischemic boundary in stroke studies24. However, 

it has been shown that cells disappeared progressively and were no longer detected 

4 weeks after transplantation25. Similar findings were reported in another study, in 

which human adipose tissue-derived MSCs in a mouse model of hind limb ischemia. 

Indeed the injected cells improved neovascularization, but the incorporation of 

MSCs into the vascular structures resulted quite low (less than 1%), indicating that 

other effects, rather than direct differentiation of MSCs in neovasculature, likely 

accounted for the observed beneficial effects26. All this evidence suggests that in 

many tissue engineering approaches the contribution of MSC to support the repair 

process by directly differentiating in de novo repair tissue is fairly limited due to 

poor engraftment and survival of cells27. Since in many of these studies beneficial 

effects have been reported this raises the question how the injected cells exert their 

effect. 

 

Figure 2.1 Mechanisms through which MSCs mediate tissue repair. (A) MSCs directly 
differentiate into tissue specific cells that are enforced by specific biological cues released 
from the injured tissue and microenvironment, which improves the generation of de novo 
tissue. (B) Trophic effect of MSCs support tissue regeneration by delivering bioactive 
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molecules and genetic information that enhance the activity of tissue-resident cells. 

Besides their multilineage differentiation capacity, MSCs have shown to be capable 

of reducing inflammation by modulating the immune system28-35, promoting 

angiogenesis36-40, and inducing both cell migration, proliferation41-44, differentiation 

and extracellular matrix formation39, 45, 46 (Table 2.1). Therefore, it has been 

proposed that the functional benefits observed after MSC transplantation in 

experimental models of tissue regeneration might be related to the trophic effects of 

MSCs (Fig. 2.1B)47-49. This specific role of MSCs is the main focus of this review. 

In particular, we will discuss the possible mechanisms behind this effect. 

Table 2.1 Paracrine factors secreted by MSCs. 

Secreted factors Proposed function 
Basic fibroblast growth factor 

(bFGF)39, 93, 182 

Granulocyte/macrophage colony 

stimulating factor (G/M-CSF)38 

Insulin-like growth factor (IGF)38, 183 

Secreted frizzled-related protein-1 

(SFRP1)43 

Secreted frizzled-related protein-2 

(SFRP2)41 

Stanniocalcin-1 (STC-1)44 

Transforming growth factor β (TGF-

β)38, 184 

 

Metalloproteinase-1 (MMP1)39  

Metalloproteinase-2 (MMP2)45 

Metalloproteinase-9 (MMP9)46 

Plasminogen activator (PA)39  

Cell survival and Proliferation 

 

 

 

 

 

 

 

 

Remodeling of extracellular 

matrix 

 

 

 

 

 

Angiogenesis 
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Tumor necrosis factor-α (TNF- α)39 

 

Angiopoietins (ANGs)36 

Fibroblast growth factor-2 (FGF-2)37, 

53, 184 

Transforming growth factor- β (TGF- 

β)38, 39 

Vascular endothelial growth factor 

(VEGF)37, 40, 185 

 

Hepatocyte growth factor (HGF)29, 49 

Human leukocyte antigen-G5 (HLA-

G5)34, 35 

Indoleamine 2,3-dioxygenase (IDO)28, 

32, 186 

Inducible nitric oxide synthase 

(iNOS)187 

Interleukin-6 (IL-6)102 

Interleukin-10 (IL-10)33, 188  

Leukemia inhibitory factor (LIF)189  

Prostaglandin E2 (PGE2)28, 190-192 

Transforming growth factor- β (TGF- 

β)28, 29, 33, 193 

 

 

 

 

Immunomodulatory 

2.2 MSCs act as trophic mediators in tissue regeneration 

MSCs exhibit the capacity to migrate to injured sites and can therefore contribute to 

tissue repair50. The trophic effect of MSCs in tissue repair was first proposed by 

Arnold Caplan51. There is a dynamic regulation and interplay of stem cell derived 

cytokines that influence tissue survival, repair, and regeneration, including the 
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activation of resident and circulating stem cells27. Currently, researchers are 

increasingly integrating the trophic roles of MSCs as a prominent feature in tissue 

repair strategies52. One engrafted MSC has the potential to modulate the activity of 

many surrounding cells via inter-cellular communication. This hypothesis is 

supported by the in vitro observation that MSC-conditioned medium (CM) improves 

tissue repair27, 53. MSC-CM acts as a chemoattractant for tissue-specialized cells54. 

Analyses of MSC-conditioned medium indicate that MSCs secrete many known 

mediators of tissue repair including growth factors, cytokines, and chemokines53. 

This evidence suggests that the therapeutic effect of MSCs may largely depend on 

their capacity to secrete soluble factors that promote several key biological activities.  

2.2.1 MSCs in osteoarthritis (OA) and other cartilage defects repair 

Partial replacement of chondrocytes with stem cells in autologous chondrocyte 

implantation (ACI) has been proposed as an effective strategy to limit or even omit 

the in vitro expansion phase of chondrocytes55. Indeed, in vitro studies have shown 

that cartilage matrix deposition and chondrogenic gene expression in MSCs could 

be improved by co-culture of MSCs and chondrocytes56, 57. Based on these studies, 

it was assumed that the beneficial effects of co-culturing MSCs and chondrocytes 

in cartilage matrix formation were largely due to the differentiation of MSCs into 

chondrocytes. However, using cell tracking experiments it was later shown that DiI-

labeled allogeneic MSCs in cartilage defects were present after 1 week, but not after 

4 or 12 weeks post-implantation, while the cartilage repair progress lasted for at 

least three months58. This implies that the transplantation of allogeneic MSCs could 

only have acted at the beginning of the repair process. Importantly, this experiment 

indicated that MSCs did not contribute significantly to wound healing by 

differentiating into the newly formed tissue58, 59, 60. 

In a study performed by our group61 human mesenchymal stem cells (hMSCs) were 

used in pellet co-culture with human primary chondrocytes (hPCs) or bovine 

primary chondrocytes (bPCs) and the role of the individual cell populations in 
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matrix formation was studied. This revealed that these co-culture systems 

outperformed monoculture systems of either hPCs or hMSCs in terms of cartilage 

formation. Interestingly, the increase in matrix deposition was mainly achieved by 

increasing the matrix production of hPCs. Furthermore, we observed a significant 

decrease in MSC overtime, most probably caused by apoptosis, which may play an 

important role in the cartilage matrix formation of pellet co-culture system62, 63. The 

beneficial effects of the pellet co-culture model were largely due to the stimulation 

of proliferation and the matrix formation of chondrocytes induced by a trophic effect 

of the MSCs. This trophic role of MSCs in cartilage formation is furthermore 

supported by independent studies performed by others64-66. These studies point to a 

dominant role of the MSCs in stimulating resident or co-implanted chondrocytes to 

initiate a regenerative response. One can interpret the role of the MSC in these 

systems as the initiator or even as the conductor of the repair process by activating 

cell and tissue autonomous repair mechanisms, such as the induction of chondrocyte 

proliferation and matrix production. Once activated, the cartilage regeneration 

becomes self-reliant and chondrocyte-driven and is largely independent of MSC-

based stimulation. Moreover, the trophic effect of MSCs is independent of culture 

conditions and the origin of the MSCs66, 67. These studies suggested that the 

supportive trophic role in tissue repair and regeneration might not be limited to 

MSCs but could also be displayed by other stem cell populations or even non-stem 

cells such as dermal fibroblasts56. These findings starting from observations in vitro 

have been confirmed in animal studies and recently also in a clinical trial68, 69. 

2.2.2 MSCs in renal regeneration 

The role of MSCs in the recovery of acute kidney injury (AKI) has been extensively 

studied. It has been reported that MSCs administration effectively counteracted the 

detrimental effects of experimental AKI70-72 and induced functional improvements 

in chronic kidney disease73. Initially, it was thought that MSCs would home to the 

kidney to replace damaged renal cells. However, after initial accumulation of 
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systemically administered MSCs in the injured kidney, only a few of these cells 

permanently engraft within the tubules and without obvious evidence of cell 

differentiation into tubular cells70-72. In a rat AKI model, the iron-labeled MSCs were 

predominantly located in the glomerular capillaries, while kidney tubular cells 

showed no iron labeling, indicating the absence of trans-differentiation into tubular 

cells74. It has been suggested that MSCs do not replace renal tubular cells, but 

mitigate the damage by providing paracrine support for repair. MSCs achieve this 

by releasing growth factors that modulate the immune response and subsequently 

stimulate tissue repair75, 76. The kidneys of MSC-treated rats revealed a decrease in 

gene expression of pro-inflammatory cytokines and an increase in several growth 

factors with mitogenic, pro-survival, and anti-apoptotic effects77. In particular, 

insulin-like growth factor (IGF-1) and vascular endothelial growth factor (VEGF) 

were suggested as critical mediators42, 78. In an in vivo model of lung injury, a decline 

in the levels of tumor necrosis factor (TNF), interleukin (IL)-6, and interferon-

gamma (IFN-γ) was also detected in the group pre-treated with MSCs79. This 

hypothesis is supported by a mouse model of tubular injury showing that injection 

of conditioned medium from murine MSCs resulted in a significant decrease of 

tubular cell apoptosis, increased survival and renal function improvement80. 

Therefore, it can be concluded that the regenerative response of MSCs in this model 

depends on secreted bio-active factors.  

2.2.3 MSCs in myocardial repair and regeneration  

Injection of MSCs has been demonstrated to have therapeutic effects after 

myocardial infarction. Similar to the mechanism of MSCs promoting kidney repair, 

current data suggests that the direct differentiation of allogeneic MSCs into 

cardiomyocytes is very limited. Instead, the MSCs secrete factors and regulate the 

function of cardiomyocytes and immature cells during repair81-84. In support of this 

paracrine hypothesis, many studies have observed that MSCs secrete cytokines, 

chemokines, and growth factors that could potentially repair damaged cardiac tissue. 
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VEGF, transforming growth factor beta 1 (TGF-β1), fibroblast growth factor 2 

(FGF-2), hepatocyte growth factor (HGF) and granulocyte colony stimulating factor 

(G-CSF) have all been identified as key factors released by MSCs85. These factors 

have been demonstrated to exert beneficial effects on the heart, including 

neovascularization, attenuation of ventricular remodeling and increased 

angiogenesis39. Anti-inflammatory action is also exerted by MSC in a murine acute 

myocarditis model86. Furthermore, MSC-conditioned medium can reduce apoptosis 

and necrosis of cardiomyocytes exposed to low oxygen tension87. The injection of 

MSC-CM into animal myocardial infarction models limited infarct size, reduced 

cardiomyocytes apoptosis and ventricular remodeling and resulted in improved 

cardiac function compared with controls49, 88, 89. Meanwhile, extra cardiac 

administration of MSCs provided clear evidence that cardiac repair can be achieved 

through MSC’s trophic actions, and did not rely on their presence in the infarcted 

myocardium90. Though, it should be emphasized that many of these positive effects 

of MSCs in AKI and myocardial infarction were found in animal models. 

Replication of these beneficial effects in human patients is the subject of many 

clinical trials and is subject of an intense scientific debate. 

2.2.4 MSCs in wound healing and vascularization 

Neovascularization is another important biological process positively influenced by 

stem cells in a paracrine fashion. Co-culture of endothelial cells and MSCs can 

simulate and stabilize endothelial microvascular networks and promote cell 

functions91. A study with co-application of MSCs and endothelial cells resulted in 

improved angiogenesis which was largely due to the secretion of angiogenic 

cytokines by the MSCs stimulating the endothelial cells92. Another mechanism by 

which MSCs contribute to wound healing is by reducing inflammation, and by 

inducing migration and proliferation of resident tissue specific cells27. Many of these 

effects can be replicated by using MSC-conditioned medium both in vitro93 and in 

vivo53. Indeed, the CM acted as a chemoattractant recruiting macrophages and 
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endothelial cells to the wound. The MSC-CM has a similar effect as MSCs on a 

wound both accelerating epithelialization53, 94, 95. Studies have indicated that many 

cell types in the wound area, including epithelial cells, endothelial cells, 

keratinocytes, and fibroblasts, are responsive to factors secreted by MSCs96. The 

trophic function of MSCs in the wound-healing environment has been further 

elucidated in animal models. In a diabetic rat model of ulcerating wounds, 

researchers evaluated the function of MSCs in the context of improved collagen 

metabolism97. Overall, this data suggests that MSCs released soluble factors that 

stimulated proliferation and migration of the predominant cell types in the wound 

in therapeutically relevant concentrations.  

2.2.5 MSCs in neurological disorders 

MSCs have been reported to provide a potential therapeutic benefit in the treatment 

of neurological disease and injury98. MSCs are able to exert neurotrophic effects by 

releasing a variety of molecules that directly or indirectly promote endogenous 

repair. Such molecules may include neurotrophic growth factors, chemokines, 

cytokines, and extracellular matrix proteins99. Increased levels of IGF-1 as well as 

VEGF, bFGF, and epidermal growth factor (EGF) were observed in the brain of 

treated rats, as compared with controls48. Paracrine effects of such factors involve 

direct neurotrophic and/or neuroprotective activity on resident progenitor cells, 

hence inducing neurogenesis, oligodendrogenesis100, neurite outgrowth101, 102, 

angiogenesis103, or anti-apoptotic effects48 on neurons and glia cells. Furthermore, 

MSCs have been shown to improve gain-of-functions in brain stroked rats without 

differentiating into a neuronal phenotype104. It is assumed that the MSCs were able 

to achieve this by secreting a cocktail of factors into the neural niche 

microenvironment that mediated neural repair and protection.  

2.3 Mechanisms behind the trophic effects 

In each of these disease models discussed above, the MSCs secreted factors 

stimulated neighboring cells. It has been proposed that the interaction of stem cells 
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with their microenvironment, also named niche, has a critical role in defining the 

phenotype of the stem cell but also determines their secretory profile105. This has 

suggested that the selection in the production of the paracrine factors produced by 

the MSCs is in part orchestrated by the injured tissue. Indeed, MSCs appear to 

enhance the regenerative potential of multiple tissues types as a result of various 

mechanisms that become activated when exposed to the biochemical factors that are 

characteristic of an injured environment in vivo106.  

In a living tissue, cells constantly interact with each other and their ECM. This 

interaction influences the proliferation and differentiation of cells within the tissue 

and organ107, 108. Cell-cell communication is required to guarantee effective 

coordination among different cell types within tissues. Classical means of cell 

communication (Fig. 2.2) are represented by cell junctions, cell adhesion molecules, 

and signaling through secreted and soluble factors which all connect neighboring 

cells acting in a paracrine or even endocrine manner109-111.  

More recently, communication by extracellular vesicles (EVs) and membrane 

nanotubes (MNTs) have been identified as possible mechanisms. Furthermore, we 

postulate that apoptosis is an integral part of the trophic effect of MSCs in tissue 

repair. It seems likely that each of these mechanisms can contribute to the trophic 

role of the MSC in tissue regeneration. The extent to which each of these 

mechanisms can contribute to the therapeutic effect is likely dependent on the 

context such as tissue type, type of tissue damage, and inflammation degree. Recent 

articles summarized the mechanisms of the more classical ways of cell 

communication109, 111. In this review, we will emphasize on the latter three 

mechanisms. 
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Figure 2.2 Classical forms of cellular communication. (A) Signal molecules, adhesion 
molecules, and irons can bind to specific intracellular and cell surface receptors that can 
trigger a variety of cellular responses, depending on the receptor. (B) Signals can be 
transmitted from one cell to its neighboring cells via signal transmission, especially in 
neural synapse. (C) Two cells in direct contact with each other may send signals across gap 
junctions. 

2.3.1 Extracellular vesicles 

EVs are cytosol fragments with a spherical morphology, surrounding by a 

membrane composed of a lipid bilayer and hydrophilic proteins, similar to the cell 

plasma membrane (Fig. 2.3)112. Such vesicles are released from most cells and can 

be isolated from most body fluids such as serum, plasma, urine and cerebrospinal 

fluid113-115. EVs are a heterogeneous group of vesicles and includes exosomes, 

microvesicles, and apoptotic bodies. It has proven to be a challenge to 

experimentally distinguish between these vesicles due to their overlapping 

biophysical characteristics and lack of discriminating markers116, 117. Therefore, the 

term EVs will be used in this review to refer to a mixed population of vesicles. 

2.3.1.1 Formation of EVs 

Exosomes are 30-100 nm in size and are secreted when multivesicular bodies 

(MVBs), a late endosomal compartment, fuse with the plasma membrane118, 119. 

Exosome production is generally regarded as a constitutive membrane vesicle 

pathway, although it can increase as a result of stimulation with e.g. Ca2+ 

ionophore112. Microvesicles, also termed shedding vesicles, tend to be 100 nm to 1 

μm in diameter and are directly derived from the cell membrane of activated cells 

through the disruption of the cortical cytoskeleton. These vesicles shed into the 

extracellular space in a calcium flux- and calpain-dependent manner120. Apoptotic 
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bodies are larger than 1 μm and are derived from dying cells. They result from of 

budding of the plasma membrane, and contain cytoplasm with organelles121. 

These apoptotic bodies are a special class in the EVs. In tissue regeneration studies, 

cell death was considered as a consequence of injury, lack of oxygen and not as a 

regenerative factor, until recently. Researchers proposed the concept of “altruistic 

cell suicide” based on their observation that dying cells could induce proliferation 

of their neighboring cells122. The apoptotic cells release a variety of signals, 

including apoptotic bodies, which induce cellular responses over short and/or long-

range distances. During apoptosis, apoptotic bodies containing biological 

information are transferred from apoptotic to non-apoptotic cells. Indeed, 

endothelial cell–derived apoptotic bodies convey paracrine signals to recipient 

vascular cells that trigger the production of CXCL12123. This data indicates that the 

apoptotic bodies likely play an important role in paracrine signaling supporting 

tissue repair and regeneration. Thus the disappearance over time of MSCs from the 

injured tissue could reflect the death of MSCs. The extent to which MSC’s cell death 

contributes to tissue regeneration as well as the underlying mechanism of this 

“altruistic cell death” deserves further study. As mentioned before, also in the pellet 

co-culture model of MSCs and primary chondrocytes an association was found 

between MSC disappearance from the pellets likely by apoptosis and the stimulation 

of chondrocyte proliferation and matrix formation. It is presently unclear whether 

the cell death of MSCs in these pellet co-cultures with primary chondrocytes 

contributes to the improved cartilage formation in this model. 
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Figure 2.3 Mechanisms involved in the formation of microvesicles (MVs) and exosomes. 
Exosomes are formed from multivesicular bodies (MVBs) and are released by fusion of 
MVBs with the plasma membrane, whereas MVs bud directly from the plasma membrane. 
The extracellular vesicles (EVs) contain a variety of proteins, RNA and DNA species. 

2.3.1.2 EVs biological activities 

Cell communication by means of EVs is considered to be a universal way for cells 

to interact with each other and influence the behavior of other neighboring cells by 

exchanging material and information. Indeed, EVs can stimulate target cells and 

induce alterations in the phenotype and behavior of recipient cells124, 125. EVs 

influence the fate of target cells in numerous ways. First, they may directly stimulate 

the cells by interaction with membrane bound receptors or ligands126. Indeed, EVs 

express surface molecules and several types of receptors, including transforming 

growth factor β (TGFβ), CD95L, MHC classⅠ /Ⅱ  molecules and the CCR5 

chemokine receptor126, 127. After ligand interaction, they may then modulate the 

functional target cell by delivering intracellular proteins128, 129. Secondly, EVs can 

transfer receptors, bioactive lipids or nucleic acids between cells after fusion with 

target cell membrane. Of particular interest is the involvement of EV in the 

horizontal transfer of genetic information. Subsets of mRNAs, miRNAs and long 
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noncoding RNAs (lncRNAs) can be transferred via EVs to recipient cells, inducing 

functional and phenotypic changes130, 131. In particular, the horizontal transfer of 

miRNAs has been proposed as a new form of intercellular communication, 

representing a means by which donor cells can regulate the gene expression of 

recipient cells132. EVs extend the trophic repertoire of MSCs from the classical 

secreted growth factors to now include as well mRNAs, miRNAs, lipids, and 

membrane bound proteins. 

Stem cells and differentiated cells communicate with each other to regulate the self-

renewal and differentiation processes related to tissue repair133. In this process, stem 

cells and differentiated cells may establish bi-directional communication during the 

reparative process. EVs, by transferring selected patterns of proteins, lipids, mRNAs 

and miRNAs to recipient cells, may be considered as potent paracrine mediators of 

signaling between stem cells and differentiated cells110. In the first scenario, EVs 

released from injured tissue may help to reprogram the phenotype of stem cells to 

acquire tissue-specific features. The other way around, EVs derived from stem cells 

may induce cell cycle re-entry of cells survived an injury allowing tissue 

regeneration110. In this context, the stem cell-derived EVs could participate in the 

repair process105 by provoking genetic and epigenetic changes in target cells thereby 

activating critical cell processes for tissue regeneration e.g. by inducing cell 

proliferation, differentiation, and extracellular matrix production. Meanwhile, EVs 

released from damaged tissues may organize adult resident stem cells into a 

reparative program134. With the progress of tissue repair, the demands of the 

regenerating tissue will change and may request a different type of support from the 

MSC. Paracrine signaling, for example by EVs, back and forth between tissue 

specific cells and the stem cells may keep the trophic role of the MSCs in pace with 

the regenerative process. EVs may exert these functions next to classical ways of 

communication by means of secreted growth factors. In fact, the beneficial effect of 

MSC conditioned medium as reported in many studies cannot only be attributed to 

the presence of secreted growth factors but could have been mediated at least in part 
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by the presence of EVs which are in most protocols also present in the conditioned 

medium. It would be of great interest to repeat the CM experiments with medium 

deprived from EVs to determine the contribution of either secreted growth factors 

or the EVs to the beneficial effects in tissue repair. 

EVs contain diverse species of RNAs that reflect the functional state of the cell of 

origin, and could represent an important therapeutic tool, since these RNA subsets 

impact directly or indirectly protein translation when taken up by the target cells135. 

Therefore, several studies have evaluated whether stem-cell-derived EVs perform 

similar to MSCs in tissue regeneration in vivo136-138. The use of MSC derived EVs 

rather than the cells themselves may avoid possible long-term mal-differentiation of 

engrafted cells and attenuate many of the safety concerns related to the use of living 

cells. 

2.3.1.3 Role of EVs in tissue regeneration 

Proteomics analysis of MSC-derived EVs has shown that they contain the factors 

influencing angiogenesis such as FGF, VEGF, HGF, EGF and IL-8139, 140. Thus 

MSCs release not only growth factors directly into medium but also as an integral 

part of EVs. It is at present unclear whether growth factors embedded in an EV have 

distinct biological activity compared to the same growth factors directly released 

into the extracellular space. This requires more research. Nevertheless it is clear that 

release of growth factors in EVs represents another way for cellular communication 

and transportation in the extracellular space141. 

EVs have been shown that they are the mediators of the cardio-protective effects of 

MSCs and that they diminish the size of the infarct in an ischemic mouse model142. 

A similar model showed that MSC-derived EVs enhanced blood flow recovery, 

reduced the infract size and preserved cardiac systolic and diastolic performance by 

promoting angiogenesis143. Currently it is hypothesized that the cardio-protective 

effects of EVs are resulting from a combination of improved angiogenesis, anti-

apoptotic effects, anti-inflammatory effects and anti-cardiac remodeling factors 
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showing a clear overlap with the proposed actions of MSC-CM. Recently, 

researchers showed that CXCR4 overexpressing MSCs produced EVs with 

increased concentrations of VEGF and IGF-1α. They loaded MSCs with EVs, which 

were produced in CXCR4 overexpressing MSCs, and proved that these exosomes 

were delivered in vivo upon implantation of a cell sheet, leading to increased 

angiogenesis, reduced infarct size, and improved cardiac remodeling144. 

Bruno et al. wrote an extensive review on the use of MSC-derived EVs on renal 

regeneration119. MSC-derived EVs were first tested for their renal regenerative 

potential in a model of AKI134. A meta-analysis on the studies using MSC-derived 

EVs in AKI concluded that MSC-derived EVs have a more profound therapeutic 

potential than conditioned medium, and that early administration of EVs in AKI has 

the most effect145. Besides AKI, MSC-derived EVs have been tested in chronic 

diabetic nephropathy, where they were found to be as effective as conditioned 

medium146. The exosomes were found to suppress the invasion of bone marrow 

derived cells (the source of inflammatory cytokines) by downregulating their 

adhesion molecules (ICAM-1). This resulted in a decreased the expression of TNF-

α. Besides this, activation of renal inflammatory pathways via p38-MAPK was 

reversed. TGF-β1 expression was downregulated and tight junction protein 

expression (e.g., ZO-1) was persevered. Consequently, TGF-β mediated epithelial-

to-mesenchymal transition was inhibited.  

Recent studies compared the effect of injected MSCs and MSC-derived EVs on the 

neural functional recovery after ischemia or apoplexy137, 147. Both studies found 

equally positive therapeutic effects of MSCs and EVs. Improvement of neurological 

impairment, neuroprotection and neurogenesis and angiogenesis were equally 

stimulated by the presence of either MSCs or EVs. Although the composition of the 

EVs was not within the scope of these studies, other research has shown that the 

neurotrophic effect of injected MSCs results from a variety of molecules that 

directly or indirectly promote endogenous repair (reviewed in chapter 2.5). Hofer 
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et al. reviewed the role of MSCs secreted trophic factors in never repair148. 

Neurotrophic brain-derived neurotrophic factor (BDNF), nerve growth factor 

(NGF), and glial cell line-derived neurotrophic factor (GDNF), ciliary neurotrophic 

factor (CNTF) as well as angiogenic VEGF and angiopoietin-1 (Ang1) work as 

neuroprotective factors. It is assumed that the MSCs are able to achieve their 

therapeutic effects by secreting a cocktail of these factors in EVs into the neural 

niche microenvironment that mediates neural repair and protection. However, to 

date, the molecular definition of their cargo remains unknown. Also these studies 

suggest a large overlap in the activity of MSC-CM and MSC-derived EVs which 

may suggest that EVs rather than secreted growth factors and cytokines play a more 

dominant role in the mechanism of action by which MSCs induce tissue 

regeneration. 

Based on the anti-inflammatory, anti-apoptotic, anti-fibrotic and pro-regenerative 

properties of MSC-derived EVs it was long speculated that EVs might exert a 

positive effect on osteoarthritis (OA) or rheumatoid diseases149, 150. Zhang et al. 

showed that the addition of MSC-derived exosomes led to complete restoration of 

cartilage and subchondral bone. Hyaline cartilage with a good surface regularity, 

complete bonding to the adjacent cartilage was formed after 12 weeks in 5 out of 6 

rats150.  

Based on all examples above EVs can have numerous positive effect on tissue 

regeneration due to their anti-apoptotic, angiogenesis promoting and pro-

proliferative effects. In spite of all these positive results many of the animal models 

used, do not resemble a realistic pathological situation. Many of the models inject 

the EVs directly after injury, to prevent development of tissue damage, even when 

the disease is chronic and progressive like OA119, 143, 144, 150. There are studies where 

the administration of EVs is delayed, but these are the minority. In the studies for 

chronic kidney disease (CKD) there is one paper using EVs to cure already 

established damage151. In this study they compared EVs and conditioned medium 
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and found that EVs do not have a curative effect. One other paper describes the 

regenerative effect of EVs in established chronic diabetic nephropathy146. The 

exosomes were found to suppress the invasion of bone marrow derived cells by 

downregulating their adhesion molecules. Clearly more work is needed whether 

MSCs, MSC-CM or MSC-derived EVs can play a role in the reversion or even 

regeneration of established disease and whether there are specific windows for 

opportunities in which treatment is most beneficial. 

2.3.2 Membrane nanotubes 

Rustom and co-workers152 were the first to describe an as yet unknown type of 

intercellular connection. They noticed some straight lines connecting two adjacent 

cells that were not in direct cell-cell contact. With regards to dimensions and 

morphology, these structures were termed membrane nanotubes (MNTs) or 

tunneling nanotubes (TNTs). MNTs are long thin F-actin-based membranous 

channels connecting cells (Fig. 2.4). These structures were observed between many 

eukaryotic cells153-156, suggesting that these connections represent common 

mechanism of functional intercellular connectivity and cell-to-cell communication. 

MNTs are widely considered a neotype of cell communication through its ability to 

transport many components and signals from one cell to another157.  

2.3.2.1 Structural characteristics of MNTs  

Electron transmission and scanning microscopes were used to reveal the surface and 

formation of MNTs. Meanwhile, fluorescence studies can give information about 

the structure of MNTs, as well as their function in intercellular transfer158, 159. To 

study the latter process, dyes such as DiD, DiO, fluorescent proteins like GFP, and 

selected cell compartments markers are widely used. The diameter of MNTs ranges 

from 50 to 200 nm and some are as long as the diameter of a few cells152. Findings 

suggest that the thickness and length of MNTs might be related to the components 

exchanged through the tunnels, as well as their quantity160.  
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Two types of MNTs have been distinguished, open-ended and closed-ended. For 

open-ended MNTs, intercellular cargo or larger organelles such as mitochondria or 

vesicles may be transported from the MNTs to the target cell160, 161. For the closed-

ended structures membranous cargo can enter into the target cell as a result of 

endocytic forces162. Their functions could apply to various specific topologies, 

depending on the types of signals.  

 

Figure 2.4 Mechanisms of membrane nanotube (MNT) formation and potential functions. 
(A) MNTs can be derived from filopodia-like protrusions (i) and prior cell-cell contacts (ii). 
(B) Organelles and proteins can transport via MNTs, either inside (1) or along their surface 
(2). Patches of surface membranes and activation signals could be transmitted between 
connected cells (3). Membranous cargo can enter into the target cell by endocytic forces 
from the end of closed-ended nanotubes (4). 
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2.3.2.2 Formation of MNTs 

Until now, two mechanisms of MNTs formation are known162-164 (Fig. 2.4A). In the 

first mechanism, linkages form after a cell extends a de novo filopodia-like bridge 

that is then bound and tightly anchored to a neighboring cell. Filopodia are dynamic 

exploratory and sensory organelles that can direct cell migration towards specific 

sources, including nearby cells. These structures can be maintained to form a long-

lived stable filopodial bridge, or alternatively, function as structural intermediates 

to more complex cell-cell interfaces165. The second mechanism of MNTs formation 

is connected with prior cell-cell contact, after which the cells are separated and a 

nanotube is formed between them. These mechanisms may vary per cell type. 

Indeed, most immobile cell types, such as neuronal-like PC12, form tubes by the 

outgrowth of filopodia166. Mobile cells, such as kidney cells and T cells, which 

easily connect with other cells, form tubes by the second method156, 167. However, it 

is important to note that the two mechanisms could occur in the same cell type. 

Despite the two possible mechanisms of formation, it’s accepted that actin 

polymerization is required for MNTs formation. This specific feature of MNTs helps 

to distinguish them from other similar structures such as membrane tubules formed 

by neutrophils168.  

Little has been done to investigate the signaling pathways involved in MNTs 

formation. Since actin polymerization is required, it has been proposed that some 

proteins involved in actin polymerization, such as Cdc42, will also be important for 

nanotube formation. Indeed, Cdc42, Rac1, ezrin and N-WASP are all present in 

MNTs, but the requirement of these factors in MNTs formation has so far not been 

assessed169. Using expression of dominant negative constructs in HeLa cells, 

inhibition of Cdc42 resulted in decreased MNTs formation, but Rac1 inhibition 

showed no effect170. It’s suggests that the signaling requirements for MNTs 

formation may be different depending on the mechanisms of formation.  

2.3.2.3 Biological significance of MNTs 
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Many studies have investigated the biological function of this recently discovered 

structure that connects two distant cells (Fig. 2.4B). A common function of MNTs 

is the propagation of an electrical signal167. Organelles and proteins transport via 

MNTs also seems to play an important role especially when cells are damaged or 

undergo premature senescence171-173. Ca2+ and intercellular vesicles could also be 

transported via MNTs between cells161, 174, 175. Transfer of miRNA through MNTs 

has been described in cancer cells, but if this function is also present in immune 

cells or in MSCs has to be investigated176. MNTs were found to transport porous 

silicon microparticles, so they may be involved in the dispersion of therapeutic 

agents at the site of diseased tissue177. MNTs have also been suggested to provide 

cell-contact dependent communication over long distances158. Recently, MNTs have 

been observed between MSCs and vascular smooth muscle cells (VSMCs), which 

promoted the proliferation but not differentiation of MSCs by transfer of 

mitochondria from VSMCs into MSCs178, as well as between MSCs and osteoclast 

precursors, which was found to be essential for osteoclastogenesis179. Overall, 

MNTs are novel candidates to explain how direct cell-to-cell communication occurs 

and play an important role in many (patho)physiological processes by transporting 

molecular signals and cell organelles from one cell to another180. We propose that 

communication via nanotubes could be an additional mechanism by which MSCs 

exert their positive effect in tissue regeneration. 

2.4 Conclusions 

The beneficial function of transplanted MSCs has already been proven in many 

therapeutic domains. Recently, the trophic effect of MSCs is being considered as the 

most important player in the observed reparative effects of these cells. In the case 

of severe tissue damage, MSCs can be attracted to the site where they secrete a broad 

repertoire of trophic factors that function to assist the repair and regeneration 

process51. The trophic hypothesis of MSCs action changed the perspective of the 

therapeutic use of MSCs in regenerative medicine181. The mechanisms governing 
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this trophic activity are quite distinct from those used in tissue engineering 

functional substitutes for replacement of damaged or lost tissue. There is strong 

evidence showing that the effect is at least partly mediated by secretion of growth 

factors, cytokines and other secreted proteins affecting resident cells stimulating 

tissue repair, but it is likely that more mechanisms exist. In this review, we have 

discussed two additional mechanisms that could be employed by the MSCs in 

support of their trophic role, extracellular vesicles (EVs) and membrane nanotubes 

(MNTs), which can connect different cells and deliver their trophic factors. These 

structures are defined as important forms of intercellular communication, and are 

involved in many physiological processes. As they may influence the behavior of 

recipient cells by delivering their bioactive cargo, it may be possible to exploit this 

effect in tissue regeneration and repair. The extent to which these additional 

mechanisms contribute to the trophic effect of MSCs in tissue repair and 

regeneration deserves further study. Indeed gaining a solid understanding of these 

mechanisms may lead to development of new strategies and /or therapeutic tools for 

tissue regeneration.  
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Abstract 

Co-culturing mesenchymal stem cells (MSCs) with chondrocytes has been reported 
to result in enhanced proliferation of chondrocytes and matrix deposition by 
chondrocytes. Although the inter-donor variation of MSCs in differentiation 
potential is widely recognized, it has remained unknown whether donor variation 
also influences the beneficial effects of MSCs in chondrocyte-MSC co-cultures. To 
investigate this, we selected MSCs from 18 distinct donors and investigated their 
propensity to undergo chondrogenesis. Mono-culture and co-culture micromasses 
of human MSCs and bovine chondrocytes were cultured in chondrocyte 
proliferation medium to determine the inter-donor variability and to evaluate 
whether the beneficial effect of the MSCs is dependent on donor variation. After 
four weeks, histological analysis of matrix formation and biochemical 
quantification of glycosaminoglycans (GAGs) were used to detect changes in 
cartilage matrix deposition. Species-specific qPCR was used to determine the fate 
and transcriptional profiles of the individual cell populations during co-culture and 
expression of chondrogenic genes. Human GAPDH expression analysis revealed 
the near-complete loss of all MSC donors from distinct donors in the co-cultured 
pellets after four weeks. Average bovine chondrogenic mRNA was expressed at 
higher levels compared to the bCH group. In the meanwhile, enhanced cartilage 
matrix deposition in co-culture groups was confirmed by histology staining and 
GAG quantification assay, which is independent of inter-donor variation and 
chondrogenic potential of MSCs donors. Interestingly, the pro-chondrogenic co-
culture effect was not correlated with the potential of the MSCs to undergo 
chondrogenic differentiation. These results demonstrate that the beneficial effects 
of MSC in the chondrocyte-MSC co-culture system are independent of MSCs donor 
variation in chondrogenic differentiation, which is support for the clinical potential 
of this approach to boost cartilage tissue regeneration. 
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3.1 Introduction 

Autologous chondrocytes implantation (ACI) has been considered as a golden 
standard to treat cartilage defects1-3. However, the use of autologous chondrocytes 
has disadvantages that limit its potential clinical applications. These disadvantages 
include low cell availability and limited cell expansion capability without loss of 
function4-7. Therefore, development of new cell-based tissue engineering strategies 
is of significant importance for cartilage repair. In this context, the co-culture of 
articular chondrocytes (ACs) and mesenchymal stem cells (MSCs) is most 
commonly studied8-10, which has been shown as effective for cartilage tissue 
regeneration.  

MSCs have emerged as a clinically relevant cell source for cartilage tissue 
regeneration. The cells can undergo chondrogenesis and are able to deposit a 
cartilage-specific matrix in a variety of natural and synthetic scaffold materials 
when exposed to chondrogenic growth factors11. In particular, ACs and MSCs 
cocultures associate with an increased amount of neocartilage formation as 
compared to either cell type alone12-14. Moreover, MSCs can also act as trophic 
mediators that can guide tissue regeneration15. Studies report that in these cocultures, 
the amount of MSCs significantly decreases over time. This phenomenon is most 
probably caused by apoptosis, which may play an essential role in the cartilage 
matrix formation in pellet co-culture system16. The beneficial effects of MSCs in 
the co-culture models were mainly due to increased proliferation of chondrocytes 
and matrix deposition by chondrocytes that was induced by MSCs rather than by 
chondrogenic differentiation of MSCs into chondrocytes8, 16-18. These studies point 
to a dominant role of the MSCs in stimulating resident or co-implanted chondrocytes 
to initiate a regenerative response. 

Despite the high translational potential of chondrocyte-MSC co-cultures, the inter-
donor variation in this co-culture approach has remained unknown. This is 
surprising as the considerable inter-donor variation of MSCs is a general and widely 
known complication for the practical implementation of MSC-based cartilage tissue 
engineering approaches19-21. Researchers have observed striking differences 
between MSCs of different donors concerning the growth rate, expression of 
lineage-specific and non-specific markers, and differentiation potential22-25. For 
example, donor age, donor gender, harvest methods, isolation location, and culture 
conditions are known to determine the differentiation potential of the isolated 
MSCs26-28. In consequence, some researchers have preemptively attempted to 
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reduce the therapeutic inter-donor variation in chondrocyte-MSC co-cultures via the 
use of mixed donor pools or the selection of highly chondrogenic donors. However, 
whether the outcome of chondrocyte-MSC co-cultures is affected by inter-donor 
variability has remained unknown. Therefore, we here compare the potential of 
MSCs from 18 different individuals on their propensity to undergo chondrogenesis 
and their ability to stimulate chondrocytes when co-cultured to determine the inter-
donor variability of this beneficial effect of MSCs. 

3.2 Materials and Methods 

3.2.1 Cell culture and expansion 

MSCs were isolated from aspirates from 18 human donors as described previously29. 
MSCs from all kinds of donors were cultured in MSC proliferation medium. MSCs 
were expanded using proliferation medium composed of α-MEM supplemented 
with 10% FBS, 1% L-glutamine, 0.2 mM Ascorbic acid 2-phosphate (ASAP), 100 
U/mL penicillin, 100 µg/mL streptomycin and 1 ng/mL bFGF. Bovine primary 
chondrocytes (bCHs) were isolated from full-thickness cartilage knee biopsies of 6 
months old female calves as previously described30. Chondrocytes were expanded 
in proliferation medium composed of DMEM supplemented with 10% FBS, 1× non-
essential amino acid (NEAA), 0.2 mM ASAP, 0.4 mM L-proline, 100 U/mL 
penicillin and 100 µg/mL streptomycin. 

For mono-cultures, 200,000 cells of bCHs (Represented by bCH) or hMSCs 
(Represented by MSC) were seeded per well of round bottom 96 wells plates. For 
co-cultures, 200,000 cells were seeded in an 80% hMSC/20% bCH (Represented by 
Co-culture) ratio. Cells were seeded in chondrocyte proliferation medium and 
centrifuged for five min at 500 g. The medium was refreshed twice a week. Cell 
pellets were cultured for up to four weeks. 

The use of all human materials in this study was approved by a local Medical Ethics 
Committee. All reagents used for cell culture were purchased from Invitrogen unless 
otherwise stated. Common chemicals were purchased from Sigma-Aldrich unless 
otherwise stated. 

3.2.2 Histology 

Cell pellets were fixed with 10% formalin for 15 min, dehydrated with graded 
ethanol, and embedded in paraffin using routine procedures. Five µm-thick sections 
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were cut and stained for sulfated glycosaminoglycans (GAG) using Alcian blue. 
Nuclei were counterstained with nuclear fast red. 

3.3.3 Quantitative GAG 

Cell pellets were washed with phosphate-buffered saline (PBS), frozen overnight at 
-80°C, and digested in digestion buffer (1 mg/mL proteinase K in Tris/EDTA buffer 
at pH 7.6 containing 185 µg/mL iodoacetamide and 10 µg/mL pepstatin A) for 16 
hours at 56°C. The GAG content was quantified with 1,9-dimethyl methylene blue 
chloride (DMMB) staining in PBE buffer (14.2g/L Na2HPO4 and 3.72g/L Na2EDTA, 
pH 6.5) using a spectrophotometer (TECAN) at an absorbance of 520 nm. 
Chondroitin sulfate was used to make a standard curve. Relative cell number was 
determined by quantification of total DNA using a CyQuant DNA kit (Molecular), 
according to the manufacturer’s instructions. 

3.2.4 DNA isolation, RNA isolation, and quantitative polymerase chain reaction 

Total DNA was isolated from pellets with the DNA Mini Kit (Promega) according 
to the manufacturer’s protocol. Total RNA was isolated from pellets with the 
NucleoSpin RNA kit (Machery-Nagel). Total RNA was reverse transcribed into 
cDNA using the iScript cDNA Synthesis kit (Bio-Rad). Quantitative polymerase 
chain reaction (qPCR) was performed on genomic DNA or cDNA samples by using 
the SensiMix SYBE& Fluorescein kit (Bio-Rad). PCR reactions were carried out on 
the CFX Connect Real-Time PCR Detection System (Bio-Rad) under the following 
conditions: hot-start for 10 minutes at 95 °C, then 40 cycles consisting of 15 seconds 
denaturation at 95 °C, 15 seconds annealing at 60 °C and 15 seconds extension at 
72 °C, followed by a melting curve. The sequences of the primers for qPCR, either 
species-specific or cross-species specific, are listed in Supplementary Tables 3.S1 
and S2.  

3.2.5 Statistical analysis 

Statistical analysis of GAG and DNA quantifications were made by using Student’s 
t-test. qPCR results were examined for statistical significance with Nonparametric 
Test, followed by Mann-Whitney Test. p-values of < 0.05 were considered 
statistically significant. 

3.3 Results 

3.3.1 hMSCs from different donors increase cartilage matrix formation in co-
culture with bCHs 
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To investigate whether donor variation of MSCs would influence the degree of 
cartilage formation in co-culture pellets, we cultured MSCs from 18 distinct donors 
with bCHs in 3D pellets. After four weeks of being cultured in the chondrocyte 
proliferation medium, histology and GAG assays were performed to evaluate 
cartilage formation. The presence of GAGs was revealed by Alcian blue staining in 
both mono-culture and co-culture pellets (Fig. 3.1). In line with literature, pure bCH 
pellet was characterized by relatively low amounts of deposited matrix, which 
associates with the lack of sufficient amount of chondrogenic growth factors. 
Similarly, pure MSCs groups demonstrated low levels of differentiation into the 
chondrogenic lineage, which was associated with substantial inter-donor variation 
in terms of chondrogenic differentiation. In stark contrast, chondrocyte-MSC co-
cultures were characterized by substantially more notable levels of matrix 
deposition as compared to both pure bCHs and hMSCs groups. Enhanced matrix 
deposition was actually observed in most of the co-culture groups (Supplementary 
figure 3.S1).  

 

Figure 3.1 GAG formation in co-culture pellets of bCHs and hMSCs from different donors. 
Bovine chondrocytes were co-cultured with hMSCs from different donors (hMSC: bCH is 
80:20) for 4 weeks in the chondrocyte proliferation medium. Alcian blue staining was 
performed on cryosections. Nuclei were counterstained with nuclear fast red. Staining 
results showed various degrees of improved cartilage matrix formation in chondrocyte-MSC 
co-culture pellets compared to both pure bCHs and different donors of hMSCs groups. 
Pictures show four representative hMSC donors, in total 18 donors were tested. Data of all 
donors is presented in supplemental figure 3.S1. Scale bar = 50 µm.  

GAG and DNA contents of each pellet were then determined by chemo-
spectrophotometric and fluorescent assays (Fig. 3.2). Both total GAG content and 
GAG content normalized to DNA increased in most of the co-culture groups 
comparing to the mono-culture groups (Fig. 3.2A and 2B). The average of 18 donor 
pairs of hMSCs and bCHs confirmed that co-culture pellets contained more GAG 
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than mono-culture pellets. In co-culture groups, the average total GAG content was 
significantly higher than pure MSCs groups with a 6.5-fold change (Fig. 3.2B). The 
GAG quantification analysis is in line with the histology staining results indicating 
that the co-culture of hMSCs and bCHs increased cartilage formation. However, no 
correlation was observed if we pair the GAG content from different hMSCs donors 
and co-culture groups suggesting that chondrogenic differentiation potential was not 
correlated with the chondro-induction in co-culture pellets (Fig. 3.2C). Even MSC 
donors with poor chondrogenic potential sustained GAG production in the co-
culture pellets. 

 

Figure 3.2 Biochemical assay shows an increase in GAG formation in co-culture pellets. 
Amount of GAG and DNA in the pellets was measured after a four-week culture period in 
chondrocyte proliferation medium. Total GAG (top) and GAG/DNA (bottom) are shown, 
respectively (A). Conditions of hMSCs, bCHs and co-cultures are indicated by the bar colors. 
* represents p<0,05 compared to values of the pure MSC donor, # represents significance 
compared to the pure bCH group. Error bar reflects Standard Deviation (S.D.). (B) 
Correlation of total GAG and GAG/DNA between co-culture group and the respective MSC 
donor. GAG is expressed higher in co-culture groups compared to the respective hMSC 
donor. Black lines represent individual donors (n=18). Red line represents the average 
value. (C) Paired GAG content from different MSCs donors and co-culture groups showed 
that donor variation of hMSCs does not influence the degree of cartilage formation in co-
culture pellets. 

3.3.2 Disappearance of hMSCs in co-culturing with bCHs has no correlation with 
donor variation 

After four weeks of being cultured in chondrocyte proliferation medium, genomic 
DNA was isolated from cell pellets and species-specific qPCR was used to quantify 
the genomic GAPDH expression. As shown in Figure 3.3A, after four weeks, the 
ratio of human genomic DNA decreased from 80% to 1.7% +/- 2.2%.  All co-culture 
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pellets from different hMSCs donors contained predominantly DNA of bovine 
origin indicating of a loss of human cells during the four-week cell culture period. 
The same trend appears in mRNA isolated at four weeks. GAPDH mRNA in all the 
co-culture pellets was from bovine origin, while hardly any human mRNA was 
detected (Fig. 3.3B). Both the DNA and mRNA analysis of chondrocyte-MSC co-
culture pellets demonstrated the near absence of hMSCs in all cell pellets 
irrespective of donor variation in chondrogenic differentiation.  

 

Figure 3.3 Species-specific qPCR of GAPDH in co-cultures of different donors of hMSCs 
and bCHs at genomic DNA level (A) and mRNA level (B). Both genomic DNA and RNA were 
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extracted from pellets after four weeks in chondrocyte proliferation medium. Data shows a 
significantly decrease in the percentage of MSCs in pellet co-cultures at four weeks. Red 
line represents the initial seeding percentage of hMSCs (80%). 

3.3.3 Chondrocyte-MSC co-cultures promote matrix formation independently of 
MSCs donor variation 

Both histology staining and biochemical analysis results showed that hMSCs of 
different donors show distinct chondrogenic potential. Species-specific qPCR was 
then performed to study the mRNA expression of chondrogenic marker genes in co-
culture pellets (Fig. 3.4). After four weeks of being cultured in chondrocyte 
proliferation medium, average bovine Aggrecan (Acan) and Collagen 2 (Col2a1) 
mRNA were expressed at higher levels compared to the bCH group with 
respectively a 2.2 and 10.8-fold change but with a relatively large spread in data 
points. When individual co-cultures were examined it was shown that the expression 
levels of bovine Acan and Col2a1 mRNA in co-culture pellets were either higher or 
similar to those of pure bCHs pellets (Fig. 3.4A and 4B).  

On the other hand, the expression levels of both human ACAN and COL2A1 were 
much higher in all the co-culture pellets than in pure MSCs pellets (Fig. 3.4C and 
4D). This is likely due to the extremely low levels of hGAPDH expression in co-
culture pellets in comparison with the pure MSCs groups, as measured by species-
specific qPCR in figure 3.3 which skews the ratio. The average Ct values from 
different conditions are shown in figure 3.4E demonstrating that hGAPDH 
expression was much lower in the co-cultures. Furthermore, we compared the 
chondrogenic potential of each condition in depth based on both histochemical and 
molecular criteria as previously described39. Briefly, good chondrogenic 
differentiation potential was mainly marked by enhanced histological cartilage 
formation, increased GAG deposition, as well as by significantly higher mRNA 
expression of ACAN and COL2A1. Based on these parameters, donors were scored 
on chondrogenic behavior and divided into three groups: low, moderate, and high 
chondrogenic potential (Fig. 3.5A). This analysis revealed that none of the MSC 
donors showed high levels of chondrogenesis and 17 out of the 18 co-cultured 
donors showed low levels of chondrogenesis when pure MSCs where cultured in 
growth medium for four weeks (Fig. 3.5B). In contrast, 8 out of the 18 co-cultured 
donors presented high levels of chondrogenic differentiation while only 4 out of the 
18 co-cultured donors were scored as low level chondrogenic performing. Moreover, 
in line with the paired comparison result (Fig. 3.2C), there was no correlation 
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between the MSC differentiation potential and the final chondrogenic performance. 
Taken together, these data indicated that donor variation of MSCs did not influence 
the degree of cartilage formation in co-culture pellets. 

 

Figure 3.4 Expression levels of bovine Acan (A) and bovine Col2a1 (B) and human ACAN(C) 
and human COL2A1 (D) were examined by species-specific qPCR. RNA samples were 
extracted from pellets cultured in chondrocyte proliferation medium for four weeks. Relative 
expression levels were obtained by normalization of separate species-specific signals to 
cross species-specific GAPDH. The values are relative amounts to the pure MSC or 
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chondrocyte groups. Although widely distributed among different donors, average bovine 
Acan and Col2a1 mRNA were expressed higher compared to bCH group, with respectively 
a 2.2 and 10.8-fold change. The relative expression levels of human chondrogenic marker 
genes were much higher in all the co-culture pellets than in pure hMSCs pellets. * represents 
p<0,05 compared to values of the co-culture pellets. (E) Average Ct values from different 
conditions showed that human GAPDH expression was much lower in co-culture. 

 

Figure 3.5 Scoring of 18 hMSC donors and related co-cultures according to their 
chondrogenic potential. (A) Scoring was done based on the amount of GAG expression and 
positive Alcian Blue stain as histological appearance of the cartilage matrix, as well as the 
mRNA expression levels of chondrogenic marker genes. Scoring donors were separated into 
high levels, moderate levels, and low levels. Based on the overall score, the percentage of 
donors in each condition was calculated and plotted (B).  
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3.4 Discussion 

In this study, we have reported on i) MSCs from distinct donors show a significant 
decrease in chondrocyte-MSC co-cultures; ii) MSCs from distinct donors could 
promote cartilage matrix formation in chondrocyte-MSC co-cultures; iii) and that 
both effects of MSCs are independent of MSC donor variation. 

MSCs could serve as a promising cell source for repair of cartilage defects due to 
the advantages of the noninvasive collection, high proliferative potential, low 
immunogenicity, and chondrogenic potential in vitro31-34. However, essential factors 
deciding on how to use MSCs should not solely be based on their chondrogenic 
potential and cell phenotype. Although proof of principle exists for cartilage tissue 
engineering, clinical application is still hampered by considerable donor variation 
in the ability of MSCs to deposit cartilage matrix in vivo25, 35, 36. Indeed, in this work, 
various degree of chondrogenic potential in vitro was observed from different 
donors of hMSCs using histological and biochemical analysis. We should note, 
however, that in this study the chondrogenic differentiation of the MSCs was 
performed in suboptimal conditions, e.g. without the addition of pro-chondrogenic 
factors like TGF-b. The chondrogenic differentiation of these cells in optimal 
conditions has previously been described39. Despite this, pellet culture of the MSCs 
stimulated a reasonable degree of differentiation into chondrocytes based on 
histology and GAG staining substantiating the claim that the used panel of MSCs 
has a high degree of inter-donor variation in chondrogenic differentiation. Previous 
studies have also observed striking differences between MSCs of different donors 
concerning the growth rate, expression of both lineage-specific and non-specific 
markers, and their response to in vitro differentiation in the osteoblastic, adipogenic, 
and chondrogenic cell lineages22-25. Whether this difference between donors also 
affects the beneficial effect of MSCs in the Chondrocyte-MSC co-culture system 
had remained largely unstudied. 

To investigate whether donor variation of MSCs would influence the degree of 
cartilage formation in co-culture pellets, we cultured MSCs from 18 distinct donors 
with bCHs in 3D pellets. These donors have previously been characterized in detail 
with respect to the osteogenic, adipogenic, endothelial cell differentiation potential 
and expression of CD marker and microRNA37-39. These studies showed that the 
differentiation potential including the chondrogenic potential varied significantly 
between donors, which is in line with our results. Interestingly, in this study, we 
have shown that the co-culture effect has no relation with the chondrogenic potential 
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of the MSCs. Moreover, compared to pure chondrocyte pellets, the expression of 
bovine chondrogenic genes is enhanced in the co-culture pellets cultured in the 
proliferation medium. Furthermore, this beneficial effect of MSCs to promote 
cartilage matrix formation in chondrocyte-MSC co-cultures appears independent of 
donor variation in chondrogenic differentiation.  

Multiple mechanisms have been postulated to explain the increased cartilage matrix 
formation in the chondrocyte-MSC co-cultures. It was believed that this 
phenomenon could be explained by the chondrogenic differentiation of MSCs 
triggered by chondrocytes40-42. Although the percentage of MSCs dramatically 
dropped irrespective of donor from 80% to an only a few percent, the few remaining 
MSCs expressed ACAN and COL2A1 mRNA at higher levels as compared to pellets 
of pure MSCs after four weeks of culture. This result indicated that, although the 
total amount of MSCs will undergo a significant drop, the remaining fraction of 
MSCs display a stable chondrogenic phenotype. Indeed, studies indicated that 
chondrocytes could induce the chondrogenic differentiation of MSCs and the 
addition of the articular chondrocyte-conditioned medium can instigate 
chondrogenic differentiation of MSCs41, 43.  

Recent studies have demonstrated that increased cartilage formation in co-culture 
pellets is not mainly due to the chondrogenic differentiation of MSCs, but rather by 
MSCs exerting a beneficial effect on the chondrocytes stimulating cell proliferation 
and matrix deposition8, 16-18. MSCs accomplish the beneficial effect via an indirect 
mechanism by acting as a trophic mediator. Moreover, the chondrocytes induce 
apoptosis of the MSCs, which results in a progressive disappearance of MCSs from 
the original co-culture16. The cell death of MSCs in the co-culture pellets further 
exaggerated the beneficial effects of MSCs. Cell ratio changes in co-culture pellets 
were studied using species-specific qPCR in our study. In line with previous results, 
our study demonstrated that the ratio of hMSCs significantly dropped from the 
initial seeding percentage in co-culture pellets. Although some donor variation was 
observed in MSC disappearance, the results demonstrated the near absence of 
human MSCs in all cell pellets. This disappearance showed no correlation with the 
inter-donor variation in chondrogenic differentiation potential. Combined with the 
observation that in co-cultures matrix and bovine gene expression was increased 
during prolonged culturing, this observation indicated that irrespective of the 
chondrogenic potential of the MSCs, these cells disappear over time in co-cultures 
and meanwhile stimulate the bovine chondrocytes to produce more cartilage matrix. 
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At this point in time, little is still known about the exact mechanisms behind the 
MSC’s cell death in co-culture with chondrocytes. Regardless, data has 
convincingly suggested that the presence of chondrocytes might have contributed to 
the death of MSCs, which may be caused by secreting apoptosis-inducing 
cytokines44, 45. MSCs expressed detectable cell surface death receptors, which can 
be activated by apoptosis-inducing ligands. Further investigation is required to 
demonstrate the precise role of apoptosis-related mechanism that drive the 
disappearance of MSCs when cocultured with CHs.  

When still alive, MSCs continuously secrete factors that promote cell proliferation 
and matrix formation. Previous studies observed up-regulated expression of FGF-1 
and BMP-2 genes in chondrocyte-MSC co-culture pellets46. These genes have been 
applied as stimulators to promote chondrogenic induction, cell proliferation and 
matrix formation47, 48, which need further study on their cross-talking and regulation. 
In addition, although species-specific qPCR results indicated that the expression of 
bovine chondrogenic genes is enhanced in the co-culture pellets, no statistical 
significance was detected. We believed that this was caused by the limited power in 
terms of biological replicates. To conclusively demonstrate whether these effects 
exists, additional studies with higher experimental power are required. 

In conclusion, we report for the first time that MSCs, irrespective of their donor 
variation in chondrogenic differentiation, stimulate cartilage matrix production in 
co-culture with chondrocytes. Furthermore, we show a similar decrease in the 
percentage of MSCs in pellet co-cultures over time. Given these remarkably similar 
observations, we concluded that the MSCs from various donors have likely exerted 
similar beneficial effects. Taken together, our results demonstrate that the beneficial 
effects of MSC in Chondrocyte-MSC co-culture system, which are mainly exerted 
via trophic actions, are to a large extent independent of donor variation in 
chondrogenic differentiation. This supports the potential implications for MSC-
based approach to boost cartilage repair strategies. 
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3.5 Supplementary material 

Figures 

 

Figure. 3.S1 Alcian blue staining shows the presence of GAG in pellets from all donors with 
considerable inter-donor variation. Co-culture of chondrocytes and MSCs improved the 
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matrix formation to various degrees compared to both pure bCHs and to the respective 
hMSCs donor. Moreover, this beneficial effect has no correlation with hMSC donor 
variation in chondrogenic differentiation. Scale bar = 50 µm. 

Table 3.S1 Primers used for quantitative PCR on genomic DNA 

Gene Name Primer Sequence Product 
size (bp) 

Cross-species GAPDH F: 5’ GCATTGCCCTCAACGACCA 3’ 
179 R: 5’ CACCACCCTGTTGCTGTAGCC 3’ 

Human specific GAPDH F: 5’ TTCCACCCATGGCAAATTCC 3’ 
131 R: 5’ TTGCCTCCCCAAAGCACATT 3’ 

Bovine specific GAPDH F: 5’ AGCCGCATCCCTGAGACAAG 3’ 
132 R: 5’ CAGAGACCCGCTAGCGCAAT 3’ 

Table 3.S2 Primers used for quantitative RT-PCR 

Gene Name Primer Sequence Product 
size (bp) 

Cross-species GAPDH F: 5’ AGCTCACTGGCATGGCCTTC 3’ 
116 R: 5’ CGCCTGCTTCACCACCTTCT 3’ 

Human specific GAPDH F: 5’ CGCTCTCTGCTCCTCCTGTT 3’ 
82 R: 5’CCATGGTGTCTGAGCGATGT 3’ 

Bovine specific GAPDH F: 5’ GCCAT CACTG CCACC CAGAA 3’ 
207 R: 5’ GCGGCAGGTCAGATCCACAA 3’ 

Human specific Aggrecan F: 5’ TTCCCATCGTGCCTTTCCA 3’ 
121 R: 5’ AACCAACGATTGCACTGCTCTT 3’ 

Bovine specific Aggrecan F: 5’ CCAAGCTCTGGGGAGGTGTC 3’ 
98 R: 5’ GAGGGCTGCCCACTGAAGTC 3’ 

Human specific Collagen 

II 

F: 5’ GGCGGGGAGAAGACGCAGAG 3’ 
129 R: 5’ CGCAGCGAAACGGCAGGA 3’ 

Bovine specific Collagen 

II 

F: 5’ AGGTCTGACTGGCCCCATTG 3’ 
101 R: 5’ CTCGAGCACCAGCAGTTCCA 3’ 
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Abstract 

Previous studies showed that mesenchymal stem cells (MSCs) enhance chondrocyte 
proliferation and matrix production in pellet co-cultures by acting as trophic 
mediators. The aim of this study was to investigate the mechanism underlying these 
observations in more detail. In this work, we utilized micro-aggregates of MSCs, 
chondrocytes, or co-cultures produced in a high throughput platform. These micro-
aggregates were embedded in a agarose matrix. Two distinct types of co-cultures in 
hydrogels were performed: 1) mixtures of monocellular micro-aggregates of MSCs 
and chondrocytes supporting indirect communication and 2) micro-aggregates 
composed of both MSCs and chondrocytes supporting direct cell-cell 
communication. Single cell-seeded constructs were used as a comparison. In the 
mixed cultures, enhanced cartilage matrix deposition was confirmed in chondrocyte 
micro-aggregates while simultaneously the micro-aggregates composed of MSC 
shrunk over time.  Also, in the direct cell contact micro-aggregates, cartilage matrix 
formation was increased by overgrowth of the chondrocytes while the MSCs 
disappeared. In cultures with indirect cell-cell contact, it was observed that the 
presence of MSCs promoted the proliferation of chondrocytes. Altogether, our data 
demonstrated that both direct and indirect MSC-Chondrocyte contacts were 
involved in the cellular response in micro-aggregate co-cultures. We show that 
indirect MSC-Chondrocyte contact drives chondrocyte proliferation most likely by 
secretion of growth factors like FGF1, FGF, and BMP2 and that this effect coincides 
with the disappearance of MSCs. An enhanced effect on cell proliferation was also 
shown in the direct micro-aggregate co-cultures. Interestingly in this setup, cartilage 
matrix production was stimulated in the direct co-cultures suggesting that matrix 
production in co-cultures is mainly driven by direct cell-cell contact.  
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4.1 Introduction 

Articular cartilage has inadequate regenerative capacity following injury and 
degradation due to its avascular nature and the low mitotic activity of chondrocytes1. 
Cell-based cartilage repair strategies such as matrix-induced autologous 
chondrocyte implantation (MACI) could be improved by enhancing cell 
performance. Aggregation and condensation of cells is a well-studied phenomenon 
that enhances chondrogenesis and neocartilage formation2,3. The traditional way of 
aggregation is by generating a micromass consisting of 100,000 up to 500,000 cells 
having diameters ranging from 1-2 mm3–5. However, the large length-scale reduces 
nutrients diffusion, resulting in the chondrogenic matrix deposition vary through the 
pellet6–8. To minimize mass transport limitations, recent studies have focused on the 
micro-aggregating of progenitor cells to generate a chondrogenic micro-
environment9–12.  

Previously, our group has reported on the development of a microwell platform that 
allows the production of highly controlled micro-aggregates consisting of 50 to 250 
cells in high throughput13,14. Micro-aggregation of either chondrocytes or progenitor 
cells enhances chondrogenic differentiation and matrix deposition both in vitro and 
in vivo, compared to single cell-seeded constructs. Importantly, micro-aggregates of 
100 cells presented higher stability and improved the chondrogenic gene expression 
profile. These studies indicated that micro-aggregation allows cells to establish a 
favorable mechanical micro-environment by remodeling their cytoskeleton, 
depositing ECM, and strengthening adhesion. However, these studies only explored 
one single type of cell. Presently, pellet co-cultures have been investigated to 
improve tissue formation in cartilage engineering-based repair strategies3,15,16. This 
data indicates that cartilage matrix deposition increased in co-culture systems of 
primary chondrocytes and MSCs. Other studies in our group indicated that MSCs 
enhance chondrocyte proliferation and matrix production by acting as a trophic 
mediator in co-cultures17,18. This data also showed a significant decrease in MSCs 
in co-culture pellets over time, resulting in an almost homogeneous cartilage tissue 
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predominantly derived from the initially seeded chondrocytes. The underlying 
mechanism, how the MSCs exert this beneficial effect in co-cultures is still largely 
elusive. Thus, this study aims to use this high throughput platform to study the 
underlying mechanisms that drive increased chondrocyte performance in MSC-
Chondrocyte co-cultures.  

During the biological process in tissue, cell to cell interaction is known to play a 
pivotal role in maintaining cell survival and controlling cell signaling and cellular 
function19. Although most studies concluded that direct cell to cell contact is 
essential for chondrogenesis20–22, differential effects have been reported whether co-
cultures without direct cell to cell contact can achieve similar chondrogenesis as 
direct co-cultures23,24. The mechanism of interaction between MSCs and 
chondrocytes in co-cultures remains unclear. One approach that can be utilized to 
assess cell to cell interactions is by using microwell-mediated cell aggregates25. 
Micro-environmental reprogramming via cell aggregate formation could provide 
intact stem cell characteristics and regeneration activity to study cellular function26. 
Compared to the monolayer and conventional pellet cultures, studies on the cell-to-
cell interaction and communication are easily addressable in such small pellets. 
Hence, another aim of this study is to perform more mechanistic studies towards the 
underlying mechanisms involved in MSC-Chondrocyte communication in co-
cultures.  

Herein, we utilized a micro-aggregate co-culture system with either direct or 
indirect cell-cell contact between chondrocytes and MSCs. With the help of this 
system, we intended to investigate the effect of MSC-Chondrocyte contact on the 
cell viability and chondro-induction features in co-cultures.  

4.2 Materials and methods 

4.2.1 Cell culture and expansion 

Bovine chondrocytes (bCHs) were isolated from full-thickness cartilage knee 
biopsies from 6 months old female calves according to the previously reported 
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protocol27. bCHs were expanded in chondrocyte proliferation medium (Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine 
serum (FBS; Gibco), 0.2 mM ascorbic acid 2-phosphate (Sigma), 0.4 mM proline 
(Sigma),1x nonessential amino acids (Gibco), 100 U/mL penicillin and 100 µg/mL 
streptomycin (Invitrogen)). Human bone marrow-derived mesenchymal stem cells 
(hMSCs) were isolated as previously reported28 and cultured in MSC proliferation 
medium (α-MEM (Gibco) supplemented with 10% FBS (Gibco), 1% L-glutamine 
(Gibco), 0.2 mM ASAP (Sigma), 100 U/mL penicillin and 100 µg/mL streptomycin 
(Invitrogen) and 1 ng/mL bFGF)). The use of human material was approved by a 
local medical ethical committee. All the medium was refreshed twice a week, and 
cells at passage 3 were used for the experiments. 

4.2.2 Agarose microwell fabrication and micro-aggregates formation 

Non-adherent agarose microwells were aseptically fabricated as described 
previously14. Briefly, agarose microwell chips containing ~5000 microwells with a 
diameter of 200 µm were fabricated by pouring a 3% UltrapureTM agarose 
(Invitrogen) solution on convex molds of polydimethylsiloxane (PDMS). After 
agarose solidification, the agarose chips were separated from the PDMS molds and 
transferred into 12-well culture plates and covered with PBS. Before cell seeding, 
the chips were pre-incubated in culture medium overnight at 37°C. For cell 
aggregate formation, single cells were resuspended in fresh medium and seeded 
onto the agarose chips at a cell density resulting in sedimentation of 100 cells per 
microwell. Immediately after seeding, agarose chips were centrifuged at 300g for 3 
min to allow the cells to settle down in the microwells and then incubated at 37°C 
for 24 h to form micro-aggregates. Three types of micro-aggregates were formed, 
consisting of 100% human MSCs, 100% bovine chondrocytes, or a combination of 
80% hMSCs and 20% bCHs (represented by hMSCs, bCHs, and Co-Culture µ-
aggregates, respectively).  
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4.2.3 Cell encapsulation and in vitro chondrogenesis 

Micro-aggregates of 100 cells (µ-aggregates) were allowed to form for 24 h in 
expansion medium. Afterward, the aggregates were flushed out of the micro-wells 
and mixed with 2% UltrapureTM agarose (Invitrogen) solution at a concentration of 
10x106 cells (approximately 100,000 micro-aggregates) per mL (represented by 10 
M/mL). To investigate direct and indirect cell contact during co-culture, two types 
of experiments were performed. Culture with micro-aggregates composed of both 
MSCs and chondrocytes (in 4:1 ratio) enabling direct cell-cell contact embedded in 
agarose (represented by µ-agg-Com). Indirect cell-cell contact was studied in 
agarose constructs in which monocellular micro-aggregates of either MSCs or 
chondrocytes (in a 4:1 ratio) were combined (represented by µ-agg-Sep). In total, 
four groups of micro-aggregates encapsulated in agarose were studied, including µ-
agg-MSC, µ-agg-CH, µ-agg-Com, and µ-agg-Sep. Simultaneously, different types 
of cells (hMSCs, bCHs, and Co-cultures) were also mixed with 2% agarose as single 
cell suspension at a concentration of 10 million cells/mL, which served as a control. 
Moreover, for each group, a concentration series of 3, 10, and 20 million cells/mL 
(M/mL) in agarose were used, effectively decreasing the cell to cell distance with 
increasing cell seeding density.  

After encapsulation of the cells in agarose, they were cultured in chondrogenic 
differentiation medium (DMEM supplemented with 0.2 mM ascorbic acid 2-
phosphate (Sigma), 0.4 mM proline (Sigma), 100 U/mL penicillin and 100 µg/mL 
streptomycin (Invitrogen), 0.1 µM dexamethasone (Sigma), 100 µg/mL sodium 
pyruvate (Sigma), 50 µg/mL insulin–transferrin–selenite (ITS; Sigma), 10 ng/mL 
transforming growth factor β-3 (TGF-β3; R&D Systems)). The medium was 
refreshed three times every week and at pre-determined time points cultures were 
analyzed for cell viability, metabolic activity, matrix biosynthesis, and gene 
expression analysis. 
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4.2.4 Cell tracking with organic fluorescent dyes 

The organic fluorescent dyes CM-DiI and DiO were used for cell tracking in co-
cultures. Cells were labeled according to the manufacturer’s protocols. All 
fluorescent images were taken with a Nikon E600 fluorescent microscope.  

4.2.5 5-ethynyl-2’-deoxyuridine and TUNEL staining 

For labeling of newly synthesized DNA, 5-ethynyl-2’-deoxyuridine (EdU) was 
added to the culture media at a concentration of 10 mM, 24 h before harvesting the 
samples. Samples were then washed with phosphate-buffered saline (PBS) and fixed 
with 10% formalin overnight at 4°C. Samples were embedded in cryomatrix 
(Thermo-scientific) and cut into 10 µm sections with a cryotome (Shandon). 
Sections were permeabilized and stained for EdU with Click-iT® EdU Imaging Kit 
(Invitrogen). Cryosections were also stained for DNA fragments with the DeadEnd 
Fluorometric TUNEL System (Promega). Nuclei were counterstained with Hoechst 
33342. 

4.2.6 Histological analyses 

Samples were harvested for histological analyses on day 28. Samples were washed 
with PBS, fixed with 10% formalin at 4°C overnight and then embedded in paraffin 
using routine procedures. Sections of 5 µm were cut and stained for sulfated 
glycosaminoglycans (GAG) with Safranin O staining using standard protocol. For 
immunohistochemistry, cryosections were incubated with 0.3% H2O2 and blocked 
in 5% bovine serum albumin (BSA). Slides were subsequently incubated overnight 
at 4°C with a rabbit polyclonal antibody against COL II (Abcam). Subsequently, the 
sections were then incubated with a polyclonal goat-anti-rabbit HRP-conjugated 
secondary antibody (Dako), followed by development with the DAB Substrate kit 
(Abcam). Counterstaining was performed with hematoxylin. Non-immune controls 
underwent the same procedure without primary antibody incubation. Both histology 
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and immunohistochemistry stained slides were scanned with the NanoZoomer 2.0-
RS slide scanner (Hamamatsu).  

4.2.7 Quantitative GAG and DNA assay 

Samples were washed with PBS and frozen overnight at -80°C. Subsequently, they 
were digested and measured for GAG quantification as previously reported3. The 
relative cell number was determined by quantification of total DNA using a 
CyQuant DNA Kit, according to the manufacturer’s instructions. 

4.2.8 RNA isolation and quantitative polymerase chain reaction 

Total RNA was isolated at predefined time points with the TRIzol Reagent (Ambion) 
according to the manufacturer’s protocol. The RNA yields were determined using 
the Nanodrop2000 (Thermo-scientific). Subsequently, 1 µg of total RNA was 
reverse-transcribed into cDNA using the iScript cDNA Synthesis kit (Bio-Rad) 
according to the manufacturer’s recommendation. qPCR was performed on cDNA 
samples by using the SensiMix SYBR& Fluorescein Kit (Bio-Rad). PCR reactions 
were carried out on CFX Connect™ Real-Time PCR Detection System (Bio-Rad). 
cDNA was denatured at 95°C for 5 min, followed by 40 cycles. Each cycle consisted 
of the following conditions: 15s at 95°C, 15s at 60°C, and 30s at 72°C. The sequence 
of primers for qPCR are listed in table 4.S1. The expression level of aggrecan 
(ACAN) and collagen type II (COL2) as well as fibroblast growth factor 1 (FGF1), 
fibroblast growth factor 2 (FGF2), and Bone morphogenetic protein 2 (BMP2) were 
investigated, and gene expression was normalized to the expression of species 
specific GAPDH (human or bovine), respectively. 

4.2.9 Statistical analysis 

Data are presented as mean ± standard deviation with at least three biological 
replicates per group. Statistical significance between two groups was analyzed using 
a Student’s t-test. For three or more groups, a statistical comparison was made using 
the One-way Analysis of Variance (ANOVA) with Turkey’s post-hoc analysis. p-
value of <0.05 was considered statistically significant. 
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4.3 Results 

4.3.1 Encapsulation of micro-aggregates in agarose supports cartilage matrix 
formation  

PDMS molds served as a master mold to generate 3% agarose chips with identically 
shaped microwells and non-adherent surface for the formation of micro-aggregates 
(Fig. 4.1).  These agarose chips were placed in a well of a 12-well plate and each 
chip contains 5000 individual microwells with a diameter of 200 µm. Based on 
previous studies on the stability and formation characteristics of micro-aggregates, 
as well as the expression of a chondrogenic gene profile, we selected aggregates of 
100 cells as the optimal size for further experiments13,14. Single-cell suspension of 
MSC, CH, or the combination were then seeded onto the chips to generate three 
types of micro-aggregates (Fig. 4.1B). The cells first formed a loose cluster of 
spherical cells after brief centrifugation. Next, the cell clusters condensed and 
contracted into smooth spherical micro-aggregates (Fig. 4.1A) in a time span of 24 
hours. To further investigate the chondro-induction and cell communication in co-
cultures, the micro-aggregates were then embedded in agarose. Notably, two types 
of co-culture micro-aggregates were generated (Fig. 4.1C). 
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Figure 4.1 Schematic representation of agarose microwell fabrication, cell aggregation and 

micro-aggregates encapsulation. A) After cell seeding in the microwell plate, spherical 

micro-aggregates were formed over 24 hours. B) Three types of micro-aggregates were 

formed; monocellular MSC and monocellular bovine Chondrocyte micro-aggregates and 

co-culture micro-aggregates consisting of 80% MSCs and 20% bovine chondrocytes. C) The 

micro-aggregates were embedded in low melting point agarose in 4 distinct combinations. 

We first compared cartilage formation after embedding bovine chondrocytes either 

as single cells or as micro-aggregates in agarose at a concentration of 10x106 cells 

per mL and subsequent culturing in chondrogenic differentiation medium for 28 

days. The presence of GAGs was visualized by Safranin O staining (Fig. 4.2A and 

2B). As shown in figure 4.2, both spherical aggregates and single cells were 

homogeneously distributed in the agarose. Histological analyses indicated more 

intense staining in constructs seeded with micro-aggregates compared to single cell-

seeded constructs. The histological analysis was corroborated by gene expression 
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evaluation. In line with the increased Safranin O staining, mRNA expression of 

Aggrecan and type II Collagen type was up-regulated in samples with micro-

aggregates (Fig. 4.2C). 

Figure 4.2 Encapsulation of micro-aggregates of bovine chondrocytes increases cartilage 

matrix formation compared to single cell-seeded constructs. Safranin O staining in single 

cell-seeded constructs (A) was substantially lower than monocellular micro-aggregates 

seeded constructs (B). Inserts indicate the overview of the whole sample; scale bar 

represents 1 mm. Pictures show the magnified view of sample; scale bar represents 100 µm. 

(C) Expression levels of ACAN and COL2 were examined by qPCR. 
4.3.2 Direct MSC-Chondrocyte contact induces chondro-induction in micro-

aggregate co-cultures 

Separated and combined co-culture micro-aggregates (µ-agg-Sep and µ-agg-Com, 
respectively) were incorporated into agarose at a concentration of 10 x106 cells per 
mL to investigate whether inter micro-aggregate or intra micro-aggregate 
communication between MSCs and chondrocytes play a role in chondro-induction. 
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Safranin O staining was performed to show the presence of GAGs in both co-culture 
systems. As shown in figure 4.3, spherical aggregates were evenly distributed 
throughout the hydrogel in µ-agg-Sep (Fig. 4.3A) and µ-agg-Com (Fig. 4.3B) 
conditions. Histological analyses indicated that the µ-agg-Com samples show more 
intense staining compared to the µ-agg-Sep samples. Additionally, a gradient of 
GAGs diffusing out of the micro-aggregates and into the hydrogel was observed. 
Interestingly, in µ-agg-Sep samples intensely stained relatively large micro-
aggregates and unstained small micro-aggregates could be observed. Given the 
overrepresentation of these unstained small micro-aggregates and the resemblance 
of the larger micro-aggregates with micro-aggregates of pure chondrocytes, the 
small micro-aggregates likely consist of MSCs (Fig. 4.3A and Supplementary Fig. 
4.S1). 
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Figure 4.3 Direct contact improves chondro-induction in micro-aggregate co-cultures. 

Safranin O staining indicates the presence of GAGs in µ-agg-Sep (A) compared to µ-agg-

Com (B). Inserts indicate the overview of the sample. Unstained small micro-aggregates can 

be seen in the µ-agg-Sep condition (indicated by white arrows); scale bar represents 1 mm. 

Pictures show the magnified view of the sample; scale bar represents 100 µm. (C) 

Biochemical assay shows an increase in GAG in µ-agg-Com. Error bars reflect SD. * 

represents p<0.05 compared to the µ-agg-Sep condition. (D) Expression levels of ACAN, 

and COL2 were examined by species-specific qPCR. * represents p<0.05 compared to the 

µ-agg-Sep condition. (E) Microscopic images of fluorescently labeled micro-aggregates in 

which chondrocytes were labeled green and MSCs were labeled red and their size 

quantification at day 1 (D1) and day 28 (D28). The diameter of the aggregates was measured, 
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assuming spherical aggregates. Error bars reflect SD. Scale bar represents 100 µm. 
The increase of GAG content in the µ-agg-Com group was confirmed by GAG 
quantification (Fig. 4.3C). The amount of total GAG and GAG/DNA of µ-agg-Com 
was significantly increased compared to µ-agg-Sep. In line with the histological and 
biochemical assay, chondrogenic genes expression was also improved in the µ-agg-
Com group (Fig. 4.3D). Besides, compared to µ-agg-CH group, safranin O staining 
result indicated that the presence of GAG was similar in µ-agg-Com 
(Supplementary Fig. 4.S2A). The GAG quantification showed the results were in 
line with the histological analysis. The µ-agg-Com displayed increased total GAG 
while decreased total GAG in µ-agg-Sep compared to µ-agg-CH (Supplementary 
Fig. 4.S2B). Considering the lower initial seeding percentage of chondrocyte, MSC-
Chondrocyte co-cultures in micro-aggregation indeed enhanced the chondro-
induction in the system. 

Cell tracing experiments, in which chondrocytes were labeled green and MSCs were 
labeled red were used to follow cell fate of both cell types. Fluorescent labeling 
showed that MSCs ended up in the center of the micro-aggregates, while the 
chondrocytes ended up at the periphery 1 day after micro-aggregate formation in 
line with previous findings (Fig. 4.3E). Overtime, these micro-aggregates grew in 
size. Due to the mixing of the fluorescent labels it was not possible to distinguish 
the individual cell types29. Monocellular chondrocyte containing micro-aggregates 
cultured individually or in the µ-agg-Sep increased in size over a 28-day culture 
period. A comparable increase in size was observed in the µ-agg-Com group. 
Remarkably, while MCS micro-aggregates cultured without chondrocytes also 
increased in size, they shrunk when combined with monocellular chondrocyte 
micro-aggregates in the µ-agg-Sep condition in agreement with data in fig. 4.3A.  

We next varied the inter micro-aggregate distance by seeding increasing 
concentrations of micro-aggregates at 3, 10, and 20 million cells/mL in agarose. 
Safranin O and immunohistochemistry staining for collagen type II were performed 
to investigate matrix deposition. As shown in figure 4.4, µ-agg-Com samples (Fig. 
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4.4B) presented in all groups with more intense GAG staining compared to µ-agg-
Sep groups (Fig. 4.4A). GAG staining increased with higher cell concentration. 
Collagen type 2 staining was detected in all conditions with no obvious differences 
(Fig. 4.4C and 4D). Altogether, this data suggests that direct cell-cell contact 
between MSCs and chondrocytes stimulates GAG deposition. 

Figure 4.4 Safranin O staining indicated less intense GAG staining in µ-agg-Sep (A) 

compared to µ-agg-Com (B). Scale bar represents 1 mm. Immunohistochemistry staining for 

collagen type II indicated collagen deposition in µ-agg-Sep (C) and µ-agg-Com (D). Scale 

bar represents 250 µm. 

4.3.3 Direct MSC-Chondrocyte contact induces a sharp decrease in MSCs in micro-
aggregate co-cultures, while indirect communication enhances the apoptotic effect  

Species-specific qPCR was performed to determine the mRNA expression of 
GAPDH in co-cultures of micro-aggregates. As shown in Figure 4.5A, the 
percentage of human MSC-derived GAPDH mRNA in both µ-agg-Com and µ-agg-
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Sep gradually reduced over a period of 7 days. The decrease in µ-agg-Com 
condition was faster than separated co-cultures even though the fold decrease at day 
7 was comparable. To determine whether MSCs underwent apoptosis during 
prolonged cell culture, we performed a fluorescent TUNEL assay (Fig. 4.5B). On 
Day 7, higher TUNEL-positive cells were found in all micro-aggregate cultures 
containing MSCs compared to the pure chondrocyte micro-aggregates. Notably, in 
all conditions TUNEL-positivity reduced at higher cell seeding concentrations, 
indicating that cell density in hydrogel constructs is critically determines cell 
viability. Interestingly, in the µ-agg-Sep seeded with 10 million cells/mL significant 
higher levels of apoptotic cells were found compared to any other condition, 
suggesting that indirect contact between pure MSC and chondrocyte micro-
aggregates may enhance TUNEL positivity in co-cultures. Combined this data 
suggests that the MSCs die by apoptosis irrespective of the type of co-culture.  

Figure 4.5 Co-culture induces the loss of MSC in direct and indirect co-cultures. (A) mRNA 

expression of GAPDH in co-cultures micro-aggregates was determined by using species 

specific qPCR. (B) Quantification of TUNEL-positive cells in all micro-aggregate groups 

containing series cell concentration at day 7. 

4.3.4 MSC stimulate chondrocyte proliferation in micro-aggregate co-cultures 

We next examined cell proliferation in micro-aggregates using EdU incorporation. 
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We first determined the percentage of EdU-positive bCHs in µ-agg-CH and µ-agg-
Sep (Fig. 4.6A). Interestingly, indirect co-culture increased the proliferation of 
bCHs irrespective of the cell seeding density. Additionally, decreasing the physical 
distance by increasing cell seeding density had little effect on the chondrocyte 
proliferation in µ-agg-Sep groups. The overall cell proliferation in µ-agg-Com and 
µ-agg-Sep was calculated by the percentage of total EdU-positive cells (Fig. 4.6B). 
The results indicated that direct MSC-Chondrocyte contact in the µ-agg-Com group 
significantly enhanced cell proliferation in micro-aggregate co-cultures at day 1 and 
3. This data demonstrated that co-culture with MSC stimulated chondrocyte 
proliferation and showed that this effect was highest in micro-aggregates with direct 
cell-cell contact. 

Figure 4.6 MSCs stimulate chondrocyte proliferation in MSC-CH co-culture micro-

aggregates and that this effect was highest in co-cultures with direct cell-cell contact.  (A) 

Quantification of EdU-positive bCHs in µ-agg-CH and µ-agg-Sep. Data from three pellets 

was analyzed for statistic significance. Error bars reflect SD. (B) Quantification of total 

EdU-positive cells µ-agg-Sep and µ-agg-Com conditions. Error bars reflect SD. 

4.3.5 Direct MSC-Chondrocyte contact promotes growth factor expression in 
co-cultures 

Species-specific qPCR was performed at day 7 to determine the gene 
expression of growth factors in micro-aggregate co-cultures (Fig. 4.7). FGF-
1, FGF-2, and BMP-2 were mostly expressed at higher levels in co-culture 
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micro-aggregates than in mono-culture micro-aggregates. Remarkably, 
MSCs expressed significantly higher FGF2 and BMP2 levels in the µ-agg-
Com group (Fig. 4.7A), while bCHs expressed higher FGF2 and BMP2 in 
the µ-agg-Sep group (Fig. 4.7B). Besides, mRNA expression of these growth 
factors was increased at higher cell seeding densities in the µ-agg-Com group. 
This data indicated that direct cell-cell contact improves growth factor 
mRNA expression in MSC-CH co-cultures. 

Figure 4.7. Expression levels of FGF1, FGF2, and BMP2 were examined by species-specific 

qPCR. Species specific human (A) and bovine (B) mRNA expression in pure MSCs, the µ-

agg-Sep (Sep) and µ-agg-Com (Com) micro-aggregates seeded at a density of 10 million 

cells/mL. C) Human (h) and bovine (b) growth factor mRNA expression in µ-agg-Sep micro-

aggregate cultures is dependent on cell seeding density. D)  Human (h) and bovine (b) 

growth factor mRNA expression in µ-agg-Com micro-aggregate cultures is dependent on 

cell seeding density. Data represent the mean ± standard deviation. 

4.4 Discussion 

In this work, micro-aggregates were formed using a high throughput platform to 
investigate the underlying mechanisms that drive increased chondrocyte 
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performance in MSC-Chondrocyte co-cultures. Two types of co-culture micro-
aggregates were developed to explore the effect of direct and indirect MSC-
Chondrocyte contact. The micro-aggregates were subsequently added in an agarose 
hydrogel. Moreover, we performed a series of cell seeding densities, which allowed 
us to modify the physical distance between the micro-aggregates. We observed that 
micro-aggregation is compatible with chondro-induction in micro-aggregate co-
cultures. We demonstrate that MSCs promote the proliferation of chondrocytes in 
co-cultures via indirect contact most likely by increasing the expression of FGF1, 
FGF2, and BMP2. Furthermore, we show that direct cellular contact in co-cultures 
improves cell viability. Finally, we demonstrate that irrespective of the co-culture 
method the MSCs die most likely by apoptosis based on TUNEL staining while 
simultaneously stimulating chondrocytes to proliferate and deposit extracellular 
matrix.  

In our group, we previously reported that micro-aggregation of expanded 
monocultures of chondrocytes or MSCs boosted cartilage formation both in vitro 
and in vivo. A fully controlled high throughput platform was used to reproducibly 
generate micro-aggregates of a few up to 100 cells13,14. This finding was confirmed 
in this study by enhanced matrix formation as well as chondrogenic related gene 
expression in the chondrocyte micro-aggregates compared to the single cells seeded 
constructs. This beneficial effect of chondrocyte micro-aggregation can be partially 
explained since micro-aggregation allows cells to establish a favorable mechanical 
micro-environment strengthening adhesion by remodeling their cytoskeleton 
thereby stimulating the deposition of ECM13. Besides by facilitating auto- and 
paracrine signaling via soluble factors30, micro-aggregation also provides a 3D 
environment with close cell-cell contact and contraction forces that affect cell 
behavior31,32. Moreover, this microwell-based micro-aggregate culture strategy was 
also developed to generate in vitro micro cartilage tissue9,12,33.  

In this study, we set a micro-aggregates co-culture system using human MSCs and 
bovine chondrocytes. Both histology and GAG quantification results indicated that 
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MSC-Chondrocyte co-cultures enhanced the chondro-induction in the micro-
aggregate system. This observation is coherent with literature data obtained for the 
chondrogenic 3D co-culture of mesenchymal stem cells and chondrocytes in pellet 
co-cultures17,18,20. Indeed, chondro-induction was observed in MSC-Chondrocyte 
pellet co-cultures and superior neocartilage was formed by the combination of two 
different cell types as compared to either cell type alone. Notably, this system 
resulted in the enhanced proliferation and matrix deposition of the chondrocytes. 
Based on species-specific PCR, it was determined that within these direct co-
cultures the majority of the chondrogenic expression originated from the 
chondrocytes17,34. The MSCs accomplish this effect by acting as trophic mediators 
in co-cultures35. Moreover, while chondrogenic differentiation of MSCs can be 
triggered by chondrocytes, it also induces apoptosis in the MSCs17. Although the 
majority of MSCs will undergo apoptosis, the remaining fraction displays a stable 
chondrogenic phenotype (Chapter 3 in this thesis). This effect of MSCs is mediated 
by a yet unidentified communication mechanism.  

To understand the underlying mechanism regulating the beneficial effect of MSCs 
in co-cultures, we developed MSC-Chondrocyte micro-aggregate co-cultures 
enabling direct and indirect cell-cell contact between the MSCs and the 
Chondrocytes. Natural tissues are exposed continuously to the environment of cell-
cell interactions that affect their function. For instance, pre-cartilage condensation 
of MSC regulated by cell adhesion molecules36 is an essential primary step during 
in vivo chondrogenesis37. Moreover, it has been reported that cell-cell contact could 
be a critical factor that controls cell survival and other major cellular functions25. In 
other studies, MSCs revealed that their therapeutic effect in tissue repair strategies 
may largely depend on their capacity to secrete soluble factors that promote several 
key biological activities38,39. Therefore, how the MSCs exert their beneficial effects 
in co-cultures was extensively studied. However, the limitation in previously 
published co-culture studies was that all available platforms could not investigate 
one factor without influencing the other factors. In this study, we used a unique 
approach that specifically allowed us to separate the direct cell-cell and cell-matrix 
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contact from contact by secreted factors. This system benefits from high throughput 
production of small micro-aggregates as it allows for the analysis of many samples 
or conditions. When embedded within the biomaterial, the cell types are physically 
separated by several micrometers preventing cell-cell and cell-matrix contact, while 
allowing free diffusion of secreted factors. The small construct size keeps the 
secreted factors approximately constant in the separated and combined co-culture 
in contrast to transwell or comparable systems. Moreover, by increasing the 
incorporated cell concentration, we can further regulate the physical distance and 
cell-cell interaction. Utilizing this system, we can study the cellular interaction 
during the co-cultures and compare the effect of cell-cell contact with cell-secreted 
trophic factors on the cell fate and matrix production in co-cultures.  

In this study, we first focus on the cellular behavior of these cells in different co-
cultures environments. We confirmed that in co-culture micro-aggregates of MSCs 
and Chondrocytes favoring direct cell-cell contact showed improved chondro-
induction compared with an environment where micro-aggregates of pure MSCs 
and pure Chondrocytes were mixed and seeded in the agarose hydrogel. In this 
situation, only indirect cell contact between chondrocytes and MSCs is possible. 
Both histology analysis and GAG quantification indicated that the matrix outputs 
were significantly enhanced when co-cultures were maintained in direct cell-cell 
contact conditions. Consistent with the GAG results, chondrogenic gene expression 
also indicated that the chondro-induction was enhanced in combined micro-
aggregate co-cultures. Moreover, when we decrease the physical distance between 
the cells by increasing cell seeding densities the matrix production was also 
significantly increased in the separated co-cultures. A previous study22 suggested 
that MSCs in direct contact with chondrocytes can communicate through gap 
junctions, which play a crucial role in cell-cell interaction by the exchange of 
nutrients such as glucose and amino acids40. The discrepancies of previously 
published studies about the effect of direct and indirect co-cultures may be attributed 
to the differences in the species from which the cells were isolated, the proportions 
of stem cells to mature chondrocytes in the cultures and/or the culturing method (2D 
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culture or 3D biomaterial scaffolds). In the present work, however, we did a 
comprehensive study that takes different conditions into account and that compares 
direct and indirect cell-cell separately and adjustably. Altogether, our results suggest 
that direct cell-cell contact between MSCs and chondrocytes is the most important 
driver for increased cartilage production in co-cultures. 

The decline of MSCs also observed in both co-culture systems. The results clearly 
showed the morphological changes of the separated aggregates in µ-agg-Sep 
constructs in which the size of MSC micro-aggregates decreased over time, while 
the size of CH micro-aggregates increased. However, MSCs performed differently 
in direct and indirect co-culture with chondrocytes. Direct MSC-Chondrocyte 
contact presents a shock reaction between the cells, which showed a sharp drop in 
MSCs mRNA expression. Nevertheless, even in the indirect cell-cell contact co-
cultures MSCs decrease over time albeit at a slower pace. The fold change in both 
direct and indirect co-cultures at day 7 was remarkably similar. Additionally, 
indirect MSC-Chondrocyte contact enhances the number of TUNEL positive cells 
in co-cultures.  

Previous studies suggested that MSCs can be affected by soluble factors including 
apoptosis-inducing cytokines, which contribute to the death of MSCs41. It was 
postulated that the mechanism behind the death of the MSCs is likely related to one 
of the deliberate “suicide” programs present within cells35. These suicide programs 
are usually induced intrinsically or extrinsically by external stimuli such as 
mechanical stress, oxidative processes, and drug treatments. The programmed 
suicide death has two primary forms, apoptosis and autophagy42–44. Of these two 
pathways, apoptosis is triggered by biochemical events, which induce characteristic 
changes in the morphology of the cell. Autophagy, on the contrary, is a catabolic 
process in which the cell degrades cytoplasmic components essential for survival, 
thereby leading to a so-called “self-eating” phenomenon. The two pathways of 
apoptosis and autophagy are intricately interconnected and the upregulation of one 
of the two consequently leads to downregulation of the other45. Further study needs 
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to be performed to investigate what type of death pathway (autophagy or apoptosis) 
was predominantly involved in the disappearance of the MSCs in co-cultures with 
chondrocytes. 

Another unresolved question is how MSCs affect the proliferation of chondrocytes 
in co-cultures. Our results indicated that the presence of MSCs significantly 
enhanced the proliferation of chondrocytes in co-cultures. Meanwhile, this 
beneficial effect of MSCs can proceeded through indirect MSC-Chondrocyte 
contact. However, direct MSC-Chondrocyte contact significantly improved the 
overall cell proliferation compared to the indirect cell-cell contact constructs. A 
previous study suggested that the induction of chondrocyte proliferation by MSCs 
is most likely caused by secreted factors17. Indeed, species-specific PCR results 
indicated that direct MSC-Chondrocyte contact promotes the expression of growth 
factors. Moreover, the expression of these factors was predominantly expressed by 
hMSCs. These results are consistent with previous studies that MSC-Chondrocyte 
co-cultures up-regulated several cytokines and growth factors as well as a variety of 
matrix remodeling proteins29. These factors, including FGF1, FGF2, and BMP2, can 
contribute to the proliferation of chondrocytes and are partly responsible for the 
increase of matrix formation in co-cultures46–51. Interestingly, higher incorporated 
cell density, which in turn decreases the physical distance between micro-aggregates, 
enhances the expression of secreted factors in direct cell-cell contact constructs 
while having little effect on the indirect group. Altogether, these data suggest that 
both direct and indirect cell-cell contacts are involved in the increasing proliferation 
of chondrocytes. The indirect way playing an auxiliary role, while the direct MSC-
Chondrocyte contact and secreted factors from MSCs were potent stimulators of 
chondrocyte proliferation in micro-aggregates co-cultures. 

In summary, our data support that micro-aggregation can enhance the chondro-
inductive process of chondrocytes. Notably, micro-aggregation can be used to 
investigate the effects of MSC-Chondrocyte contact on the co-cultures. Our data 
demonstrated that both direct and indirect MSC-Chondrocyte contact are involved 
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in cellular behavior changes in the co-cultures. Indirect contact affects the cell 
viability, especially the cell death, while direct contact more affect the chondro-
induction. Otherwise, direct MSC-Chondrocyte contact maintains the cell 
proliferation and consequently promote matrix production, which is essential for 
increased chondro-induction in co-cultures. These results suggest that combined 
micro-aggregates of MSCs and Chondrocytes could be a potential strategy for 
cartilage tissue regeneration. 
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4.5 Supplementary Figures 

Figure supplementary 4.S1 Morphology changes of the separated aggregates in µ-agg-Sep 

conditions. Upper figures show the overview of samples; scale bars represent 1 mm. Lower 

figures indicate the framed part of sample; scale bars represent 500 µm. The micro-

aggregates with changed morphology and decreased bio-function were indicated by black 

arrows. 
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Figure supplementary 4.S2 Co-cultures enhanced the chondro-induction in micro-

aggregates. (A) safranin O staining indicates the presence of GAG in different conditions. 

Scale bar represents 1 mm. (B) Biochemical assay shows the GAG production in different 

conditions. Error bars reflect SD. 
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Table 4.S1 Primers used for quantitative RT-PCR  

Gene Name Primer Sequence Product 
size (bp) 

Human specific 
GAPDH 

F: 5’ CGCTCTCTGCTCCTCCTGTT 3’ 81 

 R: 5’CCATGGTGTCTGAGCGATGT 3’  
Bovine specific 
GAPDH 

F: 5’ GCCATCACTGCCACCCAGAA 3’ 207 

 R: 5’ GCGGCAGGTCAGATCCACAA 3’  
Cross-species 
GAPDH 

F: 5’AGCTCACTGGCATGGCCTTC 3’ 116 

 R: 5’ CGCCTGCTTCACCACCTTCT 3’  
Human specific 
Aggrecan 

F: 5’ TTCCCATCGTGCCTTTCCA 3’ 121 

 R: 5’ AACCAACGATTGCACTGCTCTT 3’  
Bovine specific 
Aggrecan 

F: 5’ CCAAGCTCTGGGGAGGTGTC 3’ 98 

 R: 5’ GAGGGCTGCCCACTGAAGTC 3’  
Human specific 
Collagen II 

F: 5’ GGCGGGGAGAAGACGCAGAG 3’ 129 

 R: 5’ CGCAGCGAAACGGCAGGA 3’  
Bovine specific 
Collagen II 

F: 5’ AGGTCTGACTGGCCCCATTG 3’ 101 

 R: 5’ CTCGAGCACCAGCAGTTCCA 3’  
Human specific 
FGF1 

F: 5’ TTAGAAGGAAGAGGTTGGTAG 3’ 104 

 R: 5’ GCTGGCTATGAGACTTACTT 3’  
Bovine specific 
FGF1 

F: 5’ GACCAGAAGCTGTGCGAGGA 3’ 200 

 R: 5’ GCCAGATCATCACCACACAG 3’  
Human specific 
FGF2 

F: 5’ AGCATTCACACCACTACAA 3’ 146 

 R: 5’ CCAACTCGTAACAATCCATC 3’  
Bovine specific 
FGF2 

F: 5’ CTTATCGGAGAAGGCAATG 3’ 111 

 R: 5’ TCGTGTCCAACTCTTAGC 3’  
Human specific 
BMP2 

F: 5’ GAGTTCACAAGTTCAAGTCC 3’ 165 

 R: 5’ GCAATGTCTGGTTCTTATCC 3’  
Bovine specific 
BMP2 

F: 5’ TGTCCAGTCCGTGAGAAT 3’ 162 

 R: 5’ CTTCCTGTAGGTTCATCGT 3’  
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Abstract  

Cartilage formation is stimulated in mixtures of chondrocytes and human adipose-
derived mesenchymal stromal cells (MSCs) both in vitro and in vivo. During co-
culture, human MSCs perish through an unknown process.  The goal of this study 
is to elucidate the mechanism by which adipose tissue-derived MSC cell death 
occurs in the presence of chondrocytes. In this work, human primary chondrocytes 
were co-cultured with human MSCs derived from three donors. The cells were 
cultured in monoculture or co-culture (20% chondrocytes and 80% MSCs) in pellets 
(200,000 cell/pellet) for 7 days in chondrocyte proliferation media in hypoxia (2% 
O2). RNA sequencing was performed to assess for differences in gene expression 
between monocultures or co-culture. Immune fluorescence assays were performed 
to quantify the level of Caspase-3, LC3B and P62. RNA sequencing revealed 
significant up-regulation of >90 genes in the three co-cultures when compared to 
monocultures. STRING analysis showed interconnections between >50 of these 
genes. Remarkably, 75% of these genes play a role in cell death pathways such as 
apoptosis and autophagy. Immunofluorescence shows a clear up-regulation of the 
autophagic machinery with no substantial activation of the apoptotic pathway. 
Collectively, the data suggests that in co-cultures of human MSCs with primary 
chondrocytes, autophagy is involved in the disappearance of MSCs. We propose 
that this sacrificial cell death may contribute to the trophic effects of MSCs on 
cartilage formation. 
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5.1 Introduction 

There is a range of current treatment modalities for symptomatic and focal cartilage 
defects1,2. These include bone marrow stimulation techniques like microfracture or 
autologous chondrocyte implantation (ACI)3. Unfortunately, microfracture 
generates fibrous cartilaginous scar tissue and therefore provides non-anatomic 
restoration of articular surface. ACI and related techniques, have demonstrated 
superior mid- and long-term outcomes as compared with the simpler microfracture 
process4,5. However, culturing of chondrocytes in a 2D environment to obtain 
sufficient cells for implantation can lead to changes in the chondrocyte phenotype6,7. 
Furthermore, substantial numbers of chondrocytes are harvested from an otherwise 
intact articular area creating additional damage in the joint surface6,8. 

To reduce the number of chondrocytes (CHs) required for cell implantation, a 
combination of chondrocytes and mesenchymal stem cells (MSCs) has been 
studied9. Wu et al. demonstrated a beneficial effect on cartilage formation over the 
respective monocultures10. MSCs increased chondrocyte proliferation and 
stimulated deposition of cartilage matrix. However, the trophic effect generated by 
MSCs is followed by a counter loop where the chondrocytes signal the MSCs to 
undergo cell death. This mechanism has been confirmed using a variety of MSC 
sources both in-vitro and in-vivo and in a clinical trial in which cartilage defects 
were implanted with a mixture of preoperatively isolated chondrocytes and 
allogenic bone marrow derived stem cells11-14. 

It was postulated that the mechanism behind the death of the MSCs is likely related 
to one of the deliberate “suicide” programs present within cells15.These suicide 
programs are usually induced intrinsically or extrinsically by external stimuli such 
as mechanical stress, oxidative processes, and drug treatments. The programmed 
suicide death has usually two main forms, apoptosis and autophagy16-18. These two 
pathways are intricately interconnected and the up-regulation of one leads to down-
regulation of the other19.  

Apoptosis is triggered by biochemical events which induce characteristic changes 
in the morphology of the cell (i.e. membrane blebbing and nuclear fragmentation). 
The apoptotic process can be intrinsically activated by the release of cytochrome C 
from mitochondria or can be activated extrinsically by death receptors. Both 
pathways lead to the activation of a series of caspases which mediate the cell 
destruction16.  
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Autophagy, is a catabolic process where the cell degrades cytoplasmic components 
important for survival, thereby leading to a so called “self-eating” phenomenon. 
This organised degradation and recycle activity uses vesicles, known as 
autophagosomes, which can contain organelles, proteins, and other components. 
These autophagosomes subsequently fuse with lysosomes that degrade both the 
cargo and the vesicles19. 

In light of these results, we decided to investigate which of the two molecular 
mechanisms was involved in the possible cell death of MSCs in co-cultures. Pellets 
containing the combination of human chondrocytes and human MSCs were cultured 
for one week and analyzed for changes in gene and protein expression characteristic 
for the apoptotic or autophagy pathways.  Our data show a clear prevalence in 
activation of the autophagic pathway. We hypothesize that this mechanism could be 
a self-sacrifice mechanism of the MSCs which could contributes to the trophic effect 
of these cells on chondrocytes.  

5.2 Materials and Methods 

5.2.1 Cell culture and expansion 

Human-adipose-tissue-derived-MSCs were extracted from lipoaspirates obtained 
from consenting two male healthy donors (A211 and A283) and one female donor 
(A258) (Supplementary Table 5.S1) as previously described. 20-22 Chondrocytes 
were extracted from healthy looking cartilage of a donor undergoing an amputation. 
All cells lines collected and used for this study were approved by the Mayo Clinic 
Institutional Review Board22. 

MSCs were cultured in standard medium (Gilco’s advanced Modified Eagle 
Medium; MEM) supplemented with 1% penicillin/streptomycin, 1% GLUTAmax, 
5% Human Platelet Lysate PLT max and 0.2% heparin. Chondrocytes were cultured 
in chondrocytes proliferation medium (Gilco’s advance MEM, 10% fetal bovine 
serum [FBS], 1% penicillin-streptomycin, 1% GLUTAmax, 0.2 mM ascorbic acid 
2-phosphate, and 4 mM proline). Both cell types were cultured in normal oxygen 
conditions (21% oxygen). MSCs were used at passage 5 and primary chondrocytes 
at passage 4. 

5.2.2 Pellet co-culture  

Cell pellets were generated by seeding 200,000 cells per well in a 96-well plate. 
Cells were cultured as monocultures or as co-cultures with a ratio of 80% 
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MSCs/20% chondrocytes. Both mono- and co-cultures were cultured in 
chondrogenic proliferation media (same as above) under hypoxia (2% oxygen). 
Medium was changed every three days. Pellets were harvested at day 7 for RNA-
seq and immunofluorescence analysis. 

5.2.3 RNA extraction 

Total RNA was isolated from the samples using the Direct zolTM RNA kit as 
instructed by the manufacturer (Zymo Research, Irvine, California). For each 
condition, 4 to 5 cell pellets were pooled to obtain sufficient RNA yield for 
downstream analysis. Nanodrop (Thermo Fisher Scientific, Waltham, MA) was 
used to determine the purity and concentration of the RNA extracted.  

5.2.4 RNA sequencing and analysis 

RNA sequencing and bioinformatic analysis was performed by the Mayo Clinic 
RNA sequencing and bioinformatic cores as described previously22-25. RNA 
libraries were prepared using the TruSeq RNA library preparation kit (Illumina, San 
Diego, CA) following the manufacturer’s instructions. The poly-A mRNA of each 
sample was purified from the total RNA using oligo dT magnetic beads. To 
multiplex sample loading on the flow cells specific indexes were incorporated at the 
adaptor ligand using the TruSeq kit. The constructs were purified and enriched using 
12 cycles of PCR. Agilent Bioanalyzer DNA 1000 chip and Qubit fluorometry 
(Invitrogen, Carlsbad, CA) were used to control the quality and the concentration 
of the samples. Libraries were loaded onto flow cells at concentrations of 8 to 10 
pM to generate cluster densities of 700,000/mm2 following the standard protocol for 
the Illumina cBot and cBot Paired end cluster-kit version 3. Flow cells were 
sequenced as 51 X 2 paired end reads on an Illumina HiSeq 2000 using TruSeq SBS 
sequencing kit version 3 and HCS v2.0.12 data collection software. Base-calling 
was performed using Illumina’s RTA version 1.17.21.3. The RNA-Seq data were 
analyzed using the standard RNA-Seq workflow by Mayo Bioinformatics Core 
called MAPRSeq v.1.2.1, which includes alignment with TopHat 2.0.626 and 
quantification of gene expression using the HTSeq software27. Normalized gene 
counts were also obtained from MAPRSeq where expression values for each gene 
were normalized to 1 million reads and corrected for gene length (Reads Per 
Kilobase pair per Million mapped reads, RPKM). RNA-seq data were deposited in 
the Gene Expression Omnibus of the National Center for Biotechnology 
Information (GSE142831). 
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5.2.5 Identification of co-culture regulated genes 

To estimate the relative RNA contribution of the MSCs in the co-cultures, we used 
the sex mismatch between the male donors (A211 and A283) and the female 
chondrocyte donor. The average level of expression of 7 unique male markers in the 
co-culture was 57% of the levels in the respective monocultures (Table 5.1). As 
expected, the y-markers were not expressed in the female chondrocytes and MSC 
(A258). We used these numbers to calculate the expected value of gene expression 
of a given gene using the following formula for each donor pair and calculated the 
average of the three donors. Only genes with RPKM values above 0.3 in each of the 
samples were included in the analysis. 

(1)		𝑅𝑃𝐾𝑀	𝐶𝑜𝑐𝑢𝑙𝑡𝑢𝑟𝑒!"#!$%!&

= 0.57 ∗ 𝑅𝑃𝐾𝑀	𝐴𝑀𝑆𝐶'()( + 0.43 ∗ 𝑅𝑃𝐾𝑀	ℎ𝐶ℎ'()( 

The expected value is valid under the assumption that gene expression in co-cultures 
is the sum of gene expression in MSCs and chondrocytes and is not influenced by 
the interaction between both cell types. 

The real value was then compared to the expected value to determine the Fold 
change (Fc) difference.  

(2)			𝐹𝑐 =
𝑅𝑃𝐾𝑀	𝐶𝑜𝑐𝑢𝑙𝑡𝑢𝑟𝑒*!+,
𝐶𝑜𝑐𝑢𝑙𝑡𝑢𝑟𝑒!"#!$%!&

 

The majority of genes have a Fc of around 1 indicating that the observed gene 
expression is the sum of the expression in the MSCs and chondrocytes. Genes with 
a Fc>2 cut off were considered upregulated genes. Genes with a Fc<0.5 were 
considered downregulated genes. 

Table 5.1 RPKM Values of 7 individual Male genesa. 
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RPKM = Reads Per Kilobase pair per Million mapped reads. 
aThe values of the monoculture are compared with the coculture and an average of the 7 

genes was obtained. Based on these data, we assumed that 57% of the rPKM in the 

cocultures was derived from the mesenchymal stromal cells and 43% was derived from 

chondrocytes. 

5.2.6 Immunofluorescence staining 

Pellets were harvested for immunofluorescent staining as previously described28. 
Cell-pellets were washed with phosphate-buffered saline (PBS) and fixed with 10% 
formalin for 15 min. Samples were then embedded in cryomatrix (Thermo Fisher) 
and cut into 10 μm sections with a cryotome (Shandon). Sections were 
permeabilized with 0.5% Triton X-100 in PBS for 10 min at room temperature 
followed by animal serum treatment (5%, 1-hour, room temperature) to block 
nonspecific binding. Sections were incubated overnight at 4°C in a humidified 
chamber with antibodies against LC3B (1:500 dilution, MAB85582, R&D System) 
and SQSTM1/p62 (1:200 dilution, ab56416, Abcam). Subsequently, slides were 
washed with 0.1% Tween 20 in PBS and incubated with Alexa Fluor-conjugated 
secondary antibodies (Alexa 568 or Alexa 488, Abcam) for 50 min at room 
temperature in a humidified chamber. Nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI, Molecular Probes) and images were taken with a 
fluorescence microscope (Nikon Eclipse E400).  

5.3 Results 

5.3.1 Transcriptome changes in MSCs and chondrocyte co-cultures  

The relative contribution of the MSCs in gene expression in the co-cultures dropped 
from 80% (based on seeding ratio) to 57% after one week in co-culture (Table 5.1). 
This confirm the disappearance of MSCs from co-cultures and is in agreement with 
previous observations9.  

Cluster analysis of RNAseq data from monocultured MSCs, chondrocytes and co-
cultures at day 7, shows clustering of the distinct conditions in their respective 
groups (Fig. 5.1b). There is visible variation present in heatmap patterns when 
comparing the three MSC donors, indicative of inter-donor variation29.  Moreover, 
the up- and downregulated genes in the hCHs and MSCs in the monoculture differ 
greatly from the co-culture suggesting an interaction between the two cells. Based 
on the similarity in gene expression patterns between the three co-cultures, it is 
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likely that common pathways are influenced by the interaction between the MSCs 
and the chondrocytes.  

 
Figure 5.1 (a) A 96-well plate containing the monoculture or co-culture pellets. (b) 
Heatmap of the entire genome normalized and clustered using MORPEUS software. the 
downregulated genes are expressed in blue whereas the upregulated in red. (c) Venn 
diagrams presenting the similarity between the upregulated (top) or down-regulated 
(bottom) genes belonging to the different co-cultures. 

A total of 362 genes met the inclusion criteria of >2-fold upregulation and P < 0,05 
in at least one of the co-cultures compared to the expected value assuming no 
cellular interaction between the MSCs and chondrocytes. In total, 137 genes were 
down-regulated. The number of upregulated genes was nearly three times higher 
compared to the downregulated, which may indicate a predominance of pathway 
activation when cells are placed in co-culture. A Venn diagram was created to 
identify common up- or down-regulated genes in each of the co-cultures. Co-
cultures of chondrocytes with donors A258 and A283 represented a closer pattern 
of gene up- and down-regulation as compared with the co-culture involving donor 
A211, which further highlights the presence of inter-donor variability (Fig. 5.1c). In 
total, 92 genes were more than 2-fold upregulated in all three co-cultures and 74 
were more than 2-fold downregulated (Supplementary Figure 5.S1). 

a) b) c) 
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5.3.2 Up-regulation of autophagic and apoptotic pathways in MSCs and 
chondrocyte co-cultures 

Among the 92 upregulated genes, 86 were identified (Supplementary Table 5.S6) 
by the STRING software and 51 were found having known interactions (medium 
confidence 0.4). Two main clusters were obtained: one consisting of a series of 
histones (HIST1H2AG, HIST1H2BG, HIST3H2A, HIST1H1E) which may 
indicate an effect on cell proliferation in line with previous observations10. The 
second, a larger cluster of 51, consisted of a series of genes mainly present in cell 
death processes like autophagy and apoptosis (37 genes out of 5116,30) (Fig. 5.2). 
The genes identified encode surface (RARRES331, TNFRSF10A32, PIK3R333, 
TRAF134), cytoplasmic (NCF235, APOL336) and transporter (TAP1, TAP2)37 
proteins. A literature search of the 51 genes confirmed their role in cell death 
pathways in more detail (Supplementary Table 5.S2). In general, most of the GO-
terms obtained from the ClueGO analysis represented terms like cell stress or death 
pathways (Fig. 5.2 and Supplementary Table 5.S3). Moreover, 52.17% of the terms 
GO-pathways detected were related to Ubiquitin-specific processing proteases. 
Ubiquitination represents a fundamental process in the autophagic machinery38. 
These data suggest that the co-culturing of MSCs and chondrocytes may induce 
autophagic cell death.  

 

a) 
b) 

c) 
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Figure 5.2 (a) Interconnections of the 51 upregulated genes using STRING software. Red 
circle symbolizes genes that have previously been annotated to apoptotic or autophagic 
processes. For other genes insufficient data were present in literature or have been 
previously annotated to other pathways. (b) Pie chart presenting the percentage of the 51 
genes involved in the apoptotic or autophagic pathways based on gene counts in a. (c) 
Heatmap presenting the normalized (log 2) overexpression (red) levels of 17 upregulated 
genes using the RPKM values obtained from the RNA sequencing. 

5.3.3 Co-culture treatment induces autophagic flux  

To further distinguish whether the MSCs disappear from co-culture by apoptosis or 
autophagy, the expression of pro-apoptotic, anti-apoptotic, apoptotic and 
autophagic markers was assessed (Fig. 5.3a-d).  

First, we looked at four pro-apoptotic markers (BAD, BAX, BIM, BID) (Fig. 5.3a). 
These markers belong to the BCL-2 cell-death-regulator-family and they initiate 
and/or mediate the activation of apoptosis. Here, by comparing the monoculture 
with the co-culture, the variability among the MSCs donors is clear. Some of the 
genes are overexpressed in mono- or co-culture depending on the donor. However, 
the trends between the two conditions do not present any statistical difference which 
suggest inactivation of the apoptotic pathway (Supplementary Table 5.S4). This is 
furthermore supported by the gene expression of four of the main caspase pathway 
regulators (CASP3, CASP5, CASP8, CASP9)16 that did not change or were less 
expressed in co-cultures (Fig. 5.3c). Moreover, immunofluorescence images were 
obtained to determine the level of Caspase-3 (Fig. 5.4b). Caspase-3 is the final 
protein of the apoptotic cascade cycle39. During apoptosis, the cells present 
disrupted nuclei comprising high level of caspase-3 (Fig. 5.4a left). However, in 
both mono- and co-culture this characteristic is barely present indicating absence of 
apoptotic activation. 

We further checked two of the main anti-apoptotic markers (BCL2 and BCL2L1). 
Although both did not reach a statistical significance (0,11-BCL2 & 0,15-BCL2L1), 
both presented, for each of the 3 donors, an increase in expression in co-culture (Fig. 
5.3b and Supplementary Table 5.S4). This suggests an activation of anti-apoptotic 
processes which may cause the in-activation of the caspase cycle. 

Furthermore, as regulated necrosis can be triggered by binding of TNF-α and FAS 
ligand we looked at overexpression of RIPK1, RIPK3, and MLKL. However, none 
of these genes were significantly upregulated in the cocultured compared with the 
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monoculture (Supplementary Fig. 5.S4) excluding a role for necrosis in the 
disappearance of the MSCs. 

 
Figure 5.3 (a) Comparison between the RPKM values of pro-apoptotic markers (BAD, BAX, 
BCL2l11/BIM, BID); (b) of the antiapoptotic markers (BCL2, BCL2l1); (c) apoptotic 
markers (CASP-3, CASP-9, CASP-5, CASP-8); (d) of the autophagic markers (DRAM1, 
MAP1LC3B, GBP1, SQSTM1/P62, APOL3,ULK1, SOD2, UVRAG) obtained from the RNA 
sequencing. 

a) b) 

c) d) 
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Figure 5.4 (a) Magnification of a cell undergoing apoptosis (on the left) through caspase-3 
(in red) or autophagy (on the right) through LC3B (red) and P62 (green). In blue nuclei; (b) 
immunofluorescence of the 7 conditions after 7 days of culture of the caspase-3 (in red) and 
nuclei (in blue); (c) immunofluorescence of the same 7 conditions of lC3B (in red) and P62 
(in green). in blue nuclei. Yellow color represents overimposed green and red signals. Scale 
bars equate to 40 μm. 

We next determined the effects of autophagic markers in the co-cultures (Fig. 5.4). 
First, we looked at multiple markers highly present during autophagy activation 
(Fig. 5.3d). Among the 8 individual markers, 7 were statistically up-regulated in the 
co-culture compared with the monoculture, indicating activation of the autophagic 
machinery at the gene level. We further looked at the protein level using 

a) 

b) 

c) 
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immunofluorescence. Here, two well-recognised markers (LC3B and P62) were 
used. LC3B is conjugated to the autophagosome during autophagosome formation. 
P62/SQSTM1 protein interacts with both LC3B-II and ubiquitin protein and is 
degraded in autophagolysosomes40. In in-activated autophagy, these two markers 
can be singularly present (Supplementary Fig. 5.S3 A211) or can be present together 
but not colocalized (Supplementary Fig. 5.S3 A258). On the contrary, in active 
autophagy both markers are present and colocalize (Fig. 5.4a), which indicates 
creation of the autophagosome. Even if the behaviour of the three donors is 
different, it is clear that the level of combined LC3B and P62 are higher in the co-
culture compared with the monoculture for all the donors, indicating upregulation 
of the autophagic machinery41. Taken together, these results suggest that MSCs 
exhibit enhanced autophagic flux. 

5.4 Discussion 

In this study, we have studied the mechanism involved in the progressive cell death 
of the MSCs in coculture with chondrocytes.  

We used the sex mismatch between the female chondrocyte and male MSC donors 
to estimate the relative contribution of the MSCs to the gene expression in the co-
cultures. The expression of Y-chromosome-specific RNAs proved stable across 
donors. By assuming that the expression of Y-specific markers is not influenced by 
the co-culture conditions, a notion which is supported by previous observations, it 
is possible to estimate the contribution of the male MSC donors to global RPKM in 
co-culture with female chondrocytes. Using this approach, we concluded that the 
relative contribution of MSCs to the RPKM in the co-cultures dropped from 80% to 
57% after one week of culture. This supports previous observations where after 4-
weeks of culture, MSCs have almost completely disappeared from co-cultures with 
chondrocytes due to cell death irrespective of the origin of the stem cells9. Signs of 
increased cell death were first noted at day 7 and increased day 1410. We reasoned 
that the 7-day time point marked the beginning of the disappearance of MSCs from 
co-cultures and selected this time point for an RNA-seq analysis. At this time point, 
the transcriptome of the co-cultures was substantially and statistically different from 
the respective monocultures indicating the presence of non-additive interactions 
between the two cell populations. 362 genes were upregulated of 2-fold in at least 1 
of the co-cultures. Of these genes, 92 were consistently upregulated in each of the 
three co-cultures. The considerable inter-donor variability is in line with previous 
studies42. Interestingly, the donor A258 (female) and A283 (male), presents higher 
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overlap in terms of both up- and down-regulated genes in co-culture suggesting that 
the trophic role of MSCs is a generic, sex-independent property of these cells as 
noted before43. We do realize that the method for selecting genes specifically 
regulated by the interaction between chondrocytes and MSCs has limitations. For 
example, genes that are inversely regulated in MSCs and chondrocytes may be 
missed. The genes identified in this study thus represent a snapshot of genes that are 
regulated in co-cultures. 

STRING analysis identified two interconnected networks of which the main 
included more than half of the total upregulated genes. This network describes genes 
involved in apoptotic or autophagic processes and comprised proteins involved in 
subsequent steps of these pathways starting from membrane receptor proteins 
(TNFRSF10A, PIK3R3, TRAF1) up to fundamental enzymatic components 
(OAS3). Most of the genes detected are upregulated in one (RARRES3), or both 
processes (DIRAS3, ISG15, BMP2, PHLDA2). Other genes are involved in the 
inhibition of one (HBEGF-for apoptosis) or both pathways (ATF3). Moreover, 
genes such as BIRC3 and NCF2 can upregulate one process while inhibiting the 
other. Interestingly, these results differ from those of Wu et al. where a microarray 
analysis identified clusters related to intracellular cell cycle regulators, extracellular 
matrix production and secreted growth factors (FGF1 and BMP2)44. This variability 
could be related to the time points considered. Wu et al. performed the analysis at 
the second day of culture, whereas our study focused on a later time point (day 7)44. 
At this earlier time point, a dominant effect on cell proliferation was found whereas 
the disappearance of MSCs from the co-cultures was first noted at day 79,10. Also, 
in our study, we show the upregulation of many proliferation markers, however, this 
upregulation was modest and consequently did not meet the cutoff of 2-fold used 
(Supplementary Table 5.S7). No upregulation of cartilage matrix genes was noted, 
which could be explained by the early time point considered. Interestingly, a 
decrease in COL10A1 and COL3A1 mRNA expression was visible indicating a 
reduction in the hypertrophic activity (Supplementary Fig. 5.S5). 

Like in the study of Wu et al.44, we have found upregulation of BMP2. This suggests 
that BMP2 plays a fundamental and prolonged role in the coculture effect. This 
contrasts FGF1, which in this study was not found upregulated. Combined this data 
may suggest that FGF-1 functions as trigger in an initial phase in chondrocyte 
proliferation, whereas BMP-2 is required for longer period of time and may sustain 
cartilage matrix formation. Indeed, these factors can contribute to the proliferation 
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of chondrocytes and are partly responsible for the increase of matrix formation in 
co-cultures49-52. Alternatively, the differences could be explained by the use of 
adipose MSCs versus bone marrow MSCs in the study by Wu et al.44. This seems, 
however, unlikely given the consistency in the trophic effect of MSCs from a variety 
of sources in co-culture with primary chondrocytes9. Moreover, the use of a more 
physiologically relevant hypoxic environment, used in this study, compared to the 
normoxic environment in the study by Wu et al., may also have contributed to the 
differences in gene expression.  

Due to the crosstalk53 between the apoptotic and autophagic pathways, it is difficult 
to draw a conclusion by only looking at the RNA level. Consequently, we looked at 
the protein expression. Here, because both processes involve a multitude of proteins 
we looked at key components (LC3B & P62 for autophagy and caspase-3 for 
apoptosis) of both pathways41. 

Apoptosis can be initiated by an extrinsic or, an intrinsic process both ending with 
the cleavage of the procaspase-316. Here, the RNA expression data suggested the 
possible activation of the extrinsic pathway by membrane receptor proteins 
(TRAF1, TNFRSF10A) rather than the activation of the intrinsic pathway by genes 
like DIABLO, HTRA2, AIFM1, ENDOG, and CAD (Supplementary Table 5.S5). 
Since we did not find an in increase or difference in the active form (caspase-3 
within the nuclei and nuclei debris) at the protein level, we concluded that the cell 
death via the canonical apoptotic pathway is likely not driving MSCs death. 

Autophagy is a cellular degradation pathway that is essential for survival49. 
However, if overexpressed, it could lead to neurodegeneration, cardiomyopathies, 
abnormalities of skeletal development, and death as shown in mice studies18,50. LC3-
II is as a quantitative marker of autophagy required for the formation of the 
autophagosome and its expression is proportional to the amount of autophagosomes 
in the cell. The P62/SQSTM1 protein serves as a link between LC3 and 
ubiquitinated substrates51. P62/SQSTM1 and P62-bound polyubiquitinated proteins 
become incorporated into the completed autophagosome. From the data obtained, 
LC3-II and P62/SQSTM1 were highly expressed, both at the gene and protein level, 
in the cocultures compared to the monoculture conditions suggesting activation of 
the autophagic flux. Taken together, our data shows a strong association between 
the activation of autophagy and the disappearance of MSCs from cocultures with 
chondrocytes suggesting that the MSCs in coculture preferentially die by autophagy 
rather than by apoptosis. Formal proof of this hypothesis would require further 
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studies for example by knocking down genes involved in the autophagic and 
apoptotic pathways. 

This conclusion differs from the previous study performed by Wu et al. where high 
levels of TUNEL positivity staining were detected in the pellets10. TUNEL staining 
detects the DNA breaks formed when DNA fragmentation occurs in the last phase 
of apoptosis. Normally, this kind of apoptosis is considered as caspase-dependent 
procedure. However, cell death can proceed in caspase-independent apoptotic 
pathway, in which TUNEL positive staining is also observed57. The mitochondria 
play a central role in both caspase-dependent and caspase-independent death 
pathways58. It has been recognized that mitochondria can release factors involved 
in caspase-independent cell death, including apoptosis-inducing factor (AIF) and 
Endonuclease G (EndoG)59-61. In fact,  AIF is believed as a key mediator of poly 
ADP-ribose (PAR) polymerase (PARP) induced caspase-independent cell death62. 
Indeed, it has been reported that autophagy is a cytosolic event that controls caspase-
independent macrophage cell death through RARP mediated pathway63. Moreover, 
autophagy activated by DNA damage can kill the cells through the autophagy 
regulators in the absence of apoptosis64-66. However, the major concern with these 
examples is that they represent a very artificial situation. Regardless, these data may 
explain the difference in these two studies. 

It remains unclear which role MSCs cell death by autophagy plays in the co-culture. 
We hypothesize that the autophagic extracellular vesicles generated may have an 
additional trophic effect. During autophagy, cells release a variety of signals, 
including extracellular vesicles, which after uptake by neighboring cells, induce 
cellular responses over short- and/or long-range distances67. Indeed, researchers 
proposed the concept of “altruistic cell suicide” based on the observation that dying 
cells could induce proliferation of neighboring cells68. Based on our analysis, it is 
conceivable that the activation of autophagy in MSCs likely initiates this “altruistic 
cell death” process in co-culture with chondrocytes. We propose a sequential 
mechanism where growth factors like FGF1 and BMP2 are released by the MSCs 
and subsequently are further enhanced by the increased secretion of extracellular 
vesicles, and their uptake by neighboring chondrocytes. This mechanism can 
explain how MSCs stimulate cartilage formation while simultaneously disappearing 
both in-vitro and in-vivo. 

Additional studies should focus on the mechanism behind the initiation of 
autophagy, the release of extracellular vesicles and their uptake. Particularly 
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interesting are the studies aimed at analyzing the content of the autophagic vesicles. 
Activation of autophagy in MSCs might be an efficient way to increase the 
formation of trophic extracellular vesicles. This may help in optimizing intra-
articular injection strategies based on MSC-derived extracellular vesicles rather 
than MSCs themselves69-71. The use of MSC-derived extracellular vesicles rather 
than the cells themselves may avoid possible long-term phenotype changes of 
incorporated cells and attenuate many of the safety concerns related to the use of 
living cells.    

In summary, here we provide evidence that MSCs in coculture with primary 
chondrocytes preferentially die by autophagy. We postulate that this altruistic cell 
death results in the formation of extracellular vesicles. These extracellular vesicles 
are an additional mechanism by which the MSCs stimulate chondrocyte 
proliferation and cartilage matrix formation in pellet co-cultures. 
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5.5 Supplementary materials 

Supplemental Figure 5.S1 Up- and Down-regulated genes using STRING software. 
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Supplemental Table 5.S1 Scheme of donor variability in terms of sex, age, 
extraction position and level of diabetes. 

AMSCs A211 A258 A283 

Sex Male Female Male 

Age 41 32 54 

Position Abdominal area Upper thigh Abdominal area 

Diabetes Normal Normal Normal 

 

Supplemental Table 5.S2 Up-regulated genes having connection detected using 
STRING software. For each gene a literature search was performed to determine if 
the gene was actively involved in the autophagic or apoptotic machinery. In green 
genes enhancing the pathways. In red the genes inhibiting the pathways. In black 
not fully defined genes, which were shown having an effect in autophagy &/or 
apoptosis. 

SYMBOL FULL NAME AUTOPHAGIC &/OR 
APOPTOTIC PATHWAY 

MTSS1 MTSS I-BAR domain containing 1 -- 
SLC7A8 Solute Carrier Family 7 Member 8 Apoptosis 1  
SLC3A2 Solute Carrier Family 3 Member 2 Apoptosis  2 
  Apoptosis3  
  Autophagy (indirect) 4 
  Autophagy (indirect) 5 
MAFB MAF bZIP transcription factor B Apoptosis 6 
ATF3 activating transcription factor 3 Autophagy & Apoptosis 7 
  Autophagy 8 
  Autophagy 9 
  Apoptosis 10 
  Apoptosis 11 
  Apoptosis 12 
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  Apoptosis 13 
  Apoptosis 14 
LRRC37B leucine rich repeat containing 37B -- 
EVI2A ecotropic viral integration site 2A -- 
HBEGF heparin binding EGF like growth factor Apoptosis 15 
  Apoptosis 16 
  Apoptosis 17 
  Apoptosis 18 
RND3 Rho family GTPase 3 Autophagy 19 
  Apoptosis 20 
  Apoptosis 21 
  Apoptosis 22 
RGS1 regulator of G protein signaling 1 Apoptosis 23 
GPR68 G protein-coupled receptor 68 Apoptosis 24 
BDKRB1 bradykinin receptor B1 Apoptosis 25 
KIAA1217  Apoptosis 26 
BMP2 Bone morphogenic protein 2 Autophagy 27 
  Autophagy 28 
  Apoptosis 29 
  Apoptosis 30 
  Apoptosis 31 
  Apoptosis 32 
GAL3ST1 galactose-3-O-sulfotransferase 1 Apoptosis 33 

PHLDA2 pleckstrin homology like domain family A 
member 2 Apoptosis 34 

  Apoptosis 35 
  Apoptosis 36 
  Apoptosis 37 
  Autophagy 38 
DIRAS3 DIRAS family GTPase 3 Apoptosis & autophagy 39 
  Autophagy 40 
  Autophagy 41 
  Autophagy 42 
  Apoptosis 43 
C6ORF1 small integral membrane protein 29 -- 
HMGA1 high mobility group AT-hook 1 Autophagy 44 
  Apoptosis 45,46 
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HIST1H1E histone cluster 1 H1 family member e Apoptosis 47 
  Apoptosis 48 
HIST3H2A histone cluster 3 H2A -- 
HIST1H2AG histone cluster 1 H2A family member g -- 
HIST1H2BG histone cluster 1 H2B family member g -- 
B7RP1 inducible T cell costimulator ligand Apoptosis 49 

NCR3LG1 natural killer cell cytotoxicity receptor 3 
ligand 1 Apoptosis 50 

  Apoptosis 51 

HSPH1 heat shock protein family H (Hsp110) 
member 1 Apoptosis 52 

  Apoptosis 53 
  Apoptosis 54 
  Apoptosis 55 
  Apoptosis 56 

HSPA1B heat shock protein family A (Hsp70) 
member 1B Apoptosis 57 

  Apoptosis 58 
  Apoptosis 59 
  Apoptosis 60 
RARRES3 phospholipase A and acyltransferase 4 Apoptosis 61 
  Apoptosis 62 
  Apoptosis 63 

IFIH1 interferon induced with helicase C 
domain 1 Autophagy 64 

  Autophagy 65 
  Apoptosis 66 
  Apoptosis 67 
  Apoptosis 68 
SGK1 glucocorticoid-induced protein kinase 1 Apoptosis & autophagy 69 
  Apoptosis 70 

SOD2 manganese superoxide dismutase (Mn-
SOD Apoptosis & autophagy 71  

  Autophagy 72 
NCF2 Neutrophil Cytosolic Factor 2 Apoptosis & autophagy 73 
TAP1 Antigen peptide transporter 1 Autophagy 74 
  Apoptosis 75 
TAP2 Antigen peptide transporter 2 Autophagy 74 
ISG15 Interferon-stimulated gene 15 Autophagy 76 
  Autophagy 77 
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  Apoptosis 78 
GBP1 Guanylate-binding Protein 1 Apoptosis & autophagy 79 
APOL3 Apolipoprotein L3 Apoptosis & autophagy 80 
SQSTM1 Sequestosome 1 Autophagy 81 
  Apoptosis  82 
PSMB8 Proteasome Subunit Beta 8 Apoptosis & autophagy 83 
PSMB9 Proteasome Subunit Beta 9 Apoptosis & autophagy 83 
BIRC3 Baculoviral IAP Repeat Containing 3) Apoptosis & autophagy 84 

NFKBIE 
nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, 
epsilon 

Autophagy 85 

TRAF1 TNF Receptor Associated Factor 1 Autophagy 86 
  Apoptosis 87 

IRAK2 interleukin 1 receptor associated kinase 
2 Apoptosis 88 

C10ORF2 chromosome 10 open reading frame 2 Apoptosis 89 
  Apoptosis 90 
FOSL1 Fos-related antigen 1 Autophagy 91 
CSF1 colony stimulating factor 1 Autophagy 92 
  Apoptosis  93 
MET MET Proto-Oncogene, Receptor 

Tyrosine Kinase Autophagy 94 
  Apoptosis95 

PIK3R3 phosphoinositide-3-kinase regulatory 
subunit 3 Apoptosis96  

TNFRSF10A Tumor necrosis factor receptor 
superfamily member 10A Apoptosis & autophagy3  
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Supplemental Figure 5.S2 Pie plot showing the % of terms per group of pathways 
detected. Each group is constituted by a number of GO-pathways (Table 5.3) 
discovered using ClueGO. The majority of the GO-pathways identified is involved 
one of the death machinery (red square). The same color is used for the group 
presented in this pie plot and for table 5.3. 
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Supplemental Table 5.S3 GO-pathways of the 92 up-regulated genes detected using 
clueGO. The two small red stars above the bars indicate statistical significance (P-
value<0.001). 
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Supplemental Table 5.S6 Description of the 86 up-regulated genes using 
STRING.  
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Supplemental Table 5.S7 RPKM values of 8 proliferation genes. The expected value 
of the co-culture is calculated considering the ratio determined with the male markers 
(43% chondrocytes & 57% MSCs). The value is then compared to the actual value of 
the co-culture and an average is obtained indicating the fold-change of the real value 
compared to the expected. 

 
 

Supplementary Figure 5.S4 RPKM values of 3 key regulatory markers of the regulated 
necrosis. 
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Supplementary Figure 5.S5 Comparison between RPKM values of chondrocytes 
markers. The first raw shows chondrogenic markers (ACAN, COL2A1, COL1A1). The 
second raw indicate osteoarthritic markers (COL3A1, COL10A1).  
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Abstract 

In pellet co-cultures of mesenchymal stem cells (MSCs) and primary chondrocytes, 
MSCs stimulate chondrocyte proliferation and cartilaginous matrix production in a 
process known as chondro-induction. During this process the MSCs die. Previously 
we have found evidence that autophagy is the dominant process by which the MSCs 
disappear from the co-cultures. The significance of MSC cell death in the beneficial 
effect on cartilage formation in pellet co-cultures is, however, still unclear. In this 
work, pellet co-cultures were used to investigate the effect of modulators of cell 
death pathways to obtain more insight in the role of cell death in chondro-induction.  
Cells were cultured in the starvation environment to analyze the potential activity 
of cell death pathways in the absence and presence of different signal modulators. 
The results demonstrated that the starvation environment enhances the activity of 
autophagy pathway in the monoculture cells, while in co-cultures this effect is 
reduced. Moreover, interactions between the MSCs and chondrocytes mitigate the 
impact of signal modulators on the cells in co-cultures. These results suggest that 
interplay between chondrocytes and MSCs play a beneficial effect on the cellular 
behavior in the co-cultures, which will contribute to the trophic function of MSCs 
and further regeneration of cartilage tissue.  
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6.1 Introduction 

Interaction between cells is a crucial component of developmental and physiological 
functions. Cellular interactions can occur via direct cell-to-cell contact, such as by 
cellular gap junctions that organize cell layers in tissue, or indirectly, as by secreted 
molecules that bind to receptors expressed on the surface of target cells. The study 
of cell-cell communication is necessary for both understanding diseases and 
creating novel biomedical technologies, including immunological interactions, 
cancer metastasis, stem cell development and so on1–4. 

Understanding the cellular communication pathways and how the cellular 
interactions are regulated is essential for tissue formation, which could contribute 
significantly to the engineering of specific tissues in vitro and the development of 
therapies to stimulate tissue repair. However, the mechanisms underlying cellular 
interaction remain poorly understood, mostly due to the complexity of intercellular 
communication pathways in multicellular systems, including gap junction signaling, 
paracrine signaling, endocrine signaling, and synaptic signaling. 

Co-culture systems establish an excellent model to study the interaction of 
heterotypic cell populations. In cartilage tissue engineering, co-culture of primary 
chondrocytes with Mesenchymal Stromal Cells (MSCs) can potentially overcome 
many of the problems encountered in basic and clinical applications aimed at 
restoring a damaged articular cartilage surface, including the dedifferentiation of 
expanded chondrocytes, hypertrophy of induced MSCs, the limited availability of 
cartilage cells, and regeneration of both the cartilaginous and osseous layers of 
osteochondral tissue, thereby potentially improving integration with surrounding 
tissue5. However, the modulation of intercellular interactions in the co-culture 
system is still unclear. Previously we have shown that in co-cultures of MSCs and 
primary chondrocytes, the MSCs stimulate chondrocyte proliferation and matrix 
production while simultaneously these cells die6,7. Recently we have found evidence 
that autophagy is the dominant mechanism for MSC cell death in pellet co-cultures 
(Chapter 5). 
There are two major mechanisms driving programmed cell death, namely apoptosis 
and autophagy. Evidence for both pathways have been found in relation to the death 
of MSCs in the co-cultures8,9. There is an intricate crosstalk network between the 
signaling pathways leading to activation of both cell death pathways. However, how 
autophagy and apoptosis are mechanistically interconnected with each other 
remains unclear and it is also unclear how MSC cell death contributes to or is 
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involved in chondro-induction. The aim of this study is to address this issue in more 
detail. Both of these two pathways can be manipulated by external modulators at 
different stages. In this study, pellet co-cultures were used to investigate the 
potential activity of apoptosis and autophagy pathways in differentiation medium. 
Moreover, pellets were also incubated with different external modulators to study 
how the interaction between cells regulates the response to these modulators of cell 
death pathways.  

6.2 Materials and Methods 

6.2.1 Cell culture and expansion 

Bovine chondrocytes (bCHs) were isolated from full-thickness cartilage knee 
biopsies from 6 months old female calves, according to the previously reported 
protocol10. bCHs were expanded in chondrocyte proliferation medium (Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine 
serum (FBS; Gibco), 0.2 mM ascorbic acid 2-phosphate (Sigma), 0.4 mM proline 
(Sigma),1x nonessential amino acids (Gibco), 100 U/mL penicillin and 100 µg/mL 
streptomycin (Invitrogen)). Human bone marrow-derived mesenchymal stem cells 
(hMSCs) were isolated as previously reported11 and cultured in MSC proliferation 
medium (α-MEM (Gibco) supplemented with 10% FBS (Gibco), 1% L-glutamine 
(Gibco), 0.2 mM ASAP (Sigma), 100 U/mL penicillin and 100 µg/mL streptomycin 
(Invitrogen) and 1 ng/mL bFGF)). The use of human material was approved by a 
local medical ethical committee. The medium was refreshed twice a week and cells 
at passage three were used for the experiments. 

6.2.2 Cell pellets formation and incubation 

To form high-density micromass cell pellets, 200,000 cells per well were seeded in 
a round-bottom 96-wells plate in the chondrocyte proliferation medium and 
centrifuged for 3 min at 500´g (Supplemental Fig. 6.S1A). For co-cultures, hMSCs 
and bCHs were mixed at ratios of 80%/20%. Medium was changed to chondrogenic 
differentiation medium (DMEM supplemented with 0.2 mM ascorbic acid 2-
phosphate (Sigma), 0.4 mM proline (Sigma), 100 U/mL penicillin and 100 µg/mL 
streptomycin (Invitrogen), 0.1 µM dexamethasone (Sigma), 100 µg/mL sodium 
pyruvate (Sigma), 50 µg/mL insulin–transferrin–selenite (ITS; Sigma), 10 ng/mL 
transforming growth factor β-3 (TGF-β3; R&D Systems)) one day after seeding 
when stable pellets were formed.  
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6.2.3 Modulators incubation  

In table 6.1, the modulators of cell death pathways used in this study are listed, 
including their primary mode of action, their involvement in either autophagy or 
apoptosis and the concentration at which the compounds were used.  

In the first set of experiments, pellets were incubated in chondrogenic differentiation 
medium with or without Chloroquine (CQ, final concentration at 20 µM, 
MedChemExpress) in a long-term incubation period. The samples were harvested 
at the time points of Day 1, 3, 5, and 7.  

In the second set of experiments, pellets were incubated in a short-term incubation 
scenario in the chondrogenic differentiation medium with or without Chloroquine 
(CQ, final concentration at 20 µM, MedChemExpress), Wortmannin (WM, final 
concentration at 50 nM, MedChemExpress), Torin1 (final concentration at 250 nM, 
MedChemExpress), Z-VAD(OMe)-FMK (VAD, final concentration at 20 µM, 
MedChemExpress), Staurosporine (SS, final concentration at 50 nM, 
MedChemExpress) as well as with a combination of SS+CQ and Torin1+VAD for 
6 hours.  

In the third set of experiments, prior to making the co-culture pellets, either the 
MSCs or the chondrocytes were pre-treated with the signal modulators for 6 hours 
before mixing with the untreated counterpart cells (Supplemental Fig. 6.S1B). 
Thereby, two types of co-culture conditions were set up, co-cultures with MSCs 
pre-treated (Co-MSC+) and co-cultures with CH pre-treated (Co-CH+). After that, 
pellets were cultured with fresh medium overnight followed by further analysis. 
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Table 6.1 Modulators treatment details for different experiment setups 

Experiment 
setup 

Modulators Function Concentration Incubate 
period 

Set 1 Chloroquine 
Autophagy 
antagonist 20 µM 

Up to 7 
days 

Set 2 and 3 

Wortmannin Autophagy 
antagonist 50 nM 

6 hours 

Chloroquine Autophagy 
antagonist 

20 µM 

Torin1 
Autophagy 

agonist 250 nM 

Z-
VAD(OMe)-

FMK 

Apoptosis 
antagonist 

20 µM 

Staurosporine Apoptosis 
agonist 50 nM 

 

6.2.4 5-ethynyl-2’-deoxyuridine and TUNEL staining 

For labeling of newly synthesized DNA, 5-ethynyl-2’-deoxyuridine (EdU) was 
added to the culture media at a concentration of 10 mM, 24 h before harvesting the 
samples. Cell pellets were then washed with phosphate-buffered saline (PBS) and 
fixed with 10% formalin for 15 min. Samples were embedded in cryomatrix and cut 
into 10 mM sections with a cryotome (Shandon). Sections were permeabilized and 
stained for EdU with Click-iT® EdU Imaging Kit (Invitrogen). Cryosections were 
also stained for DNA fragments with the DeadEnd Fluorometric TUNEL System 
(Promega). Nuclei were counterstained with Hoechst 33342. 

6.2.5 Western blot analysis 

Western blotting was performed to assess the presence of LC3B and P62 using 
protocols adapted from previous studies12,13. In brief, all samples were lysed using 
RIPA buffer (Thermo Fisher) and centrifuged. Protein concentrations were 
determined by a Pierce BCA protein Assay kit (Thermo Fisher). Equal amounts of 
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proteins were then separated on gradient (4-15%) Mini-PROTEAN TGX precast 
gels (Bio-Rad). After electrophoresis, the separated proteins were transferred to 
PVDF membranes using the Trans-Blot Turbo Transfer System (Bio-Rad). 
Membranes were blocked with 5% non-fat dry milk in Tris-buffered saline 
containing 0.1% Tween 20 (TBST, PH 7.5) for 1 hour with gentle shaking. After 
blocking, membranes were incubated overnight at 4°C with primary antibodies. 
Antibodies against LC3B (1:5000 dilution, MAB85582, R&D System) as well as 
SQSTM1/p62 (1:1000 dilution, ab56416, Abcam) were used for analysis. The 
membranes were then incubated for 1 hour with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG or rabbit anti-mouse IgG (1:2000 dilution, Dako) as 
the secondary antibody. Afterward, immunoreactive bands were developed by the 
SuperSignal Western Blot Enhancer kit (Thermo Fisher) and visualized with the 
FluorChem device (ProteinSimple). The expression of β-actin (1:1000 dilution, E7, 
DSHB) was used as the internal control. Bands were quantified by ImageJ 1.52H 
software (National Institutes of Health). 

6.2.6 Immunofluorescence staining 

Pellets were harvested for immunofluorescent staining as previously described14. 
Briefly, cell pellets were washed with PBS and fixed with 10% formalin for 15 min. 
Samples were then embedded in cryomatrix (Thermo Fisher) and cut into 10 μm 
sections with a cryotome (Shandon). Sections were permeabilized with 0.5% Triton 
X-100 in PBS for 10 min at room temperature followed by animal serum treatment 
(5%, 1 hour, room temperature) to block nonspecific binding. Sections were 
incubated overnight at 4°C in a humidified chamber with antibodies against LC3B 
(1:500 dilution, MAB85582, R&D System) and SQSTM1/p62 (1:200 dilution, 
ab56416, Abcam). Subsequently, slides were washed with 0.1% Tween 20 in PBS 
and incubated with Alexa Fluor-conjugated secondary antibodies (Alexa 568 or 
Alexa 488, Abcam) for 50 min at room temperature in a humidified chamber. Nuclei 
were counterstained with 4,6-diamidino-2-phenylindole (DAPI, Molecular Probes) 
and images were taken with a fluorescence microscope (Nikon E400). 

6.2.7 Statistical analysis 

For the experiments using primary human mesenchymal stem cells, three donors 
were tested, which showed similar results. Each experiment was performed at least 
in triplicate. So, only data from one representative donor are shown. 
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Data are presented as mean ± standard deviation. Statistical significance between 
two groups was analyzed using a Student’s t-test. For three or more groups, a 
statistical comparison was made using the One-way Analysis of Variance (ANOVA) 
with Turkey’s post-hoc analysis. p-value of <0.05 was considered statistically 
significant. 

6.3 Results 

6.3.1 The activity of autophagy pathway shows differently in monocultures and co-
cultures 

Autophagy pathway activity was investigated in the different cell conditions 
cultured in chondrogenic differentiation medium, representing a starvation 
environment. The results indicated that monocultures and co-cultures present 
different autophagic activity in a nutrient-deficient environment. As shown in figure 
6.1, during nutrient starvation MSCs showed an up-regulation of an autophagy flux 
based on the increase in LC3B conversion and the decrease in expression of P62. 
Interestingly, chondrocyte monocultures responded differently and showed more 
resistance to nutrient starvation with a marked upregulation of P62 compared to day 
1. Compared to monocultures of MSCs the overall protein expression level was 
quite low. Moreover, all the conditions were also cultured in the presence of the CQ. 
As shown in figure 6.1, different cell conditions respond distinct to the autophagy 
inhibitor. In the monoculture condition, CQ presented typical effects on autophagy 
flux with decreased LC3B conversion and increased P62 expression. The effects 
were relatively weak in chondrocytes compared to MSCs. 

Interestingly, the interaction between MSCs and chondrocytes influences the 
autophagic activity in the co-cultures. Both LC3B conversion and P62 expression 
decreased in co-cultures of MSC-Chondrocyte at a 4:1 ratio, an effect which is 
clearly distinct from the respective pellet monocultures. This suggested that in this 
time frame autophagy is not fully activated. Furthermore, compared to 
monocultures, CQ treatment did increase both LC3B and P62 expression, an effect 
which resembled the monocultures of MSCs rather than of the chondrocytes.  
According to the quantification results, co-cultures even slightly reduced the protein 
expression in the presence of CQ.  
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Figure 6.1 Expression of autophagy markers using Western blot analysis after long-term 
incubation. Protein expression of LC3B-I, LC3B-II, and P62 in each cell condition in the 
absence and presence of CQ. β-tubulin is used to normalize the level of proteins among the 
samples (left panel). Graph of the LCB3-II/ LC3B-I ratio and P62 protein expression after 
normalization indicating the activity of autophagy (right panel). 

6.3.2 Interactions between cells in the co-cultures enhance cellular behavior 

EdU and TUNEL assays were then performed to investigate the overall effect on 
cell proliferation and death in the different conditions during short-term incubation. 
As shown in figure 6.2, co-cultures showed clearly beneficial effects on cell 
proliferation as the overall proliferation in co-culture is higher than the expected 
values particularly from day 3 onwards. CQ reduced cell proliferation and induced 
TUNEL positivity in the MSC monoculture. Also, in chondrocyte monoculture, CQ 
treatment decreased cell proliferation but had only a marginal effect on TUNEL 
staining. According to the quantification results from TUNEL assay, at day 7, the 
number of dead cells in the co-cultures in the presence of CQ are less than the 
expected values, suggesting that the chondrocytes might have a protective effect on 
TUNEL positivity. 
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Figure 6.2 Quantification of EdU-positive (A) and TUNEL-positive (B) cells in each 
condition culturing in the absence and presence of CQ after long-term incubation. Red lines 
represent the expected value based on the initial seeding percentage in the co-cultures and 
is calculated using the formula expected value = 0,8*(EdU or TUNEL MSCs)day x + 0,2(EdU 
or TUNEL pCH)day x. 

6.3.3 The interplay of cell death pathways in the co-cultures  

The above results demonstrated that intercellular communication regulates cellular 
fate in Chondrocyte-MSC co-cultures and combined cell death pathways involved 
in the co-cultures in the chondro-induction environment. In the meanwhile, long 
time treatment of CQ induced high-level cell damage and probably in turn 
influenced the protein expression. To further investigate the response difference 
between MSCs and chondrocytes, we exposed the monocultures and co-cultured 
cells to a panel of external signal modulators in a short-term scenario to check the 
expression level of autophagy markers. Different cell conditions were cultured in 
chondrogenic differentiation medium in the presence of all modulators for 6 hours 
in this section, following overnight incubation in the refreshed medium. Similar to 
the long-term treatment experiment, starvation induced the autophagy activity in the 
MSCs while it has rarely an effect on chondrocytes. Moreover, no evident protein 
expression was observed in the MSC-Chondrocyte co-cultures, no matter whether 
either MSCs or Chondrocytes were pre-treated. Meanwhile, the autophagy pathway 
modulators presented typical autophagy regulation effects in the MSCs and 
chondrocytes monocultures which was not observed in the co-culture conditions. 
These results, in line with the above observation, indicated that distinct cell types 
respond differently to the surrounding environment and intercellular interaction in 
the co-cultures can counteract the activity of the autophagy modulators. 
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Furthermore, as shown in figure 6.3, this regulatory effect is irrespective of the 
stimuli and irrespective whether MSCs or Chondrocytes were pre-treated. 
Meanwhile, the apoptosis pathway presented interplay with the autophagy pathway 
as LC3B and P62 protein expression was also regulated by the apoptosis modulators. 
Of note, as an effective apoptosis agonist, Staurosporine strongly promoted the 
protein expression level of autophagic markers in both MSCs and chondrocytes. 
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Figure 6.3 Representative images of immunofluorescent staining of LC3B (A) and P62 (B) 
puncta. Pellet conditions were cultured in the absence and presence of different signals 
modulators to show the autophagic flux and interplay between apoptosis and autophagy 
pathways after short-term incubation. Scale bars represent 25 µm. 

 

6.3.4 Interaction between cells modifies the response of signal modulators 
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As shown in figure 6.4, inhibition of the autophagy pathway by CQ and WM 
increases the cell proliferation of both chondrocyte and MSCs in monoculture. 
Activation of the autophagy pathway by Torin1 decrease the cell proliferation of 
MSCs while Torin1 shows less effect on the chondrocyte. For the apoptosis pathway, 
inhibition of the pathway by VAD increases cell proliferation of chondrocyte and 
MSCs in monoculture while activation of the apoptosis pathway by SS decreases 
cell proliferation. Besides, the effects of signal modulators show the opposite 
direction on TUNEL positivity. Agonists of both death pathways result in an 
enhancement of overall cell death, while antagonists reduce TUNEL positivity. 
Remarkably, the pronounced effects on both cell proliferation and TUNEL 
positivity was blunted in the co-cultures.  

 

Figure 6.4 Quantification of EdU-positive (A) and TUNEL-positive (B) cells in each 
condition cultured in the absence and presence of different signals modulators after short-
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term incubation. Each condition was normalized to the related control group to show the 
relative fold change. 

6.4 Discussion 

Cell-cell communication is a crucial component of many biological processes. Cell-
to-cell interactions play a vital role in the maintenance of tissue function, 
regeneration and repair. In this study, we investigated the potential role of cell death 
pathways in chondro-induction which is observed in pellet co-cultures of MSCs and 
Chondrocytes using established modulators of either the apoptosis or autophagy 
pathways. The results showed that the starvation environment induces the activity 
of autophagy pathway in pellet monocultures, while this effect was mitigated in co-
cultures. Moreover, interactions between the MSCs and chondrocytes mitigate the 
impact of signal modulators on the cells in co-cultures. 

The study of cell-cell communication is necessary for understanding many 
biological functions and diseases. For example, understanding how immune cells 
and cancer cells interact, both at the immunological synapse and through cytokine 
secretion, can help us understand and improve cancer immunotherapy. Besides, it 
forms the basis for a better understanding of cell communications leading to tissue 
regeneration. Co-culture systems have been established as an indispensable tool for 
investigating the dynamic interplay between cell populations. Thus, in this work, 
pellet co-culture systems were used to investigate the potential function and 
regulation of intercellular communication between the MSCs and chondrocytes.  

Our previous work provides evidence that autophagy involved in the cell death of 
MSCs in pellet co-culture with human chondrocytes under hypoxia (Chapter 5). 
Autophagy, characterized initially as a cytoprotective process initiated upon 
starvation conditions, underlies various aspects of cellular events by recycling 
intracellular proteins by lysosomes15–18. However, autophagy is now also believed 
to induce cell death both directly and indirectly19–21. In this work, all the pellets start 
to suffer in starvation since we cultured the cell pellets in the chondrogenic 
differentiation medium, which is a serum-free environment. Western blot was used 
to measure autophagic flux in the cells based on LC3B turnover in the absence and 
presence of autophagy inhibitors22. The ratio between LC3-I and LC3-II was then 
quantified to correlate with autophagy changes, which provide a more accurate 
measure of autophagic flux23. In the meanwhile, the SQSTM1/P62 protein serves as 
a link between LC3 and ubiquitinated substrates24. SQSTM1 and SQSTM1-bound 
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polyubiquitinated proteins become incorporated into the completed autophagosome 
and are degraded in autolysosomes, thus serving as an index of autophagic 
degradation22. The inhibition of autophagy correlates with increased levels of 
SQSTM1, while decreased SQSTM1 levels are associated with autophagy 
activation22.  

Chloroquine was first used in long-term incubation experiments up to 7 days. CQ 
can act both as an inhibitor and activator of autophagy. It induces the formation of 
autophagosomes but blocks their maturation in autophagolysosomes and, hence, is 
ultimately an inhibitor of autophagy. The results showed that both MSCs and 
chondrocytes activate the autophagic flux in pellet monocultures, especially in the 
MSCs while chondrocytes only showed a minor effect. Starvation can induce the 
activity of the autophagy pathway in the monoculture cells as the autophagic flux 
can be monitored in the presence of inhibitors. Besides, culturing in the same 
condition, the activity of pro-autophagic proteins in the MSCs is higher than that in 
the chondrocytes, suggesting that cells respond differently to the starvation 
environment. However, contrary to our expectations, co-cultures mitigate the 
activity of the autophagy pathway as the expression level of LC3B reduced even in 
the presence of CQ, which suggested a block in autophagy. 

Recent studies indicated that apoptosis and autophagy mechanisms are indeed 
intimately linked while the basis for autophagy influencing cell-fate decisions 
depends on the death stimulus, cell type, and proteins that are recruited to 
autophagosomes for lysosomal degradation25. Some essential autophagy proteins 
are targets of caspases, resulting in a reduction of autophagy and an enhancement 
of apoptosis in the cells26,27. Besides, autophagy can also determine whether or not 
cells die by regulating non-apoptotic cell death directly where there is no need for 
caspase activation. For example, it was shown that Ras-induced expression of Noxa 
and Beclin-1 could mediate this autophagic cell death28. In this work, culturing in 
the starvation environment, the reduction of autophagy by the interactions between 
cells can partly explain the enhanced proliferation in the MSC-Chondrocyte co-
cultures, which indicated that autophagy pathway might be involved in the cell 
proliferation, especially in chondrocytes. Moreover, as shown in the 
immunofluorescence figures, modulators of the apoptosis pathway can also 
influence the expression of autophagic markers, suggesting the interplay of these 
two pathways.  
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Cellular behavior changes have been detected by the EdU and TUNEL staining to 
show the cell proliferation and TUNEL positivity in the presence of various pathway 
modulators during a short-term incubation. These results showed clearly how 
different cell types respond differently to the stimuli and how the pathway signals 
regulate cellular fate. Both agonists and antagonists of apoptosis and autophagy 
pathways present a typical cell behavior regulation effect. However, if we combine 
MSCs and chondrocyte into the co-culture system, intercellular communication 
between the cells modifies the response to these signal modulators. This 
performance is in line with the reduction of autophagy activity and enhanced 
proliferation in co-cultures. Further studies need to be done to answer some 
remaining questions. For instance, the specific stimuli and environment that induce 
autophagy getting more complex, and the functional effect of autophagy on cell 
death remains unclear. The information transmitted from cells undergoing cell death 
to neighboring living cells is also warranted further exploration.  

Taken together, we have demonstrated that the starvation environment induces the 
activity of autophagy pathway, but not the apoptosis, in pellet monocultures, while 
co-cultures mitigate this effect. Interactions between MSCs and chondrocytes 
modifies the impact of cell death pathway modulators on the cells in the co-cultures.  
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6.5 Supplemental Figure 

 
Supplemental Figure 6.S1 Schematic representation of pellet conditions formation (A) and 
signal modulators treatments (B). 
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Abstract 

The ideal scaffold for cartilage regeneration is expected to provide adequate 
mechanical strength, has a controlled degradability and provides adhesion, and 
integration with the surrounding native tissue, while mimicking natural ECMs 
functions, allowing for nutrient diffusion and promoting cell survival and 
differentiation. Injectable hydrogels based on tyramine (TA) functionalized 
hyaluronic acid (HA) and dextran (Dex) are a promising regenerative approach for 
cartilage repair. The properties of such hydrogels used in this study were adjusted 
by varying the polymers concentration and ratios. To investigate the changes in 
properties and their effects on the cellular behavior and cartilage matrix formation, 
different ratios of HA- and dextran-based hybrid hydrogels at both 5%w/v and 
10%w/v were prepared with a designed mold to controll generation. The results 
indicated that the incorporation of chondrocytes in the hydrogels decreased their 
mechanical properties. However, rheological and compression analysis indicated 
that 5%w/v hydrogels laden with cells exhibit a significant increase in the 
mechanical properties after 21 days when constructs were cultured in chondrogenic 
differentiation medium. Moreover, compared to 10%w/v hydrogels, the 5%w/v 
hybrid hydrogels increased the deposition of cartilage matrix, especially in the 
constructs with a higher Dex-TA content. These results indicate that 5%w/v hybrid 
hydrogels with 25% HA-TA and 75% Dex-TA have a high potential as an injectable 
scaffold for cartilage tissue regeneration. 
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7.1 Introduction 

Articular cartilage is a firm and smooth viscoelastic padding of bone ends at the 
joints to ensure smooth, frictionless and pain-free movemen1, 2. Articular cartilage 
tissue is highly hydrated and consists of approximately of 70% water and 30% 
extracellular matrix (ECM)3. The structure and function of articular cartilage is 
depends on the molecular composition of its ECM, mainly collagens and 
proteoglycans4. Cartilage has a limited capacity for self-repair due to its avascular 
nature and the low mitotic activity of chondrocytes5. Without proper treatment, 
damaged articular cartilage will deform, causing chronic pain and joint disability. 

Over the past decades, several pharmacological and regenerative therapies have 
been developed6. An ideal scaffold for cartilage regeneration is expected to provide 
adequate mechanical strength, controlled degradability, adhesion, and integration 
with the surrounding native tissue. As it does this, it mimicks natural ECMs 
functions, which allow for nutrient diffusion and the promotion of cell survival and 
differentiation7, 8. It is anticipated that the development of such an effective 
biomaterial would significantly enhance the potential to develop effective therapies 
for tissue regeneration and function improvement. One of the promising 
regenerative therapies is the use of in situ-forming (injectable) hydrogels: a three-
dimensional (3D) scaffold that mimics the hydrated environment of articular 
cartilage and facilitates the cell proliferation, differentiation and matrix production 
by using encapsulated cells9. Injectable hydrogels enable a perfect match with 
irregular cartilage defects and proper alignment with the surrounding tissues9, 10. 
Meanwhile, from the clinical point of view, implantation surgery can be avoided 
and replaced by a simple minimally invasive injection procedure9. Moreover, 
bioactive molecules or cultured cells can simply be mixed into the hydrogel 
precursors prior to injection11. Therefore, they are promising materials that can 
function as scaffolds for chondrocyte culture and cartilage regeneration.  

The development of injectable hydrogels as scaffolds for cartilage tissue 
engineering must meet certain essential conditions: bio-compatibility, bio-
degradability, bio-functionality, and suitable mechanical strength. In our earlier 
studies, we developed an injectable hybrid hydrogel composed of a hyaluronic acid 
(HA) backbone with tyramine conjugated dextran (Dex-TA) sidechains12. The 
hydrogel gelates in situ via a biocompatible, enzymatic crosslinking reaction that 
forms covalent TA-TA bonds and has been shown to support the survival and 
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growth of the incorporated chondrocytes and mesenchymal stem cells as well as the  
deposition of a new matrix in vitro13, 14. Using a similar mechanism, we also showed 
efficient gel formation after mixing of HA-TA and Dex-TA conjugates15. The 
advantage of these hybrid, injectable hydrogels is that multiple functionalities can 
be included in one gel system to fine-tune physical properties, proteolytic 
degradation, and extracellular matrix production. Moreover, these hydrogels can be 
tailored for stiffness and degradation rate by varying the polymers concentration 
and ratios. In this study, we determined the optimal concentration and ratio for cell 
growth and matrix formation in HA-TA and Dex-TA hybrid hydrogels. To obtain 
these results, hydrogels at different conjugate concentrations and ratios were laden 
with bovine chondrocytes (bCHs), and the cartilaginous specific matrix formed in 
the cell/gel constructs over time was analyzed. Furthermore, physical properties like 
storage moduli and morphology of the hydrogels were examined. 

7.2 Materials and Methods 

7.2.1 Materials 

Dextran (40 kDa, pharmaceutical grade) was purchased from Pharmacosmos, 
Denmark. Sodium hyaluronate (27 kDa, pharmaceutical grade) was purchased from 
Contipro Pharma, Czech Republic. Tyramine (99%), DMF (anhydrous, 99.8%), 
LiCl (99.0%), p-nitrophenyl chloroformate (PNC, 96%), pyridine (anhydrous, 
99.8%), DMSO-d6 (99.9%), NaCl (≥99.0%), D2O (99.9 atom % D), horseradish 
peroxidase (HRP, 325 units/mg solid), and hydrogen peroxide (30%) were 
purchased from Sigma-Aldrich. Tyramine∙HCl salt (99%) was obtained from Acros 
Organics. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium Chloride 
(DMTMM, 97%) was purchased from Fluorochem Ltd. UK. Ethanol (≥99.9%) and 
Diethyl ether (≥99.7%) were purchased from Merck. Milli-Q water was used from 
the Milli-Q Advantage A10 system equipped with a 0.22μm Millipak®-40 Express 
filter.  

7.2.2 Synthesis of dextran-tyramine and hyaluronic acid-tyramine 

Dextran-tyramine was synthesized by the activation of dextran with PNC and 
subsequent aminolysis with tyramine adapted from Ramirez et al.16. Hyaluronic 
acid-tyramine was prepared by amidation of the carboxyl groups of HA with 
tyramine, the procedure was adapted from Rydergren17 and D’Este et al.18. Detailed 
description of polymers synthesis can be found in the Supplementary Methods. 
Synthesis and characterization of Dex-TA and HA-TA polymers are described in 
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Supplementary Figure 7.S1. The Dex-TA used in this study had a substitution 
degree of 10%, i.e. 10% of the monosaccharides of dextran have been modified. 
HA-TA had a substitution degree of 10%, i.e. 10% of the carboxylic acid groups of 
hyaluronic acid have been modified. 
7.2.3 Cell culture and expansion 

Bovine chondrocytes (bCHs) were isolated from cartilage knee biopsies of full-
thickness from six-month old female calves according to the previously reported 
protocol19. bCHs were expanded in chondrocyte proliferation medium (Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine 
serum (FBS; Gibco), 0.2 mM ascorbic acid 2-phosphate (Sigma), 0.4 mM proline 
(Sigma),1x nonessential amino acids (Gibco), 100 U/mL penicillin and 100 µg/mL 
streptomycin (Invitrogen)). The medium was refreshed twice a week, and cells at 
passage 3 were used for the experiments. 

7.2.4 Hydrogel formation 

To prepare identical hydrogel samples, we designed a mold (Supplementary Figure 
7.S2). In brief, the hydrogels were prepared in a PTFE mold to produce six identical 
hydrogels of 8 mm diameter and 1.5 mm height. After dissolving the tyramine-
conjugated polymers in sterile phosphate buffered saline (PBS), the polymer 
solution with horseradish peroxidase (HRP, 40units/mL; Sigma-Aldrich) was 
incubated overnight at 4°C on a roller bank. The mixture was then combined with 
bCHs in a concentration of 10 million cells/mL. Cell free controls were also 
prepared. Freshly prepared hydrogen peroxide (H2O2) was added to the mixture and 
immediately transferred to the mold using a 1 mL pipette after a brief vortex. The 
final gel concentrations were a 10%w/v or 5%w/v polymer, 10 million/mL bCHs, 4 
U/mL HRP and 0.03% H2O2 (for 10%w/v polymer) or 0.015% H2O2 (for 5%w/v 
polymer). HA-TA and Dex-TA were combined in 5 ratios (100:0, 75:25, 50:50, 
25:75, and 0:100, represented by groups A, B, C, D, and E respectively).  

7.2.5 Hydrogel incubation  

After gelation, the gels were transferred to six-well plates and incubated in 
chondrogenic differentiation medium (DMEM supplemented with 0.2 mM ascorbic 
acid 2-phosphate (Sigma), 0.4 mM proline (Sigma), 100 U/mL penicillin and 100 
µg/mL streptomycin (Invitrogen), 0.1 µM dexamethasone (Sigma), 100 µg/mL 
sodium pyruvate (Sigma), 50 µg/mL insulin-transferrin-selenite (ITS; Sigma), 10 
ng/mL transforming growth factor β-3 (TGF-β3; R&D Systems)). The medium was 
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refreshed three times every week, and the gels were harvested at the time points of 
Day 0, 7, and 21.  

7.2.6 Rheological analysis  

Rheological experiments were carried out using an MCR301 rheometer (Anton Paar) 
using parallel plates (8 mm diameter) at 20°C under a 0.05N normal force in the 
oscillatory mode with 0.5% strain and 1.0 Hz, which was in the LVE range 
according to the measured frequency and strain sweeps. The cylindrical hydrogels 
were prepared in 8 mm wide, 1.5 mm high molds and measured after equilibrating 
overnight in medium. At least three specimens were tested for each sample. 

7.2.7 Hydrogel Swelling Ratio 

The swelling ratio was based on the weight of the hydrogel samples: 

																																		𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	𝑟𝑎𝑡𝑖𝑜 = 	
𝑤!"# −𝑤$%&

𝑤$%&
 (1) 

To assess swelling, the hydrogels were measured after equilibrating overnight in 
medium and compared to their dry weight. At least three specimens were tested for 
each composition. 

7.2.8 Compression tests 

Compression testing was performed on the cylindrical gels as prepared and 
equilibrated for the rheological testing using a Texture Analyser TA-HD plus 
(StableMicro Systems Ltd., Surrey, UK) fitted with a 50 kg load cell. The hydrogels 
underwent three compression cycles with a maximum strain of 50% using a 
compression speed of 0.05 mm/s. The compression tests were conducted at room 
temperature, and at least three specimens were tested for each sample. 

The following data was derived from the stress-strain curves. Maximum stress is 
the stress needed to compress the sample until 50% strain is reached. The high strain 
compressive modulus was calculated from the stress-strain curves using a linear 
slope at a strain ranging from 40 to 49.5%. The percentage of energy dissipated 
during a compression-relaxation cycle was calculated by dividing the surface of the 
hysteresis loop by the surface under the compression trace. 

7.2.9 Histology and Immunohistochemistry staining 

The samples were fixed in 10% formalin and then incubated in OCT (Thermo-
scientific) overnight at 4°C. The samples embedded in OCT were then snap frozen 
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using liquid nitrogen. Cryosections of 10 µm were cut using cryotome (Leica 
CM1100) and stained for sulfated glycosaminoglycan (GAG) with Alcian blue and 
Safranin O staining. For immunohistochemistry, cryosections were incubated with 
0.3% H2O2 and blocked in 5% bovine serum albumin. Slides were subsequently 
incubated overnight at 4°C with a rabbit polyclonal antibody against COL II 
(Abcam). The sections were then incubated with polyclonal goat-anti-rabbit HRP-
conjugated secondary antibody (Dako), followed by development with the DAB 
Substrate kit (Abcam). Counterstaining was performed with hematoxylin. Non-
immune controls underwent the same procedure without primary antibody 
incubation. Both histology and immunohistochemistry stained slides were scanned 
with the NanoZoomer 2.0-RS slide scanner (Hamamatsu).  

7.2.10 Live-dead staining 

The effect of the hydrogel’s composition on cell viability was studied using a Live-
dead assay. At day 0 and 21, the hydrogel constructs were rinsed with PBS and 
stained with calcein AM/ethidium homodimer using the Live-dead assay Kit 
(Invitrogen), according to the manufacturer’s instructions. Hydrogel/cell constructs 
were visualized using fluorescence microscopy (Leica DM IRB) and different areas 
were randomly selected. As a result, living cells fluoresce green and the nuclei of 
dead cells red. Image J software was used for cell counting. The cell viability was 
calculated by the percentage of live cells (green) in the total cells (green + red) from 
each area. Values represent the mean +/− standard deviation of at least three 
biological replicates. 

7.2.11 RNA isolation and quantitative polymerase chain reaction 

The 5%w/v hydrogels were prepared for species-specific quantitative polymerase 
chain reaction (qPCR) analysis. At day 0 and day 21, hydrogel samples were first 
homogenized by gentleMACS Dissociator according to the manufacturer’s 
instructions (Miltenyi Biotec). Total RNA was then isolated with the TRIzol 
Reagent (Ambion) according to the manufacturer’s protocol and reverse-transcribed 
into cDNA using the iScript cDNA Synthesis kit (Bio-Rad). qPCR was performed 
on cDNA samples by using the SensiMix SYBR& Fluorescein Kit (Bio-Rad). PCR 
reactions were carried out on CFX Connect™ Real-Time PCR Detection System 
(Bio-Rad). cDNA was denatured at 95°C for 10min followed by 40 cycles. Each 
cycle consisted of following conditions: 15s at 95°C, 15s at 60°C, and 30s at 72°C. 
The sequence of primers for qPCR are listed in Table 7.1. The expression level of 



        | Chapter 7 166  

7 

aggrecan (ACAN), collagen type I, II and IX (COL1, COL2, and COL9) and 
Osteopontin (OPN) were investigated.  

Table 7.1 Primers used for quantitative RT-PCR 

Gene Name Primer Sequence Product 

size (bp) 

Bovine specific 

GAPDH 

F: 5’ GCCATCACTGCCACCCAGAA 3’ 
207 

R: 5’ GCGGCAGGTCAGATCCACAA 3’ 

Bovine specific 

Aggrecan 

F: 5’ GACCAGAAGCTGTGCGAGGA 3’ 
319 

R: 5’ GCCAGATCATCACCACACAG 3’ 

Bovine specific 

Collagen II 

F: 5’ ATCAACGGTGGCTTCCACT 3’ 
263 

R: 5’ TTCGTGCAGCCATCCTTCAG 3’ 

Bovine specific 

Collagen IX 

F: 5’ GGACTCAACACGGGTCCACA 3’ 
102 

R: 5’ ACAGGTCCAGCAGGGCTTTG 3’ 

Bovine specific 

Collagen I 

F: 5’ GCGGCTACGACTTGAGCTTC 3’ 
102 

R: 5’ CACGGTCACGGACCACATTG 3’ 

Bovine specific 

Osteopontin 

F: 5’ ACTGGACTCTTCTCGCCGCC 3’ 
90 

R: 5’ CGGAGGCAATGCCCAAGAGGC 3’ 

7.2.12 Statistical analysis 

Data were presented as mean ± standard deviation. Statistical significance between 
two groups was analyzed using a Student’s t-test. For three or more groups, a 
statistical comparison was done using the One-way Analysis of Variance (ANOVA) 
with Turkey’s post-hoc analysis. P-value of <0.05 was considered statistically 
significant. 

7.3 Results 

7.3.1 Hydrogel formation and morphology 

In this study, the hydrogels were formed by dissolving the functionalized polymers 
(Dex-TA DS10% and HA-TA DS10%) and HRP in PBS ( mixed with cells where 
desired) and adding minute quantities of H2O2 as an oxidizing agent. Upon the 
addition of H2O2, the crosslinking of tyramine was initiated. Precooling the 
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solutions on ice and using a final concentration of 4.0 U/mL, HRP gave us a working 
time (i.e. gelation time) of about 30 sec, after which the solution gelated in the mold. 
The quantity of H2O2 was adapted to the molar amount of tyramine groups, ensuring 
the complete consumption of the oxidizing agent in all conditions within the 
different weight concentrations. The overview figures of the hydrogels (shown in 
Supplementary Figure 7.S3) reveal that the size of the hydrogels decreased after the 
dextran concentration was increased from 0 to 100%. Both the hydrogels with and 
without cells show the same trend; however, the addition of cells increased the gel 
size.  

7.3.2 Cell viability of chondrocytes in different hydrogels 

Cell viability of the bovine chondrocytes in the hydrogels was evaluated using a 
live-dead assay, in which living cells stained green and dead cells stained red (Fig. 
7.1a). We counted the amount of alive and dead cells and calculated the percentage 
of live cells (Fig. 7.1b and 1c). The results showed that the chondrocytes were 
distributed homogeneously inside hydrogels, and over 90% of the cells remained 
viable in most of the conditions at day 0. After 21 days of culturing in the 
chondrogenic medium, as shown in the figure, chondrocytes maintained their 
characteristic round shapes, while the cell viability decreased in all conditions over 
time. Groups B and C (75%:25% and 50%:50% HA-TA: Dex:TA, respectively) 
show greater cell viability than under other conditions in both 5%w/v and 10%w/v 
hydrogels. Meanwhile, groups D and E, which had a higher dextran concentration, 
presented lower cell viability in 5%w/v conditions compared to that in 10%w/v, 
especially in pure dextran hydrogels (group E). On the other hand, the other groups 
show similar cell viability between 5%w/v and 10%w/v hydrogels. However, after 
21 days, there is still around 70% to 90% cell survival, indicating that these 
biomimetic hydrogels could provide a supportive environment for chondrocyte 
proliferation and differentiation as well as matrix deposition. 



        | Chapter 7 168  

7 

Figure 7.1 Representative figures show live/dead staining of 5%w/v and 10%w/v hydrogels 
encapsulated with chondrocytes after culturing for 21 days in the chondrogenic medium (a). 
Condition A to E represent different mix ratios of HA and Dex (100:0, 75:25, 50:50, 25:75, 
0:100). Cell viability was then quantified based on the live/dead staining figures of 5%w/v 
(b) and 10%w/v (c) hydrogels at Day 0, 7 and 21.  

7.3.3 Mechanical properties 

The rheological properties and equilibrium swelling of the hydrogels on day 0 are 
shown in Figure 7.2. As expected, increasing the polymer concentration of the 
hydrogels increased the storage modulus. Similarly, the equilibrium swelling ratio 
of the constructs with a lower polymer concentration was higher than for those with 
higher polymer concentration. The inclusion of cells in our hydrogel constructs 
generally decreased the storage modulus and increased the swelling of the hydrogels, 
suggesting the decrease of crosslink density for these constructs. The average 
decrease in crosslink density was calculated to be 40% upon inclusion of cells. The 
calculations were based on the classical rubber elasticity theory and are provided in 
the Supplementary information (Table 7.S1 and Equation (S1)). 
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Figure 7.2 Rheological properties (a) and equilibrium swelling (b) of the hydrogels on day 
0. A to E represent different mix ratios of HA:Dex (100:0, 75:25, 50:50, 25:75, 0:100). 

The mechanical properties of the hydrogels were measured after 7 and 21 days of 
incubation in chondrogenic differentiation medium. Although the hydrogels with 
cells are weaker, upon culturing they become stronger and more elastic. After 21 
days, we saw an increase in the storage modulus measured by rheology, which 
indicated that the hydrogel could store more deformation energy in an elastic 
manner that it could on day 0 and day 7. It would indicate an increase in network 
density, which is related to the deposition of cartilage ECM proteins as confirmed 
by histology. This increase in storage modulus was most prominent for 5%w/v 
hydrogels, indicating that the weaker, more open structure of the hydrogel is 
preferred for the deposition of cartilaginous matrix (Figure 7.3 a1-a4). This 
observation was confirmed by texture analysis showing that the maximum pressure 
needed to compress the hydrogels to 50% strain (Figure 7.3 b1-b4) and the E-
modulus under high strain (Figure 7.3 c1-c4) were increased in the 5%w/v hydrogels. 
Next to that, the elasticity of the hydrogels was also increased after 21 days, which 
we derived by the hysteresis in the stress-strain curves recorded (Figure 7.3 d1-d4).  
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Figure 7.3 Mechanical properties of the hydrogels after 0, 7, and 21 days of culture. 
Conditions A to E represent different ratios of HA and Dex (100:0, 75:25, 50:50, 25:75, 
0:100). (a1-a4) the storage modulus of the hydrogels, (b1-b4) the pressure needed for 50% 
deformation of the hydrogels, (c1-c4) the high strain Young’s modulus of the hydrogels, (d1-
d4) the elasticity of hydrogels. 

 

 

7.3.4 Higher Dextran concentration of hydrogels enhanced matrix deposition 
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GAG production by chondrocytes in all conditions was examined by histology using 
Safranin O staining (Supplementary Fig. 7.S4, only Day 21 Safranin O staining 
results are shown). The staining results of HA hydrogel without cells showed that 
pure HA gel is stained by the dyes as expected (data not shown), which indicate that 
histology staining is not specific enough to distinguish the matrix production in 
these hydrogels. Nonetheless, histological staining supported that the chondrocytes 
incorporated in these hydrogels produced abundant ECM rich in GAGs after 21 days, 
as confirmed by the dense GAG staining in these gels. These results demonstrated 
that the incorporation of HA would improve the performance of Dex-TA gels in 
cartilage tissue engineering and that 5%w/v hydrogels show better matrix 
production than did 10%w/v hydrogels.  

Collagen type II is the primary type of collagen present in articular cartilage20. 
Consequently, we performed immunohistochemistry staining to detect the specific 
production of collagen type II (Fig. 7.4 and Supplementary Fig. 7.S5). After 21 days, 
cartilage matrix was deposited inside different hydrogel conditions. Moreover, it is 
clearly shown that 5%w/v hybrid hydrogels encapsulated with chondrocytes 
exhibited greater deposition of type II collagen than the 10%w/v groups did. Besides, 
the condition that was composed of 25% HA and 75% dextran (condition D) 
displayed the most intense staining of all the 5%w/v hybrid hydrogels. The 
histochemical analysis also reveals that the cartilage matrix formation is more 
dominant at the periphery of the hydrogels, especially in hydrogels of 10%w/v 
groups.  

Figure 7.4 Immunohistochemistry staining of collagen type II for 5%w/v and 10%w/v 
hydrogels encapsulated with chondrocytes after culturing for 21 days in chondrogenic 
medium. From condition A to E represent the different conditions with different mix ratio of 
HA and Dex (100:0, 75:25, 50:50, 25:75, 0:100). Inserts indicate the overview of each 
hydrogel; scale bar = 2.5 mm. Pictures show the magnified view of each hydrogel; scale 
bar = 250 µm. 



                  Generation of optimized hydrogel formulations for cartilage repair | 173 

7 

Next, we performed qPCR to study the mRNA expression of chondrogenic genes in 
5%w/v hydrogels combined with bCHs that were cultured in the chondrogenic 
differentiation medium for 21 days. The histochemical results were corroborated by 
gene expression analysis (Fig. 7.5). The relative fold expression of chondrogenic 
related genes such as ACAN, COL2A1, and COL9A1 was up-regulated in hydrogels 
containing higher Dextran concentration (Fig. 7.5a to 5c). The expression of SOX9 
was also measured in this study, which showed a similar trend as these genes (data 
not shown). However, the overall mRNA expression level of SOX9 remained low 
in all conditions. Additionally, a decrease in the expression of COL1A1 and OPN in 
conditions with a higher dextran content was observed compared to the pure HA 
group (Fig. 7.5d and 5e).  

 

Figure 7.5 Relative mRNA expression levels for ACAN (a), COL2A1 (b), COL9A1 (c), 
COL1A1 (d), and OPN (e), expressed by bovine chondrocytes incorporated into 5%w/v 
hydrogels, after 21 days in culturing in the chondrogenic medium. Assignments A to E 
represent the different conditions with different mix ratio of HA:Dex (100:0, 75:25, 50:50, 
25:75, 0:100). Error bars reflect SD and * represents p < 0.05 compared to other indicated 
conditions. 

7.4 Discussion 

In this work, different ratios of HA and dextran-based hybrid hydrogels at both 
10%w/v and 5%w/v were prepared with a mold to determine physical property 
changes and their effects on the cellular behavior and cartilage matrix formation. 
Our results indicated that the incorporation of chondrocytes in the hydrogels 
introduced soft pockets in the hydrogel matrix, which decreased their mechanical 
properties on a macroscopic level. Interestingly, the rheological and compression 
analysis indicated that 5%w/v hydrogels laden with cells showed a significant 
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increase in the mechanical properties after culturing for 21 days. Moreover, 
compared to 10%w/v hydrogels, the 5%w/v hybrid hydrogels showed enhanced 
deposition of cartilage matrix, especially in the constructs with higher Dex-TA 
concentrations.  

The chondrocytes encapsulated inside hydrogels retained a round shape at 21 days 
in culture. However, compared to previously reported HA-g-Dex-TA hydrogels, 
hydrogels in this study showed decreased cell viability12, which can be firstly 
explained by the difference in measured time points. Initially, over 90% of the 
incorporated cells were alive, demonstrating the cytocompatibility of the hybrid 
hydrogels. Decreased cell viability after 21 days could also be explained by the 
procedure of hydrogel formation. To make sure all components were incorporated 
homogeneously, the solution was mixed by vortexing after the addition of H2O2. 
The shear forces during vortexing could damage the incorporated cells. Further 
studies need to address the force effect on the cells and determine the proper 
vortexing speed. Moreover, the relatively low cell viability observed for the Dex-
TA hydrogel may be attributed to the increasing crosslinking density of the 
constructs. The limited exchange of nutrients and waste products to the surrounding 
culture media can reduce cell viability21. 

With the help of the mold we designed, highly controlled cylindrical hydrogels were 
formed by dissolving the polymers and HRP in PBS and adding H2O2 as an 
oxidizing agent. Compared to pure hydrogels without cells, the inclusion of cells 
increased the hydrogel swelling, which could have indicated a decrease incrosslink 
density for these constructs. The increased size of hydrogels with higher HA 
concentration can be explained by an increase in water uptake resulting from the 
electrostatic repulsion of negatively charged HA chains at pH 7.412. This swelling 
behavior also suggests a decrease in network density as a result of degradation22. 
HA is an essential component of the ECM in cartilage tissue, which is biodegradable 
via enzymatic hydrolysis using hyaluronidase (HAse)23, 24. HA degraded by the 
HAse expressed by the incorporated chondrocytes in the hybrid hydrogels could 
have been another reason for this behavior25. 

In the design of hydrogels as scaffolds for cartilage repair, adequate mechanical 
support is a critical requirement. The scaffold should be mechanically stable in order 
to protect the seeded cells and the developing tissue and to withstand the physiologic 
load26. On a cellular scale, the mechanical properties of a scaffold are potent 
regulators of cell migration and their phenotypes27. The mechanical properties of 



                  Generation of optimized hydrogel formulations for cartilage repair | 175 

7 

the studied hydrogels could be adjusted by varying the ratio of dextran and 
hyaluronic acid and the polymer concentration. The evaluation of these properties 
is an essential parameter in predicting the possibility in tissue production and 
construct quality. Rheological studies on the constructs were performed to 
determine storage and loss moduli, which are values for elasticity and viscosity 
respectively28. Compression of cylindrical hydrogel samples between two plates 
yields a stress-strain curve, from which the elastic modulus and other mechanical 
properties can be derived29. Therefore, physical properties were determined by 
rheology and texture analysis at different time points to investigate how gel 
composition and mechanical properties could influence the cell behavior and how 
the cells consequently would influence the hydrogel characteristics.  

In line with the previous report, increasing the polymer concentration in the 
hydrogels increased the storage modulus because hydrogels prepared at a 
concentration of 10%w/v showed higher storage modulus compared to 5%w/v 
hydrogels. Furthermore, by encapsulating the chondrocytes, the corresponding 
storage modulus G’ values decreased, suggesting the decrease of crosslink density 
of these constructs. 

However, upon culturing in differentiation medium for 21 days, these gels become 
stronger and more elastic. Compared to pure gels without cells, chondrocytes laden 
constructs showed enhanced storage moduli after 21 days. Especially in cell laden 
5%w/v hydrogels, a significantly increased storage modulus was observed in 
rheological measurements. This improvement was most evident in constructs with 
higher Dex-TA concentration. However, the 10%w/v hydrogels showed only 
moderate changes compare to the initial values. This observation was confirmed by 
the rheological analysis. Previous reports indicated that the compressive modulus 
for articular cartilage is 0.24 to 0.85 MPa30 which is substantially higher than the 
compressive modulus, which was obtained after three weeks of culture of the 
hydrogel constructs. The compressive modulus of the latter constructs approached 
the mechanical properties of the chondron which has a modulus of around 70 kPa31. 
This suggested that in 21 days of being cultured the chondrocytes created an 
environment that resembled at least some of the properties of the native chondron. 
These results also suggested that the increased network density in the hydrogels is 
related to ECM deposition and that the 5%w/v hydrogels, which are weaker and 
have a more open structure, were preferred for the deposition of cartilaginous matrix. 
Furthermore, a higher Dex-TA concentration was shown to promote this.  
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This hypothesis was confirmed by the cartilage matrix-related staining. Compared 
to day 0 constructs, abundant deposition of cartilage matrix was observed inside 
different hydrogel conditions after 21 days, which can partly explain the increased 
stiffness and elasticity of the cell-laden hydrogels. Interestingly, it was clearly 
shown that 5%w/v hybrid hydrogels laden with chondrocytes exhibited a denser 
deposition of cartilage matrix compared to the 10%w/v constructs. These data were 
consistent with the significantly increased mechanical properties in 5%w/v 
hydrogels from rheology and compression analysis. It was likely caused by greater 
diffusion of nutrients and growth factors in the 5%w/v hydrogels than in the 10%w/v 
hydrogels since 10%w/v hydrogels showed higher mechanical strength, which is 
known to compromise diffusion capability32. Besides, a higher polymer 
concentration also resulted in a decreased accumulation of matrix components such 
as proteoglycans and collagen type II33. Indeed, in 10%w/v hydrogels, the formation 
of cartilage matrix was dominantly observed at the periphery of the hydrogels. 

Moreover, 5%w/v hybrid hydrogels with a higher Dex-TA content produced an 
abundant, homogeneously distributed cartilage matrix, which was corroborated by 
the up-regulated expression of chondrogenic related genes. Considering that HA is 
present in native cartilage and plays a role in influencing the cell phenotype and 
matrix production34, 35, incorporation of HA in hybrid hydrogel would improve the 
performance of hybrid hydrogels in cartilage tissue engineering. Concludingly, 
these results indicated that 5%w/v hydrogels showed better matrix production than 
10%w/v hydrogels and that a combination of 25% HA and 75% Dex is probably the 
optimal hybrid condition for cell growth and matrix formation. 

In summary, we prepared different ratios of HA and dextran-based hybrid hydrogels 
of controlled size and shape at both 10%w/v and 5%w/v using a designed mold. The 
behavior of chondrocytes incorporated in the hybrid hydrogels demonstrated that 
the gel systems had proper biocompatibility. Our data demonstrates that the 
presence of chondrocytes decreased the hydrogels’ initial mechanical properties. 
Nonetheless, chondrocyte-laden constructs showed an enhanced storage modulus 
after 21 days. Rheological and compression analysis indicated that 5%w/v 
hydrogels laden with cells particularly showed a significant increase in mechanical 
properties. Moreover, compared to 10%w/v hydrogels, the 5%w/v hybrid hydrogels 
induced an enhanced matrix deposition (increased glycosaminoglycan and collagen 
production). This observation was most evident in constructs with a higher Dex-TA 
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concentration. Altogether, these data suggest that a 5%w/v hybrid hydrogel with 25% 
HA and 75% Dex is a promising construct for cartilage repair approaches.  
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7.5 Supplementary materials 

7.5.1 Methods 

7.5.1.1 Synthesis of dextran-p-nitrophenyl carbonate 

LiCl (4.0 g, dried at 115 °C) and dextran (5.00 g, 30.8 mmol repeating units (r.u.)) 
are weighed into a 500 mL three necked round bottom flask equipped with a stirrer 
bar. The flask is evacuated and refilled with nitrogen 3 times, after which it is left 
under vacuum at 95 °C for 1.5h. After thoroughly drying, the flask was filled with 
nitrogen and 200 mL of anhydrous DMF was added via a cannula while stirring. 
The flask was then equipped with a thermometer and the mixture was heated to 
95 °C while stirring the solution. Once the dextran was completely dissolved, the 
solution was cooled to 0 °C and anhydrous pyridine (2.0 ml, 25.8 mmol) was added. 
Subsequently, freshly sublimed para-nitrophenyl chloroformate (2.5 g, 12.4 mmol) 
was added in small portions, while keeping the temperature below 2 °C. After 1 
hour, the reaction mixture was poured into 1 L of ice-cold ethanol. The precipitate 
was filtered off (Por 4) and washed with cold ethanol (3×100 mL) and subsequently 
with diethyl ether (3×100 mL). After drying under vacuum, the product was 
obtained as a white powder (6.00 g, 30.7 mmol r.u., 99 % yield, DS20%). 1H-NMR 
(400 MHz, DMSO-d6): δ(ppm) = 3.0-4.0 (saccharide ring protons, m, 6H); 4.2-5.8 
(anomeric and hydroxyl protons, m, 4H); 7.58 (Ar o-CH, d, 2H); 8.34 (Ar m-CH, d, 
2H). 

7.5.1.2 Synthesis of dextran-tyramine 

Dextran-PNC (6.00 g, 30.7 mmol r.u., 6.15 mmol p-nitrophenyl carbonate) was 
weighed into a 250 mL three necked round bottom flask equipped with a stirrer bar. 
The flask was evacuated and refilled with nitrogen 3 times, after which the flask 
was filled with nitrogen and 100 mL of anhydrous DMF was added via a cannula 
while stirring. Once the dextran was completely dissolved, tyramine (1.69 g, 12.3 
mmol) was added. After 1 hour, the reaction mixture was poured into 1 L of ice-
cold ethanol. The precipitate was filtered off (Por 4) and washed with cold ethanol 
(3×100 mL) and subsequently with diethyl ether (3×100 mL). After drying under 
vacuum, the crude product was obtained as a white powder. The crude product was 
dissolved in 75 mL of Milli-Q water and dialysed against Milli-Q water for 3 days 
(MWCO 3500 Da), followed by filter sterilization and freeze-drying yielding the 
product as a white foam (5.04 g, 28.0 mmol, 92 % yield, DS10%). 1H-NMR (400 
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MHz, DMSO-d6): δ(ppm) = 3.0-4.0 (saccharide ring protons, m, 6H); 4.2-5.8 
(anomeric and hydroxyl protons, m, 4H); 6.67 (Ar m-CH, d, 2H); 6.99 (Ar o-CH, d, 
2H). 
The calculation of the DS of dextran-TA and dextran-PNC is based on the integrals 
of 4.2-5.8 ppm (corresponding to the 4 anomeric protons from dextran), compared 
with the integral of the aromatic protons of tyramine (6.60-6.75 and 6.90-7.07) or 
para-nitrophenyl (7.40-7.65 and 8.20-8.40). The DS of dextran is given as the 
percentage of saccharide units modified in dextran. 
7.5.1.3 Synthesis of hyaluronic acid-tyramine 

Sodium hyaluronate (5.00 g, 12.5 mmol r.u.) was dissolved in 500 mL Milli-Q water 
in a 1 L round bottom flask equipped with a stirrer bar. While stirring at room 
temperature, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 
(DMTMM, 3.46 g, 12.5 mmol, 1eq) and tyramine hydrochloride (TA·HCl, 2.17 g, 
12.5 mmol, 1eq) were added subsequently. The addition of DMTMM and TA·HCl 
was repeated after 24 and 48 hours. After 72 hours, 40 mL NaCl (sat) was added to 
the reaction mixture and the reaction mixture was poured into 2.5 L cold ethanol. 
The crude product was isolated by centrifugation at 5000 rpm followed by drying 
in vacuo. The crude product was dissolved in 75 mL Milli-Q water and dialysed 
against Milli-Q water for 3 days (MWCO 1000 Da). Filter sterilization and 
lyophilization yielded the product as a white foam (5.10 g, 12.4 mmol, 99 % yield, 
DS10%). 1H-NMR (400 MHz, D2O): δ(ppm) = 1.98 (acetyl-CH3, s, 3H); 2.75 (2-
CH2, s, 2H); 2.90 (1-CH2, s, 2H); 3.2-4.2 (saccharide ring, m, 10H); 4.34 (s, 1H); 
4.43 (d, 1H); 6.84 (Ar m-CH, d, 2H); 7.16 (Ar o-CH, d, 2H). 
The degree of substitution (DS) was calculated based on the integral of the methyl 
group at 1.98 ppm is compared to the integral of the tyramine signals at 6.80-6.87 
and 7.10-7.21 ppm. The DS of hyaluronic acid is given as the percentage of COOH 
groups modified in hyaluronic acid (i.e. per disaccharide). 
7.5.1.4 Crosslinking density 

The crosslink density was calculated based on the classical rubber elasticity theory: 

																																					𝐺' =	𝑣"𝑅𝑇𝜗
(
)* 																																(eq. S1) 

With the effective crosslink density, 𝝂e, the shear storage modulus, G’, and the 
polymer volume fraction, 𝝑. 
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Table 7.S1 Effective crosslink density, 𝝂e (mM). 

 A B C D E 

D0 5% 2.46 0.91 0.86 0.66 0.35 

D0 5% cells 1.27 0.89 0.51 0.44 0.35 

D0 10% 2.70 5.01 4.25 3.11 2.37 

D0 10% cells 3.10 4.03 2.87 2.16 1.60 

 

7.5.2 Supplemental Figures 

Figure 7.S1 1H NMR spectra of dextran and hyaluronic acid tyramine conjugates (Dex-TA 
and HA-TA). (a) Dextran-tyramine conjugates were successfully prepared by subsequent 
activation of dextran by PNC and reaction with tyramine. The final product had a 
substitution degree of 10%, i.e. 10% of the monosaccharides of dextran have been modified, 
which was confirmed by 1H-NMR. (b) HA was conjugated in a single step amidation, and 
the carboxyl group was activated by DMTMM producing an ester, which can be converted 
into an amide in the presence of tyramine. DMTMM as single step amidation agent was first 
described by Kunishima et al [1]. HA-TA had a substitution degree of 10%, i.e. 10% of the 
carboxylic acid groups (i.e. disaccharides) of hyaluronic acid have been modified, which 
was confirmed by 1H-NMR. 
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Figure 7.S2 Sketches of the prepared hydrogel molds, composed of a Teflon base (green), a 
1.5mm think Teflon insert (grey) with a 0.75 mm deep groove (orange) connecting the 8mm 
diameter holes for the hydrogels. The mold is covered with a glass slide leaving the inlet 
(left) and outlet (right) uncovered.   

Figure 7.S3 Overview morphology of 5%w/v and 10%w/v hydrogels with or without cells. 
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From condition A to E show the different mix ratio of HA and Dex (100:0, 75:25, 50:50, 
25:75, 0:100).  The size of hydrogels decreased from condition A to E in both with and 
without cell groups, while the combination of cells increases the gel size. Scale bar = 10 
mm.  

Figure 7.S4 Safranin O staining of 5%w/v and 10%w/v hydrogels encapsulated with 
chondrocytes after culturing for 21 days in the chondrogenic medium. Inserts indicate the 
overview of each hydrogel; scale bar = 1 mm. Pictures show the magnified view of each 
hydrogel; scale bar = 250 µm. 

Figure 7.S5 Immunohistochemistry staining of collagen type II for 5%w/v hydrogels 
encapsulated with chondrocytes after 0- or 21-days culturing in the chondrogenic medium. 
Inserts indicate the overview of each hydrogel; scale bar = 2.5 mm. Pictures show the 
magnified view of each hydrogel; scale bar = 250 µm. 
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Abstract 

Previously, 5%w/v Hyaluronic acid tyramine (HA-TA) and Dextran-tyramine 
(Dex-TA) hybrid hydrogels were demonstrated to provide a mechanically stable 
environment, maintain the cell viability, and promote the cartilaginous specific 
matrix deposition in vitro. In this study, 5%w/v hybrid hydrogels were combined 
with human Mesenchymal Stem Cells (MSCs), bovine chondrocytes or a 
combination of both in a 4:1 ratio and were subcutaneously implanted in the back 
of male and female nude rats to assess the performance of cell-laden hydrogels in 
tissue formation. Subcutaneous implantation of these biomaterials showed signs of 
integration of the gels within the host tissue. Histological analysis showed residual 
fibrotic capsules four weeks after implantation. However, enhanced tissue invasion 
and some giant cells infiltration were observed in the HA/Dex hydrogels laden with 
either human MSCs or bovine chondrocytes but not with the co-culture. Moreover, 
Chondrocyte-MSC co-cultures show beneficial interaction with the biomaterials, 
for instance in enhanced cell proliferation and matrix deposition. In addition, we 
provide evidence that host gender has an impact on the performance of chondrocytes 
encapsulated in HA/Dex-TA hydrogels. This preliminary investigation revealed that 
hydrogels laden with different types of cells resulted in distinct host responses. 
Taken together all these results, along with previous data, it can be concluded that 
5%w/v hydrogels with a higher concentration of Dex-TA encapsulated with 
Chondrocyte-MSC co-cultures are adequate for injectable applications and in situ 
cell delivery in cartilage regeneration approaches.  
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8.1 Introduction 

Articular cartilage injuries may occur as a result of either traumatic mechanical 
destruction or progressive mechanical degeneration. The combination of the lack of 
blood supply and low mitotic activity of chondrocytes leads to a limited ability to 
repair and regeneration of articular cartilage1–3. At the moment, injectable in situ 
forming hydrogels have emerged as promising cartilage tissue engineering 
strategies due to the ability to form three-dimensional, highly hydrated scaffolds 
after injection in an aqueous form4–6.  

Injectable materials enable localized and straightforward delivery of cells and 
biomolecules via minimally invasive procedures without the associated risks of 
surgical implantation. These materials allow for the ability to fill irregular-shaped 
defects, avoiding the difficulty of prefabricating patient-specific shapes7,8. Moreover, 
hydrogels with different physical properties can also be designed and implanted in 
non-self-healing critical size defects, temporarily replacing the extracellular matrix 
and assisting the healing process9. Previously, our group has developed an injectable 
hybrid hydrogel composed of hyaluronic acid-tyramine (HA-TA) and tyramine 
conjugated dextran (Dex-TA)10. The hydrogel is formed in situ using a 
biocompatible enzymatic cross-linking reaction and supports survival and tissue 
formation chondrocytes and mesenchymal stem cells in vitro (Chapter 7 of this 
thesis). 

Tissue exposure to biomaterials triggers a foreign body response (FBR), a non-
specific immune response process which may result in a persistent chronic 
inflammation and fibrotic encapsulation of the material11–13. In this inflamed 
environment, macrophages, lymphocytes, and their granular products contribute to 
the infiltration of foreign body giant cells (multinucleated fused macrophages) into 
the implantation site and the development of a collagen rich fibrotic connective 
tissue layer surrounding the implant13–16. The degree of host response depends on 
the extent of homeostasis that is disturbed in the host by the injury and the 
subsequent implantation of the foreign material as well as the properties of the 
material itself. Previously, an implant was considered to be biocompatible if it was 
encapsulated by an avascular layer of collagen without affecting its intended 
performance17. However, the impermeable nature of the fibrous capsule, in some 
cases, results in poor mass transport and electrolyte diffusion between the implant 
and the tissue, which impairs the function, safety, and biocompatibility of cell laden 
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implants18–20. This is particularly relevant when these constructs are used in a tissue 
regeneration strategy. 

In a previous study (Chapter 7), we have demonstrated that 5%w/v Hyaluronic acid 
and Dextran (HA/Dex) hybrid hydrogels encapsulated with chondrocytes provide a 
mechanically stable environment, maintain the cell viability, and promote the 
cartilaginous specific matrix deposition in vitro. In this study, 5%w/v hybrid 
hydrogels were combined with different types of cells and then subcutaneously 
implanted in the back of male and female nude rats for a four-week period. The 
main objective was aimed to assess the response of the cell laden hydrogels with 
respect of tissue formation and to characterize the reaction of the neighboring tissues, 
and investigate the interaction between hybrid hydrogels and co-cultures or mono-
cultures. In second objective, we also investigate the effect of host gender 
differences on these outcomes by implanting samples (HA/Dex hydrogels 
encapsulated with chondrocytes or MSCs, respectively) subcutaneously in the back 
of female and male nude rats. 

8.2 Materials and Methods 

8.2.1 Materials 

Dextran (40 kDa, pharmaceutical grade) was purchased from Pharmacosmos, 
Denmark. Sodium hyaluronate (27 kDa, pharmaceutical grade) was purchased from 
Contipro Pharma, Czech Republic. Tyramine (99%), DMF (anhydrous, 99.8%), 
LiCl (99.0%), p-nitrophenyl chloroformate (PNC, 96%), pyridine (anhydrous, 
99.8%), DMSO-d6 (99.9%), NaCl (≥99.0%), D2O (99.9 atom % D), horseradish 
peroxidase (HRP, 325 units/mg solid), hydrogen peroxide (30%) were purchased 
from Sigma-Aldrich. Tyramine∙HCl salt (99%) was obtained from Acros Organics. 
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium Chloride (DMTMM, 
97%) was purchased from Fluorochem Ltd. UK. Ethanol (≥99.9%) and Diethyl 
ether (≥99.7%) were purchased from Merck. Milli-Q water was used from the Milli-
Q Advantage A10 system equipped with a 0.22μm Millipak®-40 Express filter.  

8.2.2 Cell culture and expansion 

Bovine chondrocytes (bCHs) were isolated from full-thickness cartilage knee 
biopsies from ~6 months old calves according to the previously reported protocol21. 

bCHs were expanded in chondrocyte proliferation medium (Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS; 
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Gibco), 0.2 mM ascorbic acid 2-phosphate (ASAP; Sigma), 0.4 mM proline (Sigma), 
1x nonessential amino acids (Gibco), 100 U/mL penicillin and 100 µg/mL 
streptomycin (Invitrogen)). Human bone marrow-derived mesenchymal stem cells 
(hMSCs) were isolated as previously reported22 and cultured in MSC proliferation 
medium (α-MEM (Gibco) supplemented with 10% FBS (Gibco), 1% L-glutamine 
(Gibco), 0.2 mM ASAP (Sigma), 100 U/mL penicillin and 100 µg/mL streptomycin 
(Invitrogen) and 1 ng/mL bFGF)). The use of human material was approved by a 
local medical ethical committee. The medium was refreshed twice a week, and cells 
were at passage 3 used for the experiments. 

8.2.3 Synthesis of polymers  

Dextran-tyramine (Dex-TA) and hyaluronic acid-tyramine (HA-TA) were 
synthesized as previously reported (see Materials and Methods section in Chapter 
7). Briefly, Dextran-tyramine was synthesized by the activation of dextran with 
PNC and subsequent amino lysis with tyramine adapted from Ramirez et al23. 
Hyaluronic acid-tyramine was prepared by amidation of the carboxyl groups of HA 
by tyramine, the procedure was adapted from Yu et al24. Detailed description of 
polymers synthesis can be found in the Supplementary Methods. 

8.2.4 Hydrogel formation 

Hydrogel samples were prepared as previously reported (see Hydrogel formation 
section in Chapter 7). Briefly, the hydrogels were prepared in a newly designed 
PTEE mold to produce identical hydrogels of 5 mm in diameter and 2.5 mm in 
height. After dissolving the tyramine-conjugated polymers in sterile phosphate 
buffered saline (PBS), polymer solutions were prepared and incubated with 
horseradish peroxidase (HRP, 40units/mL; Sigma-Aldrich) overnight at 4°C. The 
mixture was then combined with different types of cells (MSCs, CHs, and co-
cultures) in the concentration of 10 million cells/mL. For co-cultures (represented 
as group Co), hMSCs and bCHs were mixed at a ratio of 80%/20%. Freshly 
prepared 0.3% hydrogen peroxide (H2O2) was added to the mixture and immediately 
transferred to the mold using a 1mL pipette after a brief vortex. The final 
concentrations of the gels were 5%w/v polymer, 10 million cells/mL, 4 U/mL HRP 
and 0.015% H2O2. HA-TA and Dex-TA were combined in three ratios (100:0, 50:50, 
and 0:100, represented by group HA, HA/Dex, and Dex, respectively). All the 
conditions are listed in Table 8.1.  

8.2.5 Hydrogel implantation 
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After incubating in medium overnight, the hydrogel samples described above were 
implanted subcutaneously in the back of 14-week old nude rats (Crl:NIH-Foxn1rnu) 
(Fig. 8.1A). Each rat received Carprofen (4mg/kg) as an analgesic before the start 
of the procedure. The rats were induced with 4% isoflurane and maintained at 1.5-
2% during the procedure.  The skin was cleaned with 70% ethanol and four 
subcutaneous pockets were created on each lateral side of the spine on the backs of 
10 male rude rats (eight implants in total per rat). In each pocket, one hydrogel was 
inserted randomly. Simultaneously, two samples (HA/Dex hydrogels encapsulated 
with chondrocytes or MSCs, respectively) were also implanted subcutaneously 
randomly in the back of another 10 female nude rats. 

This experiment was approved by the local animal experimental committee. After 
28 days, the implants and respective surrounding tissue were harvested and fixed 
with 10% formalin and then incubated in cryomatrix (Thermo-scientific) overnight 
at 4°C. The samples embedded in cryomatrix were snap frozen using liquid nitrogen 
and stored at -80°C.  

8.2.6 Histology 

Cryosections of 10 µm were cut using a cryotome (Thermo-scientific) and 
processed for histological evaluation with different staining methods. Hematoxylin-
eosin (H&E) staining was performed using a standard protocol. Masson-Goldner 
Trichrome staining was performed to detect connective tissue and fibrous capsule 
thickness following the instruction of manufacture (Merck). Briefly, samples were 
first placed in Weigert’s hematoxylin staining solution for 5 min and washed in tap 
water for 10 min. Sections were then shortly rinsed in 1% acetic acid and incubated 
in an Azophloxine solution for 10 min, rinsed in 1% acetic acid followed by 
incubation in Tungstophosphoric acid orange G solution for 1 min. Sections were 
again rinsed in 1% acetic acid for 30 s followed by incubation in light green for 2 
min and another wash in 1% acetic acid. The thickness of the fibrous capsule and 
the inflammatory cell layer were measured for sections of all the conditions. For 
each section, four points on each capsule around the implant were measured (n=10). 
The peri-implant fibrotic capsule thickness was defined as the distance between the 
border of the fibrotic tissue adjacent to the implant, and the muscle or fat tissue 
adjacent to the fibrotic capsule at the other end. 

8.2.7 Naphthol AS-D Chloroacetate esterase staining 
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Naphthol AS-D staining was performed to stain granular cells, like neutrophils and 
mast cells. The chloroacetate esterase staining was performed following the 
instruction of manufacture (Sigma). Briefly, the chloroacetate esterase staining 
solution was first prepared as the protocol described. The cryosections were then 
incubated with the staining solution for 20 min at 37°C in the dark. Sections were 
subsequently washed in distilled water and mounted with Faramount aqueous 
mounting medium (Dako). All cells containing red granules were regarded as 
positive. 

8.2.8 Immunohistochemistry staining 

For immunohistochemistry, endogenous peroxidase was blocked by incubating the 
cryosections with 0.3% H2O2. After washing with PBS, the sections were blocked 
in 5% bovine serum albumin to prevent nonspecific binding. Slides were 
subsequently incubated overnight at 4°C with a rabbit polyclonal antibody against 
COL II (Abcam). Thereafter, sections were incubated with polyclonal goat-anti-
rabbit HRP-conjugated secondary antibody (Dako) for 30 minutes at room 
temperature, followed by development with DAB Substrate kit (Abcam). 
Counterstaining was performed with hematoxylin. Non-immune controls 
underwent the same procedure without primary antibody incubation. 

8.2.9 Image analysis and statistical analysis 

All the stained slides were scanned with the NanoZoomer 2.0-RS slide scanner 
(Hamamatsu). Stained sections were scored by three blinded individuals, 
independently to assess the tissue response. Fibrous capsule thickness and 
inflammatory cells were evaluated semi-quantitatively using NanoZoomer Digital 
Pathology software. The data is presented as mean ± standard deviation. Statistical 
significance was analyzed using the One-way Analysis of Variance (ANOVA) with 
Turkey’s post-hoc analysis. p-value of <0.05 was considered statistically significant. 

8.3 Results 

8.3.1 In vivo implantation in nude rats  

Cell-based hydrogel constructs were subcutaneously implanted in the back of nude 
rats for 28 days to investigate cartilage matrix formation and tissue responses in vivo. 
Macroscopic observation of constructs, in all animals, shows proper integration with 
host tissue and no signs of edema or toxicity in the tissue surrounding the implants 
(Fig. 8.1B). All the hydrogel samples were clearly visible under the skin and 
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maintained their structural integrity, indicating that they had not yet degraded 
significantly. Also, no evident macroscopic inflammation of the implanted 
constructs was observed. 

 

Figure 8.1 Experimental setup.  (A) Schematic illustration of the outline of the experiment. 
Identical cell laden hydrogels containing different types of cells were formed using a PTEE 
mold. Next, the prepared hydrogel constructs were implanted subcutaneously in the back of 
10 nude rats for 28 days. (B) Macroscopic observation of the different groups after 28 days 
post-implantation. From left to right are representative pictures of groups HA-TA & Co, 
Dex-TA & CH, HA/Dex & MSC, HA/Dex & CH, respectively. Frames denote the location 
of the implanted hydrogels.  

To investigate the in vivo innate inflammatory response, the explanted samples as 
well as the surrounding tissues were histologically assessed (Figs. 8.2, 3, and 4). 
Representative histological images of sections stained with hematoxylin and eosin 
(H&E) to examine the presence of tissue response are shown in Fig. 8.2. The 
histological sections were evaluated via light microscopy and scored for tissue 
reaction, presence of giant cells, nuclei visibility, neutrophils and cell clusters. The 
variable degrees of the inflammatory components are summarized in Table 8.1. The 
presence of the above inflammatory components was scored from (-), absence to 
(+++), profound presence. The stained sections show that the HA hydrogels with 
encapsulated CHs do not display a solid block of gel, but a more maze-like structure, 
which could be caused by the degradation of the gel. Mixing in Dextran-TA 
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progressively decreased the maze-like structure. Remarkable it was not present in 
the HA hydrogels laden with a mixture of MSCs and bCH.  

Table 8.1 Histological scoring of the in vivo sections. Twenty-eight days after subcutaneous 
implantation in male nude rats (n=10 rats in each group) the sections were assessed via 
various markers to evaluate the tissue response. The presence of the above inflammatory 
components was scored from (-), absence to (+++), profound presence. 

A new interface consisting of inflammatory cells (e.g., macrophages) was generated 
between the hydrogels and host tissues after implantation, but no acute 
inflammatory reaction was observed in all types of samples. Stained figures show 
that most of the explanted constructs displayed smooth edges in the material-tissue 
interface. Hydrogel samples containing pure chondrocytes or MSCs resulted in a 
more abundant chronic tissue reaction, especially in the cell-based HA/Dex 
conditions. Enhanced tissue invasion and some giant cells infiltration were observed 
in the HA/Dex hydrogels either encapsulated with bCH or hMSCs. However, tissue 
reaction was barely noticeable in the co-culture encapsulated hydrogels irrespective 
of the hydrogel composition. In terms of giant cells concentration, the normal 
presence of giant cells was observed in the constructs containing either bCH or 
hMSCs. On the contrary, giant cells were barely presented in the co-culture 
encapsulated hydrogels.  

Regarding cell morphology, similar results were found in most of the implanted 
samples. Encapsulated cells showed a round morphology and homogeneous 
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distribution throughout the constructs. However, proliferating cells were found in 
the conditions of HA/Dex with CHs, Dex with MSCs, and Dex with co-cultures 
generated cell clusters. Especially in the Dex encapsulated co-cultures, enhanced 
newly formed cell clusters were observed. Of interest, cellularity analysis showed 
that in HA/Dex constructs nuclei visibility significantly decreased compared to 
other conditions. Most of the cells in the HA/Dex samples stained pink so no nuclei 
were visible, regardless of the cell type encapsulated.  

Figure 8.2 Histological analysis of in vivo response after 28 days of subcutaneous 
implantation. Representative histological sections of hydrogel samples stained with H&E. 
The left panel in each condition shows 5× magnification pictures (scale bars represent 500 
µm), whereas the right panel shows 20× (scale bars represent 100 µm). The red arrows in 
the stained sections show giant cells, the green arrows show cell clusters, and the white 
arrows show the cells without nuclei respectively. Yellow arrows at the material/host 
interface indicate the layer of inflammatory cells.  

Next, we checked for the presence of neutrophile granulocytes surrounding the 
implantation site. Neutrophile granulocytes, which represent the abundant cell type 
in peripheral blood and normally arrive as first immune cells at an implant site and 
disappear in the course of the following days. Chloroacetate esterase histochemistry 
is a well-known method to detect granular cells, like neutrophils and mast cells. 
Positively stained granular cells, which were mostly identified as mast cells, were 
only sporadically present in the outside of the gel-tissue boundary and seldom into 
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the implant. These results demonstrate the absence of significant inflammation 
processes. 

Figure 8.3 Neutrophile granulocytes staining after 28 days of subcutaneous implantation. 
Representative figures of hydrogel samples with positive cells stained with Chloroacetate 
esterase histochemistry. Positively stained cells displayed red granulation. Scale bars 
represent 100 µm. 

The trichromatic Masson-Goldner staining is most suitable to depict the structure of 
connective tissues and cells and to assess the fibrous capsule formation by collagen 
deposition. Representative Masson-Goldner trichrome staining of the cell-based 
hydrogel samples at 28 days post-implantation is shown in Fig. 8.4A. This staining 
revealed that all samples were surrounded by a fibrous capsule. Additionally, a 
semi-quantitative assessment of capsule thickness and inflammatory cells at the 
implant surface is shown in Fig. 8.4B and C. The average thickness of the peri-
implant capsule in all conditions ranged from 40 µm to 48 µm and no significant 
differences were observed between the different hydrogels (Fig. 8.4B). A layer of 
inflammatory cells was present at the material-tissue interface (Fig. 8.2). The layer 
thickness was highest around HA hydrogels with co-cultures compared to others 
(Fig. 8.4C). 
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Figure 8.4 Histological characteristics of implant fibrous capsule after 28 days of 
subcutaneous implantation. (A) Representative Masson-Goldner trichrome staining of all 
hydrogels. All images show the interface between the host tissues (at top of images) and the 
implant. As a result of staining according to the protocol, nuclei will be stained in dark 
brown to black, cytoplasm and muscles will appear brick red, the connective tissue will 
appear green and erythrocytes will be bright orange. Yellow arrows in the stained sections 
indicate the fibrous capsule at the material/host interface. The thickness of the fibrous 
capsule (B) and the inflammatory cell layer (C, shown in figure 8.2 with yellow arrows) 
were measured for sections of all the conditions. Data is presented as mean with standard 
deviation as error bars for n=10 biological replicates per hydrogel condition. Scale bars 
represent 100 µm. 

8.3.2 Co-cultures encapsulated hydrogels present positively deposition of cartilage 
matrix 

The immunohistochemistry was performed to investigate the expression of proteins 
that indicate cartilage matrix production. Collagen type II, which is the primary type 
of collagen present in articular cartilage, was chosen in this study. We rarely 
observed the expression of COL II in the constructs encapsulated with MSCs after 
subcutaneous implantation. We did observe some pericellular staining for COL II 
within the hydrogels loaded with CHs. Positively stained protein expression was 
more apparent in co-culture laden hydrogels. Notably, intense deposition of type II 
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collagen was observed in Dex hydrogels laden with co-cultures. Besides, the 
histochemical analysis also revealed that the cartilage matrix formation was more 
dominant at the periphery of the hydrogels. These results indicate that the co-culture 
system and Dex-TA hydrogel could effectively promote the appropriate interactions 
or stimulations for chondrogenesis, leading to the facilitated secretion of 
chondrogenic extracellular matrix and cartilaginous tissue formation during in vivo 
subcutaneous implantation. 

 

Figure 8.5 Matrix deposition after 28 days of subcutaneous implantation. Representative 
immunohistochemical staining of the hydrogel samples for COL II. The positive protein 
expression stained in dark brown. The left panel in each condition shows 10× magnification 
pictures (scale bars represent 250 µm), whereas the right panel shows 20× (scale bars 
represent 100 µm). 

8.3.3 Gender difference shows impact on the performance of chondrocyte laden 
hydrogels 

To investigate the impact of gender differences on the outcomes, we implanted 
HA/Dex hydrogels laden with chondrocytes or MSCs, respectively subcutaneously 
in the back of another 10 female nude rats. The histological analysis results were 
summarized in the table 8.2. Surprisingly, we found gender differences in the 
performance of implanted hydrogels, however, this impact was mainly observed for 
hydrogels laden with chondrocytes but not with MSCs. Irrespective of gender, all 
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the samples formed a clear thin fibrous capsule surrounding the hydrogels while no 
sign of acute inflammatory response was observed. In the MSCs encapsulated 
samples, most of the assessed markers were present similarly in samples from both 
male and female. However, as shown in the figure 8.6, the outcomes from 
chondrocytes encapsulated hydrogels clearly show gender differences. Compared 
to samples from female rats, the in vivo environment in male rats increased the size 
of encapsulated chondrocytes, depressed the nuclei visibility of encapsulated 
chondrocytes and promoted the formation of cell clusters.  

Table 8.2 Histological analysis of the in vivo sections from different genders. Twenty-eight 
days after subcutaneous implantation in different genders nude rats (n=10 rats in each 
group) the sections were assessed via various markers to evaluate impact of gender 
difference on the performance of cell encapsulated hydrogels. M represents male and F 
represents female.  
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Figure 8.6 Histological analysis comparing implants laden with chondrocytes or MSCs in 
either male (left) or female (right) nude rats. 5%w/v HA/Dex hydrogels encapsulated with 
MSCs or chondrocytes were implanted subcutaneously into the back of both male and female 
rude rats. Representative histological sections of hydrogel samples stained with H&E. Scale 
bars represent 100 µm.  

8.4 Discussion 

Previously, we have developed and characterized an injectable hydrogel system 
suitable for the encapsulation of cells for applications in cartilage tissue regeneration 
in vitro. We utilized different conditions of Hyaluronic acid and Dextran hybrid 
hydrogels and demonstrated that 5%w/v hydrogels showed enhanced deposition of 
cartilage matrix, thereby significantly increasing the mechanical properties. In this 
work, the safety and biocompatibility of the above hybrid hydrogels encapsulated 
with different types of cells were tested by subcutaneously implantation in the back 
of nude rats for four weeks. This study demonstrated that, as a major result, both 
hydrogels present limited immune response and small fibrotic capsule surrounding 
the material. As the second major aspect, Chondrocyte-MSC co-cultures show 
beneficial interaction with the biomaterials. Finally, this preliminary investigation 
revealed that hydrogels with different types of cells resulted in distinct tissue 
responses, which indicated the possibility of personalized regeneration approaches 
based on the situation of individual patients. Of interest, gender appeared to 
influence the performance of chondrocyte laden hydrogels after subcutaneous 
implantation.  

The utilization of injectable hydrogels in cartilage regeneration is considered to be 
a promising strategy due to the minimally invasive processing. The gelation in situ 
enables the formed hydrogel to quickly set its volume and easily adapt to the shape 
of the defect site, establishing an efficient integration with the host tissue. Besides, 
this system can deliver cells and/or bioactive agents of interest in a non-harsh way 
and keep them at the implantation site25. However, implantation of biomaterials 
triggers a series of host reactions at the injury site that include material/tissue 
interactions, acute and chronic inflammation, granulation tissue development, 
foreign body reaction, and fibrous capsule development15,16. Accordingly, this body 
response to the foreign material compromises the in vivo functionality and durability 
of the implanted material13. To evaluate the response of a host to a first contact with 
this biomaterial, 5%w/v hybrid hydrogels encapsulated with different types of cells 
were subcutaneously implanted in the back of nude rat, and histological analysis 
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was conducted to assess the inflammatory processes associated with the 
implantation, as well as the integration into the host tissue. 

After four weeks, all the implanted samples show proper integration with host tissue 
and no signs of granulation tissue development or toxicity in the tissue surrounding 
the implants. Histological analysis revealed that all hydrogels conditions elicited no 
acute inflammatory response. H&E staining of histological sections also revealed a 
homogeneous distribution of the cells within the matrix, with the cells exhibiting 
the common round-shaped phenotype characteristic. While no signs of acute 
inflammation response could be detected, a thin (40-48 µm) fibrotic capsule, as an 
indication of chronic inflammation, was observed around all the implants. However, 
there were no polymorphonuclear and mononuclear cells visible, and no significant 
differences were observed between the different hydrogel conditions. The in vivo 
performance of these hydrogels, along with previous data, suggests that both HA, 
Dex, and the hybrid hydrogels are suitable for injectable applications in cartilage 
regeneration approaches with good in vivo safety and biocompatibility. 

However, it should be noticed that some differences in foreign body reaction to the 
hydrogel matrix was observed after four weeks. For instance, hydrogels laden with 
either chondrocytes or MSCs induced some tissue reaction, particularly in the 
hydrogels composed of HA-TA only. Moreover, the foreign body giant cells, a 
typical feature of the foreign body reaction, were only observed in somewhat larger 
numbers in mono-culture cells encapsulated hydrogels with HA. In this case, the 
encapsulation of MSCs did not elicit the formation of foreign body giant cells, as 
previously reported26,27. Nevertheless, pure Dextran-TA hydrogels encapsulated 
with mono-culture cells showed moderate tissue reaction in the matrix and less giant 
cells formation. Besides, hydrogels with HA showed a maze-like structure in the 
mono-culture environment. This performance can be explained by the degradation 
of HA in vivo. HA is a major component of the cartilage extracellular matrix and 
exhibits rapid erosion and degradation behaviors in vivo due to its high water-
absorbing properties and enzymatic degradation28. The space left after HA 
degradation promotes the surrounding tissue invasion and may explain the 
infiltration of foreign body giant cells. Moreover, HA/Dex constructs show 
significantly depressed nuclei visibility compared to other conditions. Most of the 
cells in the HA/Dex gels stained pink while nuclei were barely visible, regardless 
of the cell type encapsulated. This performance can be explained by different 
reasons. First, HA/Dex hydrogels may have had a negative impact on the viability 
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of encapsulated cells, regardless of the cell type. Cellularity analysis indeed show 
that a lot of cells with damaged nuclei are present in the HA/Dex constructs. Second, 
the in vivo environment in the male rats probably increased the size of encapsulated 
cells in HA/Dex constructs, which impacts the sectioning and in turn affects the 
staining results. 

Interestingly, all these performances were attenuated in the co-culture environment. 
No tissue reaction and giant cell formation was observed in hydrogels laden with 
both bCH and hMSCs. Our previous studies demonstrated the beneficial 
interactions between the cells in Chondrocyte-MSC co-cultures. The in vivo 
performance indicated that this beneficial interaction also affects the performance 
of hydrogels compared to hydrogels laden with either MSCs or bCH. The 
underlying mechanism and potential role of this interplay between cells and 
biomaterials need further investigation.  

Moreover, enhanced newly formed cell clusters were observed in pure Dextran-TA 
encapsulated co-cultures, which indicated that Dex-TA hydrogel provides the 
environment to support the beneficial interactions in Chondrocyte-MSC co-cultures. 
Besides, only hydrogels encapsulated with co-cultures present positively deposition 
of cartilage matrix. Notably, coherent with the in vitro study, intense deposition of 
type II collagen was observed in pure Dextran-TA hydrogels with co-cultures. In 
conclusion, together with previous studies results, modification of HA with a higher 
concentration of Dextran-TA provides the opportunity to create optimal 
biomaterials for the cartilage tissue regeneration and Chondrocyte-MSC co-cultures 
stimulate interaction with these hydrogels. These data suggest that further study in 
situ is needed for the development of a fully functional cartilage tissue-engineered 
construct that can be applied clinically. It should be noted though that the 
subcutaneous implantation site may have influenced the outcome in cartilage matrix 
production. It seems feasible that orthotopic implantation may facilitate cartilage 
matrix production over the subcutaneous implantation site. Additionally, different 
combinations of hydrogel and cells showed distinct differences in mechanical 
properties, degradation, and chondro-induction features. These properties are 
important considerations in the design of precision biomaterials to enable the 
survival, differentiation, and transplantation of biomaterial-cell-based combination 
approaches. With the growing interest in personalized therapeutic approaches29,30, 
combination therapies have vital potential for their ability to sense and respond to 
the therapeutic needs of individual patients. The different outcomes of the in vivo 
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performance in this work highlight the potential application in personalized 
regeneration based on the situation of individual patients.  

Animal models are essential to assess the value of current and future tissue-
engineering therapies, which play a critical role in many domains of study in 
medicine and biology31. Multiple factors need to be considered in selecting an 
appropriate animal model, such as animal size, age, gender, economic cost, ethical 
concerns, and potential of clinic transition. In this work, we investigate the impact 
of gender differences on our injectable hydrogels for cartilage tissue engineering. 
The histological assessment indicated that the gender of the host has an effect on 
the performance of the implanted hydrogels. However, the impact is mainly on the 
hydrogels encapsulated with chondrocytes but not the MSCs. Due to the space 
limitation in this study, we only chose cell laden HA/Dex hydrogels. Further studies 
need to process on the animals with normal immune system and other hybrid 
hydrogels to check if there’s any outcomes change. 

In this work, the evaluation of the in vivo response upon subcutaneous implantation 
of Hyaluronic acid and Dextran hybrid hydrogels was conducted in nude rats, 
revealing proper integration with the surrounding tissues and the presence of a 
residual fibrotic capsule. Moreover, the in vivo performance revealed the interaction 
of Chondrocyte-MSC co-cultures with biomaterials, suggesting their further study 
towards the development of functional cartilage tissue-engineered constructs for 
personalized application. Taken together, the results from this work, along with 
previous data, has shown that 5%w/v Dex-TA hydrogels laden with Chondrocyte-
MSC co-cultures provide an adequate support matrix for chondro-induction 
between MSC and bCH co-cultures stimulating cartilage matrix formation. 
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8.5 Supplementary materials 

8.5.1 Synthesis of dextran-p-nitrophenyl carbonate 

LiCl (4.0 g, dried at 115 °C) and dextran (5.00 g, 30.8 mmol r.u.) are weighed into 
a 500 mL three necked round bottom flask equipped with a stirrer bar. The flask is 
evacuated and refilled with nitrogen 3 times, after which it is left under vacuum at 
95 °C for 1.5h. After thoroughly drying, the flask was filled with nitrogen and 200 
mL of anhydrous DMF was added via a cannula while stirring. The flask was then 
equipped with a thermometer and the mixture was heated to 95 °C while stirring the 
solution. Once the dextran was completely dissolved, the solution was cooled to 
0 °C and anhydrous pyridine (2.0 ml, 25.8 mmol) was added. Subsequently, freshly 
sublimed para-nitrophenyl chloroformate (2.5 g, 12.4 mmol) was added in small 
portions, while keeping the temperature below 2 °C. After 1 hour, the reaction 
mixture was poured into 1 L of ice-cold ethanol. The precipitate was filtered off 
(Por 4) and washed with cold ethanol (3×100 mL) and subsequently with diethyl 
ether (3×100 mL). After drying under vacuum, the product was obtained as a white 
powder (6.00 g, 30.7 mmol r.u., 99 % yield, DS20%). 1H-NMR (400 MHz, DMSO-
d6): δ(ppm) = 3.0-4.0 (saccharide ring protons, m, 6H); 4.2-5.8 (anomeric and 
hydroxyl protons, m, 4H); 7.58 (Ar o-CH, d, 2H); 8.34 (Ar m-CH, d, 2H). 

8.5.2 Synthesis of dextran-tyramine 

Dextran-PNC (6.00 g, 30.7 mmol r.u., 6.15 mmol p-nitrophenyl carbonate) was 
weighed into a 250 mL three necked round bottom flask equipped with a stirrer bar. 
The flask was evacuated and refilled with nitrogen 3 times, after which the flask 
was filled with nitrogen and 100 mL of anhydrous DMF was added via a cannula 
while stirring. Once the dextran was completely dissolved, tyramine (1.69 g, 12.3 
mmol) was added. After 1 hour, the reaction mixture was poured into 1 L of ice-
cold ethanol. The precipitate was filtered off (Por 4) and washed with cold ethanol 
(3×100 mL) and subsequently with diethyl ether (3×100 mL). After drying under 
vacuum, the crude product was obtained as a white powder. The crude product was 
dissolved in 75 mL of Milli-Q water and dialysed against Milli-Q water for 3 days 
(MWCO 3500 Da), followed by filter sterilization and freeze-drying yielding the 
product as a white foam (5.04 g, 28.0 mmol, 92 % yield, DS10%). 1H-NMR (400 
MHz, DMSO-d6): δ(ppm) = 3.0-4.0 (saccharide ring protons, m, 6H); 4.2-5.8 
(anomeric and hydroxyl protons, m, 4H); 6.67 (Ar m-CH, d, 2H); 6.99 (Ar o-CH, d, 
2H). 
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The calculation of the DS of dextran-TA and dextran-PNC is based on the integrals 
of 4.2-5.8 ppm (corresponding to the 4 anomeric protons from dextran), compared 
with the integral of the aromatic protons of tyramine (6.60-6.75 and 6.90-7.07) or 
para-nitrophenyl (7.40-7.65 and 8.20-8.40). The DS of dextran is given as the 
percentage of saccharide units modified in dextran. 
8.5.3 Synthesis of hyaluronic acid-tyramine 

Sodium hyaluronate (5.00 g, 12.5 mmol r.u.) was dissolved in 500 mL Milli-Q water 
in a 1 L round bottom flask equipped with a stirrer bar. While stirring at room 
temperature, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 
(DMTMM, 3.46 g, 12.5 mmol, 1eq) and tyramine hydrochloride (TA·HCl, 2.17 g, 
12.5 mmol, 1eq) were added subsequently. The addition of DMTMM and TA·HCl 
was repeated after 24 and 48 hours. After 72 hours, 40 mL NaCl (sat) was added to 
the reaction mixture and the reaction mixture was poured into 2.5 L cold ethanol. 
The crude product was isolated by centrifugation at 5000 rpm followed by drying 
in vacuo. The crude product was dissolved in 75 mL Milli-Q water and dialysed 
against Milli-Q water for 3 days (MWCO 1000 Da). Filter sterilization and 
lyophilization yielded the product as a white foam (5.10 g, 12.4 mmol, 99 % yield, 
DS10%). 1H-NMR (400 MHz, D2O): δ(ppm) = 1.98 (acetyl-CH3, s, 3H); 2.75 (2-
CH2, s, 2H); 2.90 (1-CH2, s, 2H); 3.2-4.2 (saccharide ring, m, 10H); 4.34 (s, 1H); 
4.43 (d, 1H); 6.84 (Ar m-CH, d, 2H); 7.16 (Ar o-CH, d, 2H). 
The degree of substitution (DS) was calculated based on the integral of the methyl 
group at 1.98 ppm is compared to the integral of the tyramine signals at 6.80-6.87 
and 7.10-7.21 ppm. The DS of hyaluronic acid is given as the percentage of COOH 
groups modified in hyaluronic acid (i.e. per disaccharide). 
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9.1 Cell communication between Mesenchymal Stem Cells and chondrocytes 

9.1.1 Cellular interactions in Chondrocyte-MSC co-cultures 

It is vital to develop and improve the quality of tissue obtained during tissue 
engineering. Meanwhile, tissue development, repair, and regeneration are the results 
of cellular interactions, which most likely involves cell-cell communication. Cells 
do communicate with each other in the cellular environment, and cellular behaviors 
are integrated to maintain tissue homeostasis and perform physiological functions. 
Cell-cell interactions mediated between the different cell types, secreted paracrine 
factors, and extracellular matrix components are vital in new tissue formation 
mechanisms. However, the basic principle that lies in these cellular interactions is 
not clear. One of the most definite tools for studying the cellular interaction during 
normal physiology, homeostasis, repair, and regeneration is the co-culture system. 
The co-culture system aims to mimic the organization and complexity of the in vivo 
cellular environment, thereby facilitating the bio-stimulation of cells and 
influencing their biological function and behavior. In cartilage tissue engineering, 
the amount of cartilage matrix produced in Chondrocyte-MSC co-cultures is at least 
equal or even higher than that in monoculture of chondrocyte or MSCs. Co-culture 
can overcome many problems for basic and clinical applications, including the 
dedifferentiation of expanded chondrocytes, hypertrophy of induced MSCs, and 
regeneration of both cartilaginous and surrounding tissue1. However, the co-culture 
approach for cartilage tissue engineering is not fully ready for clinical use since the 
underlying mechanisms of intercellular interactions are still unclear. 
When different types of cells are co-cultured, they can communicate in various ways, 
depending on their neighboring cells and mutual ability to interact. Cellular 
communication can be performed by direct connection (cell to cell physically 
contact) between adjacent cells, through membrane molecules and gap junctions, 
along with indirect contact (paracrine signaling), which requires diffusible factors 
spreading through the extracellular matrix. Understanding the cellular 
communication pathways in co-cultures and how cellular interactions are regulated 
is essential for tissue formation. It could contribute significantly to the cartilage 
engineering and help to the improvement of existing therapies and development of 
new regenerative strategies. Therefore, in the first part of this thesis, we tried to 
discuss the cellular interactions in Chondrocyte-MSC co-cultures and improve our 
fundamental understanding of the mechanisms leading to chondral regeneration. 
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Numerous questions remain about what happens in the co-culture systems, 
including i) how the cells perform the indirect interaction in the co-culture system? 
ii) what the role is of the disappearance of MSCs in Chondrocyte-MSC co-cultures? 
iii) whether direct cellular communication or trophic factors only or a combination 
of the above, play the predominant role in co-cultures?  

9.1.2 Extracellular vesicles in Chondrocyte-MSC communication  

In Chapter 3, along with previous works from our group, we demonstrated that 
MSCs act as trophic mediators through secreted factors to promote proliferation and 
delay the dedifferentiation of chondrocytes in co-cultures. Moreover, these features 
are independent of the sources, growth environment, and donor variation of the cells. 
Recent studies indicated that the secreted factors, including peptides/proteins, lipids, 
DNA, mRNAs, miRNAs, and LncRNAs, are conveyed by extracellular vesicles 
(EVs). As reviewed in Chapter 2, EVs are cytosol fragments with spherical 
morphology, surrounded by a membrane composed of a lipid bilayer and 
hydrophilic proteins, similar to the cell plasma membrane. EVs are a heterogeneous 
group of vesicles and include exosomes, microvesicles, and apoptotic bodies. Cell 
communication utilizing EVs is considered a universal way for cells to interact with 
each other and influence the behavior of other neighboring cells by exchanging 
material and information. Indeed, EVs can stimulate target cells and induce 
alterations in the phenotype and behavior of recipient cells.  
In the Chondrocyte-MSC co-cultures, EVs have been widely considered an essential 
factor in cell-to-cell communication2. EVs secreted by MSCs were shown to 
modulate the microenvironment of the synovial cavity and mediate chondrocyte 
migration, proliferation, and matrix deposition3,4. MSC-EVs could increase the 
expression of typical chondrogenic markers while inhibiting catabolic and 
inflammatory markers in vitro5,6. Moreover, MSC-EVs stimulated repair of 
osteochondral defects in animal models and protected mice from joint damage, 
which involved increased cellular proliferation and infiltration6,7. MicroRNA 
(miR)-140-5p and miR-135b transferred by MSC-EVs were demonstrated to 
stimulate chondrocyte proliferation and migration in vitro and attenuate symptoms 
of osteoarthritis (OA) in vivo3,8. In line with the enhanced proliferation of 
chondrocytes in co-culture, MSC-EVs were also shown to protect chondrocytes 
from apoptosis and inhibit macrophage activation6,7,9. MSC-EVs could activate 
AKT/ERK pro-survival signaling pathway for tissue regeneration by rapid 
phosphorylation of AKT/ERK in chondrocytes and subsequently promoting cell 
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proliferation as well as migration7,10. Meanwhile, MSC-EVs have been reported that 
inhibit the expression of the pro-apoptosis protein Bcl-2-associated X protein (BAX) 
and pro-inflammatory cytokines, tumor necrosis factor-α (TNF-α) and interleukin 
(IL)-1β, while enhancing the expression of the anti-apoptosis protein B-cell 
lymphoma 2 (BCL2)5,11. 

In the second scenario, as shown in Chapter 3, MSCs might still be induced into 
chondrogenic differentiation by the chondro-induction of chondrocytes, which 
indicated that the interaction between the cells could be bidirectional. Indeed, 
chondrocytes were shown to release EVs to nearby MSCs, which induce the 
synergistic effect of co-culture and promote functional differentiation and improved 
matrix production12. Moreover, bidirectional EVs treatments increased proliferation 
of both chondrocytes and MSCs, and similar bidirectional influences, including 
enhanced chondrogenic differentiation and promoted cartilage matrix deposition in 
both cell populations13. However, the effects of EVs released by chondrocytes on 
other cells depend on the state of the chondrocyte14, which raises the question 
whether the release of EVs is cell-type specific and influenced by the state of the 
donor cell, the stimuli that modulate their production, and the molecular mechanism 
that leads to their biogenesis.  

EVs isolated from MSCs have been reported to have therapeutic and regenerative 
potentials and may be more advantageous for therapeutic use. Compared with MSCs, 
EVs are more stable and reservable, avoid the potential safety, regulatory and 
practicality issues of cellular incorporation, with a lower possibility of immune 
rejection following allogeneic administration15. However, many questions still 
remain that need to be investigated. Further studies need to explore whether the 
secretion of EVs is a selective on-demand secretion or rather the consequence of a 
random release. To dig detailed mechanisms at the molecular level, it will be 
essential to determine the specific molecular factors mediating the co-culture effect, 
and which of these are conveyed exclusively by EVs.  

Furthermore, long-distance, which probably reduces communication efficiency, is 
still a limiting factor for intercellular interaction. Thus, there are still opposite 
opinions about the role of direct and indirect contact in cellular communication. To 
understand the mechanisms of recognition and internalization of EVs by recipient 
cells, future experiments are necessary to identify whether the EVs influence cell 
functionality directly (by providing missing components to the recipient cells) or 
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indirectly (by reactivating related pathways). Besides, it would be better to develop 
a practical approach for standardized sample processing and EVs isolation. 

9.1.3 Cell death pathways in Chondrocyte-MSC communication 

The decreasing amount of MSCs is also an interesting and still poorly understood 
observation in the co-culture system. Our studies indicated that the decrease in 
MSCs is a general phenomenon, which is also independent of cell source, growth 
conditions, and donor variation. There are two major mechanisms involved in the 
regulation of cell death, apoptosis and autophagy, which have shown cross-talking 
network between the signaling pathways of both these processes. Nevertheless, how 
autophagy and apoptosis are mechanistically interconnected with each other 
remains unclear. 

Apoptosis is one of the most fundamental cellular behaviors that remove 
unnecessary or potentially harmful cells by activating a genetically encoded suicide 
program. Apoptosis can be driven by either intrinsic or extrinsic pathways in 
mammals. Mitochondria secrete cytochrome c (Cyt c), which interacts with Apaf-1 
and pro-caspase-9 to form an apoptosome to activate effector caspases, such as 
Caspase-3 and Caspase-7. Extrinsic apoptosis occurs via initiator caspase-8 and 
requires the activation of cell death ligand and receptor signaling (such as TNFα 
and Fas). Recent in vivo genetic studies have revealed that apoptotic cells actively 
modulate the proliferation of surrounding cells and morphogenetic changes of 
neighbors. These interactions between apoptotic cells and surrounding cells 
contribute to the maintenance of tissue homeostasis16,17. Apoptotic bodies, as one 
type of EVs mentioned above, have been suggested to have similar characteristics 
to EVs formed from healthy cells in terms of cargo delivery to recipient cells, such 
as apoptotic byproducts from apoptotic clearance, and immune regulation 
concerning what molecular cargoes are carried. 

Autophagy is a conserved intracellular degradation pathway that traffics substrates, 
including bulk cytoplasm, damaged organelles, long-lived proteins, and infectious 
agents to lysosomes18. Autophagy serves as a regulator of homeostasis, effectively 
preserving the balance between cellular components’ production, and the 
breakdown of damaged or unnecessary organelles and other cellular constituents19,20. 
There is an interplay network between apoptosis and autophagy processes21,22. 
Apoptosis regulators, such as BCL family proteins, can regulate the autophagy 
process, while autophagy can also control the timing and efficiency of apoptosis23,24. 
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Of note, autophagy can also determine whether cells die by regulating non-apoptotic 
cell death directly where there is no need for caspase activation.  

Recent studies indicated that apoptosis and autophagy mechanisms are indeed 
intimately linked while the basis for autophagy influencing cell-fate decisions 
depends on the death stimulus, cell type, and proteins that recruited to 
autophagosomes for lysosomal degradation21. The complex crosstalk between 
apoptosis and autophagic cell death underlies the pathogenesis of multiple diseases. 
In this thesis, only limited work has been done to investigate the cell death network 
in the Chondrocyte-MSC co-cultures. We found that both apoptosis and autophagy 
pathways are involved in the death of MSCs in co-culture with chondrocytes. 
Meanwhile, the interaction between these two types of cells modifies the cell 
response to the pathway modulators. There is much more that needs to be done and 
many remaining questions to be answered. For instance, does the autophagy induced 
by cell death stimuli have a functional effect on cell death? What are the 
consequences of inhibiting early- or late-stage autophagy on cell death? What type 
of information is transmitted from cells undergoing cell death to live cells in the 
vicinity? 

9.1.4 cell-laden microgel system for cellular interaction investigation 

Cellular communication between cells can be performed through direct or indirect 
contact pathways. The trophic effects of MSCs demonstrated that cell-cell 
communication between MSC and chondrocyte without direct contact could 
activate cellular responses and subsequently influence cartilage tissue regeneration. 
In opposite, some researchers believe that physical contact of the cells is 
predominant in co-cultures.  

In Chapter 4, with the help of a micro-aggregates co-culture system, we have shown 
that both interaction pathways are involved in the cell-cell communication in 
Chondrocyte-MSC co-cultures, while each of them focuses on different cellular 
behavior changes. Micro-aggregates of cells presented enhanced chondrogenic gene 
expression and matrix deposition, compared to single cell seeded constructs. High 
stability and formation characteristics micro-aggregates encapsulations can be 
harvested utilizing a high throughput platform. Different co-culture models can be 
formed to study the cellular interactions among the systems.  
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However, during the experiment period, some drawbacks of this model were 
identified. First, the harvest efficiency of micro-aggregates is not guaranteed since 
the cell aggregations are tightly attached to the surface of the agarose chip. Second, 
we encapsulated the micro-aggregated into 3% agarose, following the previous 
guidelines in our group. However, agarose is a thermosensitive hydrogel which sets 
fast preventing homogenous distribution of the micro-aggregates in the gel. This 
obstacle limits the application of micro-aggregate co-culture system in the cellular 
interaction investigation and the further application in the cartilage tissue 
regeneration. 

To overcome these limitations, a cell-laden microgel system serves as an approach 
to study the cellular response. Microgel can promote efficient mass transport and 
improves cell-matrix interactions, thereby maintaining the long-term viability of the 
encapsulated cells. The cell-laden microgels have been utilized as building blocks 
for a wide range of studies, including those seeking to understand cell differentiation, 
cell-cell communications, cell-matrix interactions, external shear stress imposed on 
cells, and the functioning of mesoscale tissue structures25,26. Besides, growth factors 
that influence the cellular behavior and cellular interactions can be incorporated into 
the microgels to investigate the functions of such factors in a relevant 
microenvironment. Utilizing injectable biomaterials, aggregates or even single cell 
can be easily incorporated into the microgels by using the microfluidic methods.  

Microfluidics is the process of precise manipulation of fluids in channels and 
chambers at micron-level sizes27. With this method, it is possible to produce 
composite microgels that carry different cell types. Indeed, microfluidic 
technologies have been used to generate monodisperse cell-laden microgels with 
varying properties in a high throughput manner. Moreover, microfluidic 
technologies offer the ability to control the encapsulation process, the desired 
number of cells per particle, cellular spatial manipulation, cellular morphological 
and dimensional properties28. To conclude, microfluidics-generated cell-laden 
microgel will be a powerful tool and set of techniques for controlling and 
investigating cell-cell interactions on different levels of complexity, such as single 
cells as well as small populations. 

9.2 Modification of injectable hydrogels for cartilage tissue regeneration  

Injectable hydrogels have attracted increasing attention due to convenient clinical 
operation, non-invasive surgical procedures, and seamless filling of irregular 
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defects29. In the meanwhile, injectable scaffolds can also sustain drug release and 
extend the drug retention time. As investigated in Chapter 7, molecular weight and 
precursor concentration significantly affected physiochemical properties and 
biological functions of hydrogels. An ideal injectable scaffold for cartilage 
regeneration is expected to provide adequate mechanical strength, has a controlled 
degradability and provides adhesion, and integration with the surrounding native 
tissue, while mimicking natural ECMs functions, allowing for nutrient diffusion and 
promoting cell survival and differentiation. Thus, the modification of the injectable 
hydrogel system, including suitable incorporation composites and suitable cell 
encapsulation method for mechanical properties and biological functions of 
hydrogels, is vital for the application of injectable hydrogel in the cartilage tissue 
regeneration. 

Native cartilage is one of the most chondro-inductive scaffolds for cell 
differentiation. Recent studies have demonstrated that decellularized ECM is a more 
appropriate scaffold for tissue engineering and regenerative medicine 
applications30,31. Decellularized ECM, which containing growth factors, GAGs as 
well as proteins, could provide a suitable microenvironment for cultured cells 
comparable to that of native tissues. The injectable hydrogel obtained from 
decellularized ECM can promote cell viability, proliferation, and differentiation. 
Moreover, as a major component of the cartilage ECM, collagens have adequate 
biocompatibility, biodegradability, and a low immunogenic profile. The collagen 
type I (Col I) could improve cell adhesion and proliferation and enhance multiple 
gene expression levels associated with hyaline cartilage formation32,33. Col I had 
been incorporated into hydrogels to induce MSCs differentiation and secretion of a 
large amount of collagen type II, and promote hyaline cartilage formation and 
regeneration34,35. The results indicated that Col I hydrogel could provide a suitable 
microenvironment and aggregate the signal molecules for chondrogenesis. Hence, 
injectable hydrogel combined with Col I to construct biomimetic hybrid hydrogel 
would be a potential strategy for cartilage tissue regeneration. 

MSC differentiation was shown to depend on the stiffening induction time of 
hydrogels with earlier stiffening times favoring osteogenesis and later times 
favoring adipogenesis36. Nanocomposites have been utilized to vary the mechanical 
properties of hydrogel scaffolds37. To improve the mechanical property, biological 
activity, and biomimetic function, functional nanoparticles (NPs) or nanostructures 
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have been incorporated into the injectable bulk hydrogel38,39. Several nanomaterials 
have been developed as injectable scaffolds to mimic the ECM of cartilage40–43. 
Nanocomposites with large surface area-to-volume ratios can not only provide 
enhanced mechanical properties but also improve the surface reactivity and 
components encapsulating efficiencies. In this regard, nanoparticles have also been 
investigated in scaffolds for the controllable delivery of drugs and growth factors to 
enhance the efficiency and duration of delivery44–47.  

Microencapsulation of cells, as microparticles in hydrogels, is another strategy to 
deliver cells for long-term therapeutic delivery successfully. The controlled release 
of bioactive factors from microgels has demonstrated their capabilities as 
transporters for essential bioactive molecules for guiding tissue reconstruction48. 
Thus, microgels combination with bulk hydrogels or directly injectable microgels 
alone have attracted attention due to microgel can provide a suitable environment 
for the cells49,50. Microgels containing stem cells can protect the encapsulated cells 
from shear stress damage during injection, facilitate efficient nutrient and waste 
exchange, and provide a suitable environment for tissue regeneration. Microgels can 
also serve as a platform for microscale tissue culturing in a 3D microenvironment, 
which can mimic in vivo native tissues more accurately and is more suitable for 
upregulating cell functionality. As mentioned in the above section, microfluidic 
techniques have been applied to encapsulate cells within microgels in a high 
throughput manner, making cell-laden microgel as suitable building blocks that can 
be assembled into tissue constructs with functions that closely mimic those of native 
tissue51,52. Cells in the microgels have exhibited high mobility, long-term viability, 
and enhanced chondrogenic gene and protein expression. The use of microgels in 
tissue regeneration could be a promising approach for clinical scenarios where 
complex biomaterial structures and various cells and factors delivery modulation 
may be required. 

As another type of microencapsulation, extracellular vesicles (EVs) act as 
messengers and transfer various biomolecules to regulate the function of 
neighboring cells, as mentioned above in the context of intercellular communication. 
These vesicles can induce cell migration and homing when they were encapsulated 
into PLGA scaffolds. However, a major problem with this application is limitations 
in engraftment and rapid clearance rate of the EVs in the target site. In this regard, 
injectable hydrogels have recently been utilized to encapsulate a large amount of 
EVs and release them in a controllable manner to the target site53. Hydrogel-
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encapsulated EVs delivery system has provided a new approach for tissue 
regeneration therapy.  However, further studies need to be performed to answer 
some other questions, such as which hydrogels are suitable for delivering the EVs? 
Or what composites in the hydrogel are suitable to load and release them in a 
desirable manner? Moreover, to dig detailed mechanisms, as mentioned in the above 
section, it is essential to determine the specific growth factors conveying exclusively 
by EVs that mediate the biofunction.  

The role of growth factors (GFs) is crucial in encouraging stem cell differentiation, 
maintaining cell viability, and promoting matrix synthesis and deposition54. Most 
cartilage tissue engineering approaches rely on the pre-culture of scaffolds in 
medium containing growth factors such as Transforming growth factor (TGF)-β, 
which are crucial for cartilage formation and homeostasis. A system where the GF 
is unbound and quickly diffuses into the surrounding environment may not provide 
sufficient chondrogenic stimulation. Thus, in all of the above advances in injectable 
hydrogels, controlled supplementation and delivery of the GFs is required to ensure 
their bioavailability. Advanced biomaterials or compositions capable of binding 
suitable GFs would be beneficial for the application of injectable hydrogel. There 
are several strategies for loading GFs on a scaffold for delivery55,56. Bioactive 
factors can be loaded directly by physical crosslinking, which is probably leading 
to a burst release, or encapsulated into a carrier such as particles, microgels, and 
EVs to obtain the desired sustained release profile. Meanwhile, there are various 
types of GF families involved in cartilage tissue regeneration, which is already 
summarized in previous literatures57,58. Several studies have shown that hydrogels 
loaded with GFs would promote cell proliferation and migration and cartilage 
regeneration59–62. Synthetic peptides could also be introduced into the system to 
mimic the desirable signals provided by growth factors and induce chondrogenesis 
without the need for a tissue-derived matrix63. Besides, natural materials such as 
ECM and Platelet lysate (PL)64, which contains a cocktail of autologous growth 
factors and biochemical signals, would be autologous sources of growth factors and 
stimuli.  
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