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Musculoskeletal disorders are considered major health problems worldwide. Generally, 

these disorders are painful and disturb the locomotor system, leading to limited mobility, and 

are considered one of the most prominent causes of disability globally.  

In fact, musculoskeletal disorders comprise many different diagnoses. Among them, one 

of the most and prevalent conditions are osteoarthritis and rheumatoid arthritis (RA). In 

particular RA is an autoimmune inflammatory condition that affects around 0.5-1% of the 

worldwide population and according to the most recent data, the prevalence and incidence 

rates are increasing. It affects multiple joints, and is characterized mainly by synovium 

hyperplasia and an inflammatory joint microenvironment, created by the presence of several 

immune cells and inflammatory mediators. This inflammatory milieu promotes persistent 

cartilage and bone destruction which ultimately affect the joints structure and function. 

Moreover, RA patients have an increased risk of fractures and, simultaneously, higher rates of 

bone healing complications, most likely associated with imbalanced bone remodeling, due to 

the pro-inflammatory environment that impairs bone regeneration. 

Over the years, several studies have suggested different in vitro, ex vivo and in vivo 

models to study the repair of osteoarticular tissues in healthy and inflammatory conditions. 

However, due to the complexity of articular structure and microenvironment, the challenge 

remains to establish and fully characterize in vitro/ex vivo/in vivo models that mimic RA, to 

improve our knowledge about joint repair in inflammatory conditions, and allow the 

development of new therapeutic approaches. 

Considering this gap in the field, this doctoral dissertation work hypothesized that 

collagen-induced arthritis (CIA) model in combination with a critical size femoral defect model 

(FD, CIA+FD) could be used to study osteoarticular, in particular bone tissue, 

repair/regeneration, under systemic inflammatory conditions. Therefore, we aimed to: (i) 

establish and characterize the systemic acute inflammatory response after bone injury in the 

CIA model; and (ii) investigate the impact of the inflammatory CIA environment on the 

biological behavior of endogenous mesenchymal stem/stromal cells (MSC), due to their 

important roles in osteoarticular repair. 

To accomplish our aims, we started by establishing in our group the CIA model and then 

combined it with the FD model. The combination between the two models did not lead to 

significant acute alterations in animal welfare and paw swelling. CIA and CIA+FD animals 
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showed enlarged and more proliferative secondary lymphoid organs (spleen and lymph 

nodes), with changes in the proportion of immune cells, namely in the lymphoid and myeloid 

lineages. CIA animals 3 days post-injury increased the systemic myeloid cell proportion and 

simultaneously their expression of co-stimulatory molecules CD40 and CD86. Moreover, 

arthritis induction led to increased plasma levels of inflammatory mediators typically associated 

with arthritis in the CIA group, like tumor necrosis factor-α (TNF-α), Interleukin (IL)-17, IL-4, IL-

5, and IL-12, while both CIA and CIA+FD animals showed increased IL-2, IL-6 and Il-13, and 

a decrease of Fractalkine and Leptin plasma levels.  

In this context, we next examined the MSC isolated from the femur of CIA animals. These 

cells showed lower metabolic activity and proliferation, compared to the MSC derived from 

control group. Moreover, CIA-MSC expressed higher levels of osteogenic and chondrogenic 

differentiation markers, without chemical/molecular stimulation. These observations led us to 

the hypothesis that the biologic behavior of MSC is influenced by the inflammatory environment 

where they are retrieved from. To test this in vitro control MSC were exposed to inflammatory 

cytokines (TNF-α and IL-4), and results show that these cytokines impacted proliferation and 

differentiation, partially mimicking the effect observed in CIA-MSC.  

Overall, the work developed under the scope of this thesis contributes to development of 

a new combined model to study the mechanisms of osteoarticular tissue repair process under 

inflammatory conditions. Remarkably, this model can also be used to develop and test 

therapeutic strategies for the treatment of osteoarticular injuries, which remains an unmet 

clinical need in RA patients, with the aim to improve their quality of life. 
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As doenças e lesões músculo-esqueléticas são consideradas importantes problemas de 

saúde em todo o mundo. Geralmente, estas doenças são dolorosas e afetam o sistema 

locomotor, limitando a capacidade de movimentos, sendo por isso consideradas das doenças 

mais incapacitantes a nível global. 

As doenças músculo-esqueléticos englobam muitos diagnósticos diferentes. As 

condições mais prevalentes e incapacitantes são a osteoartrite e a artrite reumatoide (AR). 

Em particular, a AR é uma doença autoimune e inflamatória que afeta cerca de 0,5-1% da 

população mundial e que de acordo com os dados mais recentes regista um aumento das 

taxas de prevalência e incidência. A AR afeta múltiplas articulações e é caracterizada 

principalmente pela hiperplasia da membrana sinovial e um microambiente inflamatório das 

articulações criado pela presença de várias células imunes e mediadores inflamatórios. Este 

ambiente promove a destruição continua da cartilagem e do osso, o que afeta a estrutura e a 

função das articulações. Além disso, os pacientes com AR apresentam um risco aumentado 

de fraturas e também de complicações na regeneração óssea, provavelmente associados a 

alterações na remodelação óssea, devidas ao ambiente pró-inflamatório, que é desfavorável 

à sua reparação.  

Ao longo dos anos, vários estudos têm sugerido diferentes modelos in vivo, ex vivo e in 

vivo para estudar a reparação de tecidos osteoarticulares em condições saudáveis e 

inflamatórias. No entanto, devido à complexidade da estrutura das articulações e do seu 

microambiente, permanece o desafio de estabelecer e caracterizar modelos in vitro/ex vivo/in 

vivo que simulem a AR, para potenciar o nosso conhecimento sobre o processo de reparação 

das articulações em contexto inflamatório e permitir o desenvolvimento de novas abordagens 

terapêuticas. 

Considerando esta lacuna, a presente tese de doutoramento foi baseada na hipótese de 

que o modelo de artrite induzida por colagénio (CIA, do inglês collagen-induced arthritis) em 

combinação com uma lesão de tamanho crítico no fémur (FD, do inglês femoral defect, CIA + 

FD) pode ser usado para o estudo da reparação/regeneração do tecido osteoarticular, 

nomeadamente do osso, sob condições inflamatórias sistémicas. Assim, este trabalho, teve 

como objetivo: (i) estabelecer e caracterizar a resposta inflamatória aguda sistémica após 

lesão óssea do modelo CIA + FD; e (ii) investigar o impacto do ambiente inflamatório no 

comportamento biológico das células mesenquimais estaminais/estromais (MSC, do inglês 
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mesenchymal stem/stromal cells) endógenas, devido ao seu importante papel no processo de 

reparação de tecidos. 

Para alcançar os nossos objetivos, começamos por estabelecer no nosso grupo o modelo 

de CIA, que depois combinamos com o modelo de FD. A combinação dos dois modelos não 

levou a alterações agudas e significativas no bem-estar animal e na inflamação dos seus 

membros. Os animais CIA e CIA+FD apresentaram órgãos linfoides secundários (baço e 

gânglios linfáticos) aumentados e mais proliferativos, com alterações na proporção das 

células imunes, das linhagens linfoide e mieloide. Três dias após a lesão óssea, os animais 

CIA apresentaram um aumento da proporção de células mieloides ao nível sistémico e, 

simultaneamente, um amento da sua expressão das moléculas co-estimuladoras CD40 e 

CD86. Além disso, a indução de artrite levou ao aumento dos níveis de mediadores 

inflamatórios tipicamente associados à artrite no grupo CIA, como o fator de necrose tumoral-

α (TNF-α), interleucina (IL) -17, IL-4, IL-5 e IL-12), enquanto que os animais CIA e CIA+FD 

apresentaram um aumento de IL-2, IL-6 e IL-13, e uma diminuição dos níveis de Fractalcina 

e Leptina. 

Neste contexto, as MSC isoladas do fémur dos animais CIA apresentaram uma menor 

atividade metabólica e proliferação, quando comparadas com as MSC do grupo controlo. Além 

disso, as CIA-MSC demonstraram níveis mais altos dos marcadores de diferenciação 

osteogénica e condrogénica, sem estimulação química/molecular. Estas observações 

levaram-nos à hipótese de que o comportamento biológico das MSC é influenciado pelo 

ambiente inflamatório de onde elas são isoladas. Para testar esta hipótese in vitro as MSC 

controlo foram expostas a citocinas inflamatórias (TNF-α e IL-4), e os resultados mostram que 

estas citocinas afetaram a proliferação e diferenciação, reproduzindo parcialmente o efeito 

observado nas CIA-MSC. 

Globalmente, o trabalho desenvolvido no âmbito desta tese contribuiu para o 

desenvolvimento de um novo modelo, o que poderá ser usado para estudar os mecanismos 

do processo de reparação de tecidos, nomeadamente osteoarticulares, em condições 

inflamatórias. Notavelmente, este modelo também poderá ser utilizado para desenvolver e 

testar estratégias terapêuticas para o tratamento das lesões articulares, que continua a ser 

uma necessidade clínica em pacientes com AR, com vista a melhorar a sua qualidade de vida. 
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Abstract  

 

The burden of chronic inflammatory diseases of joints is increasing with population ageing 

and unhealthy lifestyle. Articular cartilage is avascular and aneural tissues with abundant 

extracellular matrix, low cell density, and reduced regenerative capacity after damage or 

degeneration. 

In this review, the most advanced in vitro and ex vivo, cell-/tissue-/biomaterials-based 

models, and technologies to improve the physiological mimicry are discussed, focusing on the 

impact of inflammation on articular repair/regeneration. While animal models continue to 

provide crucial mechanistic and pre-clinical data, more advanced and robust in vitro/ex vivo 

cartilage models, with appropriate extracellular matrix cues, and allowing for cellular crosstalk 

have seen an exponential growth in the last decade. 

Due to the complexity of articular microenvironments, adequate in vitro/ex vivo/in vivo 

models are essential to study the molecular mechanisms underlying articular diseases and 

develop new therapies for repair/regeneration. 

 
Keywords: Biomaterial, microenvironment, articular cartilage, repair/regeneration, 

inflammation  

 

1. Introduction  

 

Human joints are anatomically complex, composed by several different tissues like 

cartilage, calcified cartilage, bone, synovium and ligaments, that interact with each other to 

allow a healthy and functional joint [1]. Articular cartilage is avascular and aneural tissues, with 

complex multilayer structures low density of cells, and consequently limited access to nutrients 

or circulating progenitor cells. Greatly due to their nature, these organs undergo degenerative 

processes with age, and have limited self-repair capacity upon injury [2]. The joint homeostasis 

is influenced by movement, loading, alignment, weight, age, hormonal changes, among other 

factors, and can be disrupted by trauma, osteoarticular degeneration or pathology [1, 3]. One 

of the hallmarks of cartilage degeneration is the metabolic unbalance that results in a cascade 

of disrupting events, which ultimately contribute to the release of inflammatory mediators and 

the creation of a degenerative and pro-inflammatory microenvironment [4]. 

Cartilage tissue originates from different structures during embryogenesis: i) the 

craniofacial skeleton, including joints, is formed from cranial neural crest cells; ii) the ribs and 

vertebrae originate from somites, formed by segmentation of the paraxial mesoderm; iii) and 
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the appendicular skeleton, including its articular cartilage, forms from lateral-plate mesoderm 

cells (reviewed in [5]). Cartilage tissue is usually divided in hyaline, elastic and fibrous. Hyaline 

cartilage is the most widely distributed and is found in synovial joints, together with subchondral 

bone and calcified cartilage forms the osteochondral unit [6], and will be the focus of this 

review. During post-natal growth and maturation cartilage suffers structural and functional 

changes. Its multilayered cell structure with different extracellular matrix composition and 

orientation, from the superficial to the deep zones, allows for the smooth movement of joints 

and provides elasticity and tensile strength. Cartilage suffers from degeneration during ageing, 

or as a consequence of disease and injury. Inflammatory conditions, like rheumatoid arthritis 

(RA) and osteoarthritis (OA), are linked to cartilage injury and degeneration. OA is the most 

prevalent joint disease in the world and reported as the leading cause of disability in the United 

States [7], while RA affects about 1% of the population, and is characterized by chronic 

inflammation and progressive joint destruction [8]. Both chronic conditions can result in 

significant costs for individuals and health systems, with significant pain and loss of mobility, 

many time resulting in partial or total joint replacements. Cartilage intrinsic characteristics 

impair its ability for healing, leading to fibrous non-functional tissue formation, and requiring 

surgical intervention [2a, 9]. In these cases, the clinical approaches traditionally include bone 

marrow stimulation with microfracture, allografts and autografts to improve cartilage repair [10]. 

Nevertheless, these surgical techniques have limitations and, in some cases, lead to formation 

of repaired-tissue with inferior quality than the native, lack of in situ integration of the graft and, 

in the case of autografts, require additional defects [10].  

Cartilage repair/regeneration remain clinical challenges and while conventional in vitro 

cultures and in vivo models have been helpful tools to address this topic, these still have limited 

predictive power. Therefore, several advanced in vitro/ex vivo models, as well as more 

physiologic in vivo models, are raising to address these challenges. In this context, 

combinations of biomaterials and active molecules are been explored to provide the necessary 

environmental cues for stem or progenitor cells (endogenous or implanted) to synthetize 

adequate extracellular matrix (ECM) [11].  

The development of in vitro and ex vivo models as a pathway to reduce animal 

experimentation and acquire a body of knowledge with human cells and tissues, has been 

gathering supporters and is currently a priority for the European Union research and funding. 

Adequate in vitro models are a valuable tool to study the molecular mechanisms underlying 

osteoarticular processes under inflammatory conditions, providing a cost-effective analysis. 

Generally, these in vitro models include 2D/monolayer, 3D cultures, or tissue explants, 

incubated with distinct inflammatory stimuli [12]. Nonetheless, till this day, there are limitations 

to in vitro models that only appropriate pre-clinical in vivo models can address. 
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In this review, we highlight and discuss the most advanced in vitro and ex vivo, cellular-

/tissue-/biomaterials-based models, and relevant in vivo models developed to study cartilage, 

in particular articular cartilage, and to test new therapeutic strategies, focusing on the impact 

of inflammation on articular degeneration/repair/regeneration (Figure 1) 

 

 

 

Figure 1 | Schematic representation of the evolution from basic to advanced in vitro, ex 
vivo and in vivo models to study cartilage under inflammatory conditions. Adapted under 

the terms and conditions of the Creative Commons Attribution 3.0 Unported License. Copyright 

Servier Medical Art. 

 

2. From basic to advanced cartilage models: New strategies to design in vitro 
and ex vivo cartilage microenvironments  

 

The first approaches to study cartilage in vitro used the traditional monolayer cultures of 

chondrocytes or mesenchymal stem/stromal cells (MSC) and analyzed their capacity to 

maintain or develop a chondrocyte phenotype and deposit ECM [13]. However, in 2D cultures 

MSC differentiation is limited and chondrocytes suffer dedifferentiation. In 1988 Johnstone and 

colleagues published a simplistic three-dimensional (3D) model of cartilage, based on the 

aggregation of bone marrow-derived MSC into micro-mass structures, cultured in presence of 
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chemical and molecular supplements that induced chondrogenesis [14]. This method led to 

define the cellular and molecular events during chondrogenesis and cartilage matrix 

production in a model of cell-to-cell and cell-to-matrix interactions [15], and remains a 

milestone in cartilage in vitro studies. The high cell density, cell-cell interactions, and 

condensation, found in these simple 3D models have been described as important factors also 

for cartilage formation during embryogenesis [16]. MSC and chondrocytes grown in 3D cell 

aggregates are capable to produce a cartilaginous matrix, similar to native tissue [14, 17], and 

provide a simple tool to screen new drugs for articular disorders, like OA [18]. 

Bhumiratana et al. took these simple 3D models a step further by fusing several cell 

aggregates (condensed mesenchymal cell bodies (CMBs)), to form a cartilage-like layer in an 

in vitro model using bone decellularized ECM, and to fill a cartilage defect in an ex vivo cartilage 

explant model. CMBs formed cartilage like-tissue, with glycosaminoglycans (GAGs) and COL2 

production, and integrated in the decellularized bone or native cartilage explants, indicating 

that this methodology has the potential to create implantable solutions to repair cartilage 

defects [19]. Notwithstanding, these simple 3D micro-mass culture systems often lead to the 

formation of necrotic zones within the aggregates and the tight cell-cell interactions promote 

inconsistent chondrogenesis and heterogeneous cell phenotype [20].  

Along the years, diverse strategies have been developed to overcome the limitations of 

micro-mass culture systems, and provide a more appropriate and controlled cellular 

microenvironment to efficiently synthesize cartilage matrix in vitro. The 3D chondrogenic model 

was modified to better mimic the complexity of cartilage, its mechanical function and 

microenvironment,  

In the next sub-sections recent work on models that address cartilage tissue complexity, 

its mechanical loading to simulate cartilage function, and inflammation as a 

microenvironmental factor will be discussed. 

 

2.1. Using biomaterial-based culture system to develop in vitro cartilage 

models and produce implantable solutions 

 

Among the strategies adopted to design 3D cartilage models, the most frequent is the 

introduction of biomaterials such as scaffolds or hydrogels, with or without the incorporation of 

biomolecules, to provide an environmental structure and signaling to support cell viability, 

proliferation and differentiation [13, 21]. 

Biomaterial-based culture systems aim to mimic the native cartilage ECM, supporting cell 

viability, proliferation, differentiation and secretory profile. Over the years, many scaffold-based 

culture systems have been used in cartilage studies (reviewed in [20, 22]) trying to overcome 
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the limitations of more traditional cell culture methods, which lead to progressive chondrocyte 

dedifferentiation, with loss of chondrocyte polygonal morphology [23], and of cartilage-specific 

ECM (COL2 and aggrecan (ACAN)) synthesis [24]. For that, different scaffold formulations 

have been explored, including decellularized ECM-based, porous or fibrous scaffolds, and 

hydrogels (Table 1). To maintain the structure and partial composition of native ECM, 

decellularized cartilage ECM has been used to build osteochondral models. For instance 

combined with spatially controlled delivery of bone morphogenetic protein-2 (BMP-2) and 

transforming growth factor-b (TGF-b) and repopulated with MSC has been used to test the 

impact of interleukin-receptor antagonist (IL-RA) against damage induced by exposure to pro-

inflammatory cytokine IL-1b [25]. Although decellularized ECM has advantages in preserving 

some of the native matrix molecular and structural cues, it also has limited supply and potential 

to scale-up production and high variability. Thus, the development of biomaterials, based on 

polymers, polysaccharides, proteins and their combination is a very attractive alternative.  A 

recent example is the work of Younesi and colleagues, which created a collagen macroporous 

scaffold stabilized with two collagen sheets. This construction created cylindrical pores aiming 

to mimic the arcade structure of cartilage and when seeded with pelletized MSC, maintained 

their chondrogenic phenotype, and supported production of ECM components like Col II and 

GAGs [26]. This system combined the MSC cell-cell interaction, which is important for cartilage 

formation and the structure/composition of the material, similar to the native cartilage ECM.  

The consistency of cartilage ECM combined with the possibility to administer therapeutic 

solutions using minimally invasive procedures have placed hydrogels at the center of research 

for new cartilage repair biomaterials [27]. Hydrogels can have different polymer compositions 

(reviewed in [28]), and polymerize in situ, filling the defect area completely, even for irregular 

defects. Hydrogels properties, particularly their mechanical properties, can be tuned to mimic 

several of the natural features of cartilage ECM, and promote favorable viscoelastic and 

mechanical properties for entrapped cells. Their permeability also allows for transport of 

nutrients, growth factors and delivery of mediators, such as cytokines to the cells within [29]. 

These characteristics render hydrogels extremely versatile platforms to test different 

formulations, mechanical properties, cell density and incorporation of biomolecules in vitro, in 

a controlled fashion. Hydrogel-based biomaterials have been reported to provide chondrocyte 

differentiation [30] and phenotype maintenance, leading to ECM deposition [31]. In a very 

interesting work by Galperin et al., degradable poly(hydroxyethyl methacrylate) hydrogel was 

used to design a bi-layered scaffold with different pore sizes, for osteochondral regeneration. 

One of the layers was coated with hydroxyapatite and seeded with human MSC (hMSC) and 

the other decorated with hyaluronan and seeded with chondrocytes, to promote subchondral 

and cartilage regeneration, respectively. The biomaterial promoted cell migration and 
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differentiation of hMSC to osteoblasts without growth/differentiation factors, as well as 

maintenance of the chondrocyte phenotype (cartilage layer) [32].
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Table 1| In vitro models to study cartilage repair.  
Biomaterial Cell population/tissue Key properties and main findings  Reference 

None 

ADSC 3D aggregate model. 
The cetylated fatty acid increased the expression of cartilage ECM components. 

[101] 

Chondrocyte or MSC  High cell density culture with cell-cell interactions. 
This model allows the screening of ECM deposition and content. 

[18] 

MSC in cartilage explant 
cultures 

Fusion of condensed MSC bodies form a cartilage-like layer. 
This model allows the screening of ECM synthesis and content. 

[19] 

OA synovial explant 
cultures 

Tissue culture model can be performed with pro-inflammatory cytokines stimulation. 
Treatment with dexamethasone, rapamycin, BMP-7 and pravastatin modulated 
inflammation and macrophage phenotype. 

[101] 

MSC, synoviocytes and 
macrophages/monocyte 
cell lines  

Combined MSC pellet culture with synoviocytes or immune cells to mimic the early stage of 
OA. 
This model allows the evaluation of cytokine levels. 
This model allows the screening of ECM deposition and content. 

[54] 

OA fibroblast-like 
synoviocytes and 
macrophages  

Micro-mass cell culture model devoted to study inflammation. 
This model showed that CXCL10p-IL10 might be a good candidate to decrease the 
inflammatory response.  

[57] 

RA fibroblast-like 
synoviocytes and 
endothelial cells  

Spheroid model devoted to study inflammation. 
This system allows the study of signaling pathways involved in synovial angiogenesis. 

[66] 

SW982 synovial fibroblasts 
(SF) cell line, LPS-
stimulated THP-1 
macrophage-like cell line 
and chondrocytes 

Tri-culture model. 
This model closely replicates the pro-inflammatory and pro-destructive role of synovial 
fibroblasts and macrophages in cartilage.  
Celecoxib treatment reduced the degradation of ECM components.  

[63] 

Alginate beads 

Chondrocytes 

Limited cell-cell contact.  
Indirect response to RA synovial fibroblast secretome with/without anti-rheumatic drug 
treatment, shows RA-related gene up-regulation and its modulation by treatment. 

[64] 

Alginate beads, decellularized ECM 
and combination; silk/alginate 
microcarriers and decellularized 
ECM 

Pellet chondrocyte cultures. 
All the 3D culture systems, except beads, were suitable approaches for the development of 
in vitro cartilage degradation models. 

[52] 

Self-assembling peptide hydrogel 
scaffold 

Biomaterial-based culture. 
Maintained the chondrocyte phenotype.  

[102] 
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Biomaterial Cell population/tissue Key properties and main findings  Reference 
Production of cartilage-like ECM rich in GAGs and COL2 in a time-dependent manner. 

Poly-L-lactide; Poly-D, L-lactide; 
Collagen-hydroxyapatite 

Scaffold provided a suitable support for chondrocyte cell viability and neo-cartilage 
formation. 
Implantable system for the repair of osteochondral defects. 

[103] 

Collagen sponges composed by 
calves type I and type III collagen 

Biomaterial-based culture they can be performed in inflammatory conditions. 
Down-regulation of COL1A2 and ACAN in the presence of IL-1b. 
This model offers the potential to evaluate antagonists of IL-1 biologic activity. 

[53] 

Silk fibroin and silk fibroin-
chondroitin sulfate (CS) scaffolds 

This model can be performed with pro-inflammatory stimulation. 
The silk-CS scaffolds maintained better chondrocyte phenotype and matrix-producing 
capacity than silk scaffold. 
SC scaffolds reduced significantly chondrocyte inflammatory response, stimulated by IL-1b. 

[86] 

Silk fibroin porous scaffolds 

Biomaterial-based culture that can be performed in inflammatory conditions. 
Scaffold provides an adequate environment for cartilage formation and allows the study of 
the inflammatory factors on the chondrocyte functions. 
This culture system in the presence of pro-inflammatory cytokines and macrophage 
conditioned medium mimic in vivo OA scenario. 

[55] 

Hydrogels of collagen type I with 
different stiffnesses 

The integrins a1, b1 and b3 are implicated in chondrocytes mechanosensing and culture in 
hypoxic conditions promoted the up-regulation of SOX9 in the stiffer gels. 

[104] 

Poly (ethylene glycol) diacrylate 
(PEGDA)-based hydrogels Chondrocytes (health and 

OA) and macrophages 
(normal and LPS-
activated) 

This model allows evaluation of tissue-immune cell crosstalk.  
Healthy chondrocytes/LPS-stimulated macrophages coculture increased the MMPs and 
pro-inflammatory cytokines, while decreasing ECM production. 
OA chondrocytes/LPS-stimulated macrophages cocultures significantly increased the 
levels of MMPs and pro-inflammatory cytokines compared to OA chondrocytes mono-
culture. 

[56] 

Bi-layered scaffold of poly 
(hydroxyethyl methacrylate) 
hydrogel coated with 
hydroxyapatite (bone layer) or 
hyaluronan (cartilage layer) with 
different pore size 

MSC or chondrocytes The microstructure of each layer promoted the deposition of bone or cartilage like-ECM in 
absence of chemical stimuli.  

[32] 

Macroporous scaffold of collagen MSC 
Promoted the deposition of cartilage ECM. 
The scaffold structure enabled the delivery of cell pellets and improved mechanical 
properties of the system. 

[26] 

Polyglycolic acid (PGA)/ Polylactic 
acid (PLA) scaffold  

MSC and chondrocytes 
(alone or in combination) 

PGA/PLA scaffold seeded with the different type of cells formed cartilage-like tissue with 
abundant ECM deposition. 

[105] 
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Biomaterial Cell population/tissue Key properties and main findings  Reference 
PGA/PLA-BMSC in coculture with macrophages decreased pro-inflammatory cytokines 
production and promoted M2 macrophage polarization. 

3D fibrin-based matrices  Synovial tissue 
Biomaterial-based culture system for long-term culture of synovial tissue fragments. 
These matrices allow the evaluation of MSC and immune cells cross-talk, and their impact 
in neo-vessel growth. 

[67] 

3D woven porous scaffold 
composed by layers of polyglycolic 
acid yarn fibers  

Chondrocytes 
Mechanical load model.  
Chondrocytes are encapsulated in a hydrogel before incorporation in the scaffold. 
Scaffold mechanical properties similar to native articular cartilage.  

[106] 

Poly(caprolactone-L-lactic acid)-
poly(ethylene glycol)- 
poly(caprolactone-L-lactic acid) 
hydrogel loaded with bromophenol 
blue 

None 
Mechanical load and perfusion model to study drug delivery.  
Mimics physiological loading in a compressed and dual flow system. 
Hydrogels can provide a more effective approach to delivery drugs into cartilage than the 
conventional intra-articular injection.  

[51] 

Cartilage-derived ECM 
hemispheres coated with poly-L-
lysine with immobilized eGFP, 
TGF-b3, BMP-2 or IL-1Ra lentiviral 
vectors 

MSC 
Seeded with MSC. 
This system provides an in vitro model of osteochondral organoids to study the 
spatiotemporal remodeling in response to pro-anabolic or inflammatory signals. 

[25] 

Fibrin-polyurethane hydrogel Chondrocytes 
Mechanically stimulated culture model. 
This model promoted the maintenance of chondrocyte phenotype within the hydrogel. 
This model allows analysis of ECM deposition. 
Allows the screening of new biomaterials for cartilage regeneration. 

[43] 

Macroporous poly(vinyl alcohol) 
(PVA) scaffold Bovine cartilage explants 

Mechanically stimulated culture model. 
Decreased ECM content and reduced interface between scaffold and articular cartilage. 
This system offers a platform for the optimization of scaffolds mechanobiological properties 
for cartilage repair. 

[44] 

Cylindrical fibrin-polyurethane (PU) 
scaffold Chondrocytes 

Mechanically stimulated culture model. 
This model can be performed with pro-inflammatory stimulation. 
TNFa supplementation suppressed chondrogenic differentiation even under dynamic 
compression.  

[59] 

GelMA hydrogel  ADSC and osteochondral 
plug explants 

Bidirectional perfusion system. 
This model allows analysis of ECM deposition and content. 

[49] 

3D-printed silk-fibroin-gelatin (SFG) 
scaffold and peptide E7 conjugated 
scaffold (SFG-E7) 

MSC 
3D bioprinted culture platform. 
SFG-E7 scaffold promote homing of BMSC and a higher chondrogenic capacity with 
significantly higher levels of COL2 and GAGs than in SFG scaffolds.  

[107] 
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Biomaterial Cell population/tissue Key properties and main findings  Reference 

Bioink of COL1 or agarose mixed 
with sodium alginate Chondrocytes  

3D bioprinted scaffold 
COL1 scaffold mixed with sodium alginate maintain chondrocyte phenotype, increasing 
their proliferation. 
This model allows analysis of ECM deposition and content. 

[108] 

PolyN-acryloyl glycinamide 
hydrogel with incorporation of TGF-
b1 and b-TCP nanoparticles 

MSC 
3D bioprinted system.  
This biohybrid gradient hydrogel supports the attachment and spreading of MSC and 
enhance simultaneously the MSC chondrogenic and osteogenic differentiation. 

[38] 

3D-printed Sr5(PO4)Sio4 ceramic 
scaffold Chondrocytes 

3D bioprinted scaffold.  
Sustained release of Sr and Si ions which promotes chondrocytes maturation, and protects 
them from OA. 

[109] 

Bioink composed by alginate, 
GelMA, b-TCP nanoparticles MSC  

3D bioprinted system.  
This combination of elements provided a favorable environment to maintain cell viability. 
Induction of MSC differentiation and production of ECM.  

[37] 
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Interestingly, a very recent work comparing the integration of MSC in single cells or as 

micropellets in different hydrogel formulations showed an enhanced production of collagen, 

higher GAGs deposition and improved mechanical properties for single cell encapsulation, 

compared to micropellets incorporation. PEG hydrogels containing chondroitin sulfate led to 

greatest ECM deposition and increase stiffness of the construct [33].  

Moreover, hydrogels form the basis for the development of bioinks for 3D bioprinting, 

which emerged as a promising technique to overcome the limitations of traditional methods of 

scaffolds fabrication, allowing the deposition of living cells and supporting biomaterials (bioink) 

in a precise spatial conformation, in order to resemble a specific tissue structure [34]. 3D 

printing is a particularly useful method to fabricate constructs for cartilage tissue engineering 

as cartilage cells are interspersed in ECM (recently reviewed [35]) (Table 1). Determining the 

best bioink composition for the intended application is a key factor in 3D bioprining. In that 

context, Daly et al. performed a comparison study between commonly used hydrogels 

(agarose, alginate, GelMA and BioINKTM) as bioinks for fibrocartilate and hyaline cartilage, 

seeded with MSC in presence of TGF-b [36]. In this culture conditions, MSC showed high 

viability levels and chondrogenic differentiation capacity in all bioinks tested, suggesting a 

strong impact of TGF-b in the results observed. The results of collagen content indicated that 

agarose and alginate supported the best development of hyaline-like cartilage (containing 

predominantly COL2), while GelMA and BioINKTM showed to be more appropriate for the 

development of fibrocartilage-like tissue (containing COL1 and COL2).  

3D bioprinting can be used to combine hydrogels with nanoparticles for instance to 

produce one layered and by-layered scaffolds for osteochondral repair. An alginate, gelatin-

methacryloyl (GelMA) bioink with b-TCP microparticles, combined with chondrogenic 

stimulation led hMSC to increase expression of key components of cartilage ECM, but also 

overexpress alkaline phosphatase, suggesting an in vitro model for calcified cartilage tissue 

[37].  

Also using b-TCP particles, the work by by Gao et al developed a biohybrid gradient 

scaffold, based on an hydrogel incorporating b-TCP nanoparticles in the bioink to form the 

bottom layers of the scaffold, that will integrate with host bone, while TGF-b1 was loaded in 

the upper layer, boosting both chondrogenic and osteogenic differentiation of hMSC [38].  

In conclusion, there is a need to determine the most appropriate bioink composition and 

3D spatial organization of constructs to promote differentiation of complex tissues with multiple 

layers, like articular cartilage. 
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2.2. Mechanical load and perfusion model systems 

 
Cartilage tissue provides a smooth surface for low friction gliding and transmission of loads 

in joints [39]. In this functional context, mechanical stimuli play an important role in the 

development, maintenance and remodeling of cartilage in vitro [40]. In fact, it has been 

demonstrated that applying different forces, like dynamic compression or shear loading, in 3D 

chondrocyte cultures promotes cartilaginous like-matrix synthesis and improves the 

mechanical properties of the ECM deposited in vitro [41]. However, as in physiological 

conditions the articular cartilage is subjected to a complex dynamic combination of 

compression-shear forces, several approaches investigate this multi-axial loading and how it 

affects the tissue matrix (Table 1) [42]. Recently, Vainieri et al. developed a bovine 

osteochondral organ culture with induced cartilage defects, and under multi-axial mechanical 

stimuli to evaluate the potential of biomaterials in the repair process [43]. The cartilage defects 

were filled with chondrocytes-seeded fibrin-polyurethane constructs, and explants were 

cultured in bioreactors, subjected to mechanical stimulation. Chondrocytes remained viable 

and responsive to the mechanical stimuli, with significant increases in ECM production, 

supporting that mechano-physiological stimuli promote the maintenance of the chondrocyte 

phenotype [43].  

The use of mechanical stimulation bioreactors can be more than an approach to test and 

improve the cartilage-engineered constructs. They could be used to study the 

pathophysiological effects of loading forces involved in the onset and development of cartilage 

degeneration and OA. The work of Chen and colleagues used an ex vivo bovine cartilage 

explant model, and an in silico approach, to examine the impact of loading on the interface 

between an implanted biomaterial and the cartilage tissue.  Loading cycles decreased implant-

cartilage interface strength, and increasing culture time before loading is applied improved the 

interface [44]. Also, Schatti and colleagues designed and validated a device called Dynamic 

Articular Cartilage Test System (DACTS) to simultaneously apply compression and dynamic 

sliding forces onto cartilage explants. Thereby, this system mimics the in vivo joint kinematics 

forces, making it possible to investigate the cartilage responses and identify mechanical and 

biological mechanisms involved in cartilage degeneration [45]. High loads and slow sliding 

speeds applied on bovine femoral condyles resulted in highest cartilage deformations, but no 

significant correlation was found with the expression of genes involved in the matrix 

degradation process, like matrix metalloproteinases (MMP). More recently, a new and complex 

mechanobiological cartilage degeneration model was developed to predict the tissue 

composition changes after compression injury of bovine knee cartilage disks, followed by 

physiologically dynamic loading [46]. The cartilage disks with cracks showed extensive 
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chondrocyte cell death around the lesion and digital densitometry measurements indicated 

that the disruption of cartilage homeostasis led to loss of proteoglycans along the time. 

Moreover, this system suggests that the collagen density and collagen network are important 

factors that can affect cartilage loss. In that context, this model could help to recognize 

traumatic lesions that can progress to OA and could be applied for planning treatment and 

rehabilitation strategies.  

Overall, mechanical loading is an important element to study cartilage in vitro and is crucial 

to be incorporated in degenerative models. Moreover, Nickien et al., based on a systematic 

literature review highlighted that the structural changes following trauma and the outcomes, 

are directly dependent on the tissue used, the local where stress is induced and the 

mechanical loading applied in the experimental setup [47]. Also, a recent systematic review 

discusses the different types of shear bioreactors and the mechanisms regulating the effect of 

shear on chondrocytes [48]. 

One important issue, particularly to develop strategies for drug delivery into the joints, is 

the introduction of hydrodynamic stimuli in in vitro models, ideally combining them with 

mechanical loading forces. In the last year, an osteochondral ex vivo model was established 

with human biopsies cultured in a CellecBiotek perfusion bioreactor to provide specific-tissue 

nutrient media and bidirectional perfusion of signaling molecules, resembling the physiological 

microenvironment [49]. The osteochondral plugs subjected to a critical cartilage defect in the 

center, and filled with a hydrogel formulation based on GelMa in combination with human 

adipose-derived stem cells (hADSC) [49]. The tissue maintained its integrity and viability for 

28 days, and accumulated COL2 fibers, suggesting a hyaline-like cartilage. The results 

showed that this system is viable and may be a versatile tool to test biomaterials for cartilage 

repair and the impact of inflammatory microenvironments on cartilage degeneration and 

regeneration. 

Importantly, while intraarticular joint injection of drugs (corticosteroids, hyaluronic acid 

(HA) and platelet-rich plasma) is used as an adjuvant strategy to relieve pain in OA [50], little 

is known about the drugs penetration in cartilage tissue. Thus, the work of Spitters et al. set 

up an in vitro tool to predict the penetration of a drug, and the influenced of mechanical loading 

[51]. An hydrogel of poly(caprolactone-L-lactic acid)-poly(ethylene glycol)-poly(caprolactone-

L-lactic acid) (PCLA-PEG-PCLA), loaded with bromophenol blue (BPB), was placed on the 

surface of calves knees cartilage explants and compressed in a dual flow bioreactor. In static 

conditions, results demonstrated a higher BPB penetration in the cartilage from the BPB-

loaded hydrogel when compared with direct injection of dye in the synovial compartment. 

Moreover, continuous compression decreased the diffusion of the free-dye and promoted its 

accumulation in the cartilage superficial zone. This study suggests that after drug injection 

patients should avoid mechanical loading to potentiate its diffusion and penetration in the 
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articular cartilage. Furthermore, this system could be further optimized to study the drug 

diffusion in discontinuous compression and in scenarios where the arrangement of cartilage 

matrix is affected [51]. 

 
2.3. In vitro and ex vivo inflammatory articular models  

 
Several 3D models for studying cartilage inflammatory response have been reported 

(Table 1). To mimic the inflammatory microenvironment found in vivo, these models mainly 

rely on the exposure to pro-inflammatory cytokines, like IL-1b or TNF-a. These are important 

mediators of inflammatory articular disorders, like OA and RA and this approach allows for 

discerning the impact of each mediator on the cells and their signaling pathways, including 

those leading to the secretion of other inflammatory molecules often found in vivo. 

Nonetheless, adding a single cytokine to cartilage cells is a somewhat reductionist approach.  

More complex co-culture models of chondrocytes or explants with immune cells, namely 

macrophages or macrophage-like cell lines, have also been widely reported. The main 

advantage of such models is the interplay with the immune system, which is crucial in 

inflammatory conditions, while a main difficulty relies on uncovering the role of tissue and 

immune cells in the production of inflammatory and ECM-degrading mediators. 

In this section, the most commonly used in vitro models to mimic OA and RA and to study 

the cellular profile as a consequence of changes in the inflammatory environment are 

reviewed. 

 
2.3.1. Osteoarthritis  
 

For the develop of 3D cartilage models, as an alternative to OA animal models, different 

cell sources and biomaterials have been explored. Given the role of chondrocyte produced 

inflammatory mediators in OA development, most models use chondrocytes or their 

precursors, MSC, in presence of pro-inflammatory cytokines. Models using co-cultures with 

synoviocytes or immune cells are used to investigate the cross-talk between the key players 

in disease development and perpetuation. The choice between decellularized ECM and 

hydrogel materials as support, are the most common. As OA can be triggered by cartilage 

injury, explant models where cartilage defects are created constitute an interesting alternative.  

Galuzzi and colleagues reported a direct comparison between nasal and articular 

chondrocytes, on decellularized cartilage ECM versus combined silk/alginate microcarriers. 

The authors indicate that nasal chondrocytes proliferate better than articular ones, making 

them more suitable. As for the support material, while decellularized ECM provided a good 
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degeneration model, combined with IL-1b exposure, it requires a higher number of cells and 

long culture times. The authors propose to use a combination of decellularized ECM with 

alginate beads or silk/alginate microcarriers, as scaffolds for chondrocyte cultures. An 

advantage would be the possibility to cryopreserve beads and microcarriers for future use [52]. 

In an earlier study, bovine collagen-based scaffolds colonized by bovine articular chondrocytes 

and exposed to IL-1b were proposed as an in vitro model for OA as also to evaluate 

antagonists of IL-1 as anti-OA drug [53].  

To study early stages of OA, Blasioli et al. created a co-culture system using chondrogenic 

MSC-derived pellets, synovicytes and macrophages/monocyte cell lines [54]. The authors 

found that the co-culture of synovial fibroblasts with U937 cells, but not with THP-1 cells, 

produced secreted proteins at similar levels to those reported in the literature for OA synovial 

fluid. When incubated with the synoviocyte/U937 co-culture, the 3D chondrocyte pellets 

secreted higher levels IL-8 and MMP-1, released more GAGs, and increased the expression 

of ACAN and COL2, compared with pellets cultured with synoviocyte or U937 alone. Therefore, 

the cross-talk between U937 and synoviocytes had a impact on chondrocytes, and could mimic 

some of the proteins released during early stages of OA [54]. Also aiming to recapitulate the 

initial stages of OA, Sun et al. created a 3D cartilage tissue model, by culturing primary 

chondrocytes in silk protein porous scaffolds, to test the effect of pro-inflammatory mediators 

and of macrophage-conditioned media (MCM) [55]. The use of IL-1β/TNF-α cytokines, or the 

MCM protein cocktail, produced distinct cellular changes in the chondrocytes related to MMP 

expression, GAGs accumulation, collagen type X expression, and apoptosis. This model can 

be used to test the mechanisms of individual cytokines or cytokine combinations, which mostly 

resemble the in vivo scenario [55]. In line with this, Samavedi et al., created a 3D system to 

test the paracrine interactions between chondrocytes (healthy and from OA patients) with 

macrophages (normal and lipopolysaccharide (LPS)-activated) [56]. Both chondrocytes and 

macrophages were separately encapsulated within poly(ethylene glycol) diacrylate (PEGDA)-

based hydrogels, and placed in the bottom and upper transwell compartments, respectively. 

Interestingly, activated macrophages produced changes on chondrocytic anabolic, catabolic 

and inflammatory markers in both health and OA chondrocytes. On the other hand, a 

phenotypic shift was observed in the activated macrophages when co-cultured with the 

chondrocytes, as shown by an upregulation of IL-1β, Arginase-1 and Vascular endothelial 

growth factor-A (VEGF-A) expression. However, at the protein level, differences were found 

for IL-1β and VEGF-A, only when co-cultured with OA chondrocytes, and not when co-cultured 

with health chondrocytes. This system revealed that osteoarthritic chondrocytes co-cultured 

with non-activated macrophages express lower amount of matrix-degrading enzymes and 

some inflammatory proteins, compared with co-cultures of OA chondrocytes and activated 
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macrophages [56]. Overall, this in vitro model is suitable to understand the interplay between 

chondrocytes and macrophages with different phenotypic profiles.  

Future therapeutic approaches to regulate inflammation in the context of osteoarticular 

diseases, will likely involve targeted modulation of anti-inflammatory cytokine expression. 

Following this line of research, Broen et al., studied the effect of C-X-C motif chemokine 10 

(CXCL10) promoter to drive IL-10 expression [57]. Authors used a 3D micro-mass synovial 

membrane model, which was created with cells isolated from OA synovial tissue, containing 

fibroblast-like synoviocytes and macrophages, mixed using Matrigel. The 3D micro-masses 

were transduced with IL-10 lentivirus, under the inducible CXCL10 promoter, and stimulated 

with pro-inflammatory cytokines (TNF-α or IL-1β) or LPS. The transduction of 3D synovial lining 

for IL-10 expression, following pro-inflammatory stimuli, led to the production of pro-

inflammatory cytokines by the micromass. In the future, it would be interesting to use the same 

model and gene therapeutic strategies to evaluate other anti-inflammatory 

cytokines/chemokines [57]. 

Contrary to the conventional 3D systems using biomaterial-based scaffolds, Peck et al., used 

a 3D platform based on living hyaline cartilage graft (LhCG construct), previously developed 

by the same research group, to evaluate inflammation and to test effect of celecoxib, a 

commonly used drug for OA treatment [58]. The 3D LhCG construct is composed solely by 

chondrocytes and their secreted ECM components, forming a biomaterial-free cartilage tissue, 

which was co-cultured with either LPS-stimulated macrophages or with non-activated 

macrophages, without direct cell-cell contact. Authors found differences in ECM components, 

particularly in GAGs and collagen. Interestingly, the drug celecoxib reduced prostaglandin E2 

(PGE2) and nitric oxide (NO) production and inhibited MMP-1 and MMP-3 expression, which 

indicates this model is a valuable tool to evaluate drug responses [58]. 

Also, cartilage ex vivo explant models have been used to investigate inflammation in OA, 

in particular combined with exposure to inflammatory cytokines or LPS, and with results similar 

to some of the in vitro work discussed above. A recent work, investigating why autologous 

chondrocyte implantation in OA fails, reported a knee-specific bioreactor using bovine articular 

chondrocytes cultured in a fibrin-polyurethane scaffold and activated by exposure to TNF-a. 

The authors claim that in this simulated autologous chondrocyte implantation model, TNF-a 

negatively affected chondrogenesis and its inhibition, combined with compression and shear 

load, improved chondrogenesis in OA environment [59]. Also, work by Haltmayer and co-

workers showed in a model using horse osteochondral explants, where OA was induced by 

partial thickness defect in presence of pro-inflammatory cytokines (TNF-α and IL-1β), that 

MMP and IL-6 expression were increased upon OA induction, and co-culture with synovial 

membranes increased nitric oxide levels indicating M1 synovial macrophage polarization and 

improving the similarity of the model to physiological OA [60]. Two recent studies used a 
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human OA cartilage explant model to demonstrate that exposure to Lumican, a small leucine-

rich proteoglycan that the author found up-regulated in OA patient serum, when combined with 

LPS could activate cartilage degradation, with loss of proteoglycans, downregulation of Coll 

type II,  and surface fibrillation [61]; and that physiological compression could modulate the 

inflammatory microenvironment and ECM composition [62]. 

 
2.3.2. Rheumatoid arthritis  

 

For RA, the co-culture of cartilage, synovial, and preferably also immune cells, is required 

to build a meaningful in vitro model. The use of patient-derived cells, and activation of cartilage 

cells directly by immune or synovial cells are the most widely used approaches. Some studies 

develop both OA and RA models, as is the case for the LhCG prototype described above 

served as a base to create an interactive in vitro tri-culture platform for RA modelling [63]. In 

this model, the authors used primary chondrocytes isolated from knee cartilage of old pigs, the 

SW982 cell line that is derived from synovial carcinoma, and the THP-1 macrophage-like cell 

line. Chondrocytes were activated by the presence of synoviocytes and macrophages, 

increasing apoptosis and changing gene expression profile from ECM (COL2 and ACAN) 

producing to increased inflammation (TNF-a, IL-1b, IL-6 and inhibitor of nuclear factor-kappa 

B (NF-κB) kinase subunit beta (IKBKB)) and tissue degrading enzymes (MMP and ADAMTS). 

The model was also shown to respond to RA drug celecoxib [63]. Further validation of this 

model could provide an important in vitro tool to screen new drugs for controlling macrophage 

activation and cartilage degradation in RA.  

RA in vitro models are also used to study mechanisms associated with different drugs. 

Andreas et al. evaluated the transcriptome profile of human chondrocytes harvested post 

mortem, from knee condyles of donors without cartilage disease, that were cultured in alginate 

beads and stimulated with the secretome from healthy donor or RA synovial fibroblasts, with 

or without treatment using disease-modifying anti-rheumatic drugs [64]. The 3D chondrocyte 

alginate beads responded to fibroblast-drug treated secretome by changing the molecular 

expression of genes associated with suppression of specific immune responses (ciclo-

oxigenase-2 (COX-2), IL-23A, and IL-6) and activation of cartilage regeneration [64]. The same 

research group had previously demonstrated the potential of this model for the study of 

genome-wide differential expression of chondrocytes after co-culture with supernatants of 

immortalized synovial fibroblasts derived from healthy donors and RA patients, showing 

different secreted levels of IL-6, CXCL8, chemokine C-C ligand 2 (CCL2) and CXCL1–3 

proteins. Consequently, the 3D alginate cultured chondrocytes showed differences in NF-κB 
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signaling, cytokines/chemokines and receptors, immune response, MMPs, chondrocyte 

apoptosis, and suppressed ECM synthesis [65]. 

Angiogenesis occurs at early stages of RA, and targeting vessel growth can open new 

avenues for the treatment of this disease. To study vascularization, Maracle et al. created a 

3D spheroid model combining RA fibroblast-like synoviocytes (RAFLS), endothelial cells, and 

RA synovial fluid [66]. Spheroids combining human umbilical vein endothelial cells (HUVEC) 

line and RAFLS were able to form sprouts even without any stimulatory condition. To mimic 

the inflammatory environment of the RA synovium, RA synovial fluid was added to the 

spheroids, which lead to an increase in vessel formation. However, this effect was attenuated 

by the anti-angiogenic compound anginex. Furthermore, this model was used to study the non-

canonical NF-κB signaling in angiogenesis, and the pharmacological NF-κB inducing kinase 

(NIK) inhibitor, blocked neovascularization via this signaling pathway [66]. The incorporation 

in this model of distinct immune cells populations would be a refinement to better characterize 

RA mechanisms. A distinct 3D model was stablished by Ruger et al. to studied 

neovascularization in the context of chronic diseases, using 3D fibrin-based matrices that were 

embedded with freshly excised synovial tissue of RA and OA patients [67]. This lead to the 

development of vascular structures preceded by egress of inflammatory cells, but no difference 

was found in vascular outgrowth between RA and inflammatory OA patients samples. Also, 

with the progression of neo-vessel growth, VEGF secretion was increased. Furthermore, 

authors established a second model based on co-cultures of MSC and peripheral blood 

mononuclear cell  in the fibrin matrices, which might be useful for testing the cooperation 

between MSC and immune cells [67]. Globally, these models are at the initial stage of transition 

from 2D to 3D models [68] for the study of inflammatory processes in osteoarticular research. 

 
2.4. In vivo models for cartilage repair studies  

 

Animal models are widely used to study cartilage response to injury and test new 

repair/regeneration strategies (Table 2). For a comprehensive review on strengths and 

limitations of articular cartilage in vivo models for regenerative medicine please see.[69] The 

most employed methodology for in vivo models of cartilage repair is the creation of surgical 

focal defects in the knee’s cartilage [70]. However, all small or larger animal models have 

advantages and limitations that need to be critically evaluated, making the best choice based 

on the research question being addressed [69, 71]. In the case of cartilage repair research 

three main important factors need to be considered: the size of the joint, the cartilage thickness 

and intrinsic healing ability of that cartilage  

The rodent and rabbit models have anatomically small size joints and articular cartilage 

thickness, compared to humans [72]. These factors impair the feasibility and reproducible of 
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created cartilage defects, in spite of the automatic technologies available to perform them [73], 

and limit the size and depth of defects that can be performed [74]. Moreover, the few cell layers 

which compose the cartilage in these models [75] and the remarkable spontaneous healing 

potential [76] are significant drawbacks, which limit their use as translational models for 

articular cartilage in humans [70a]. Nevertheless, rodents and rabbits remain the most popular 

animal models for OA [77] and RA induction models. These can provide pre-clinical testing in 

inflammatory conditions, for articular repair/regeneration strategies being developed.  

The type II Collagen-Induced Arthritis (CIA) model in the mouse or rat are the most widely 

used RA in vivo models.  While the size of joints in the mouse impairs its combination with 

articular defects, the rat CIA model is starting to be used to investigate articular repair in 

inflammatory conditions. The work of Liu et al., using the classical CIA model in rats, test a 

novel approach by the combination of microfracture and local bone marrow MSC 

transplantation within a biodegradable poly lactic-co-glycolic acid (PLGA)-b-PEG-b-PLGA 

thermogel for the treatment of arthritis. In fact, the combination group (microfracture and MSC-

thermogel) showed a reduction in the joint swelling and the levels of inflammatory cytokines 

(IL-1b and TNF-a) at local and systemic level. Moreover, the implantation of MSC loaded in 

thermogel delay the progress of synovial hyperplasia and cartilage destruction [78]. Recently, 

our group explored the combination of CIA model with a critical size osteochondral femoral 

defect, which can be used to address simultaneously bone and cartilage repair/ regeneration 

in the CIA inflammatory context [79]. 
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Table 2| Cartilage models for testing biomaterials in vivo.  
Species/animal model Advantages/limitations Biomaterial/structure Main findings Reference 

Immunodeficient 
subcutaneous mouse 
model 

Proof of concept of 
osteochondral tissue formation. 
Ectopic model. 
Not suitable for inflammation 
studies. 

Trilayer scaffold  
This scaffold supported and stimulated the deposition of 
GAGs, COL2 in the top of middle layers and the formation of 
stratified cartilaginous-like tissue. 

[80] 

Subcutaneous pig 
model 

Evaluation of tissue-engineered 
cartilage construct in an 
immunocompetent 
environment. 
Ectopic model. 

Polyglycolic acid (PGA)/ 
Polylactic acid (PLA) scaffold 
seeded with BMSC and auricular 
chondrocytes (alone or in 
combination) 

BMSC-based engineered cartilage showed higher suppressed 
of inflammation induced by the PGA/PLA scaffold 
implantation, by increased M2 polarization of macrophages, 
resulting in better tissue survival. 

[105] 

Subcutaneous HLA-A2+ 
humanized mouse 
model  

Preclinical tool to investigate 
the human immune response to 
biomaterial-cartilage 
constructs. 
Ectopic model. 

Agarose hydrogel combined with 
human articular chondrocytes 
(HACs, from HLA-A2- or HLA-
A2+ donors) 

The implantation of allogenic chondrocytes seeded in agarose 
hydrogel did not cause an exacerbated inflammatory 
response. Chondrocytes displayed the typical morphology and 
produced COL2.  

[110] 

RH-Foxn1 rnu/rnu nude 
rat and sheep models 
of intra-articular 
osteochondral defect  

Preclinical safety evaluation in 
small and large animal models. 
Biomaterial Intra-articular 
implantation. Nude rats not 
suitable for inflammation 
studies. 
Different in cartilage 
thicknesses. 

ARtiCAR 
Good integration of ARtiCAR in the host tissue. This system 
provided subchondral bone formation and osteochondral 
defect remodeling.  

[81] 

Rabbit model of 
humeral-head excision  

Larger joint size and thicker 
cartilages (compared with mice 
and rats). 
Cartilage spontaneous healing 
potential in the rabbit is the 
main limitation.  

3D scaffold of poly-e-
caprolactone and hydroxyapatite 
adsorbed with TGFb3 

TGFb3 recruited the endogenous cells to the scaffold 
microchannels and potentiate the deposition of COL2 and 
ACAN and repair of the humeral articular surface.  

[88] 

Rabbit model of knee 
cartilage defect  

KGN-loaded PLGA nanoparticles 
integrated in acrylated HA-
injectable hydrogel  

This delivery system promotes the defects recovery with a 
tissue similar to the native cartilage. The biomechanical 
properties were strong enough to withstand the exterior 
pressure. 

[90] 

3D printing of silk-fibroin-gelatin 
(SFG) scaffold and SFG 
functionalized with E7 peptide 
 
 
 (SFG-E7) both in combination 
with MSC 

SFG and SFG-E7 are suitable 3D microenvironments for MSC 
recruitment, proliferation, differentiation and ECM production. 
The defects filled with SFG-E7 showed neo-cartilage 
formation, similar to the native cartilage. 

[107] 
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Species/animal model Advantages/limitations Biomaterial/structure Main findings Reference 

Rabbit model of full-
thickness cartilage 
defects  

Hydrogel scaffold of 
decellularized cartilage ECM with 
BMHP-functionalized self-
assembling peptide 

Increased the recruitment of CD29 and CD90 positive cells 
and upregulated the levels of ACAN, SOX9 and COL2, 
allowing cartilage repair without cell transplantation. 

[91] 

Silk fibroin and silk fibroin-
chondroitin sulfate (CS) scaffolds 
seeded with human articular 
chondrocytes   

Silk-CS scaffolds induced higher neo-tissue (subchondral 
bone and cartilage-like tissue) formation and better structural 
restoration and integration than the silk scaffold.  

[86] 

Rabbit model of knee 
osteochondral defect 

3D-printed Sr5(PO4)Sio4 
ceramic scaffold 

The scaffold filled the defects with well-integrated newly 
formed bone and cartilage-like tissues. Sr and Si ions 
stimulate cartilage and subchondral bone reconstruction by 
activating HIF pathway and Wnt pathay, respectively. 

[109] 

Rabbit knee critical size 
osteochondral defect 
model 

Bilayered silk/silk-nano calcium 
phosphate (Cap) porous scaffold 
seeded with MSC 

The silk-nanoCaP layer showed new bone ingrowth and 
formation of new vessels. The silk layer showed neocartilage 
formation with GAG and COL2 positive staining. 

[87] 

Sheep model of full 
thickness chondral 
femoral condyles defect 

Larger pre-clinical model 
Larger joint size and thicker 
cartilages and lower 
spontaneous repair capacity 
(compared to rodents).  
Variability in cartilage 
thickness. 

HA-GelMA bioink with allogenic 
adipose-derived MSC 
encapsulated 

The 3D in situ bioprinted scaffold showed a better formation of 
hyaline-like cartilage tissue and chondral defect restoration.  

[99] 

Equine model of full-
thickness cartilage 
defect  

Similar cartilage thickness to 
humans. Good model for 
chronic cartilage defects. 
Biomechanical loading in the 
knee is not comparable to 
humans. 
 

BioCartilage with platelet-rich 
plasma  

Improve cartilage repair compared with microfracture alone, 
through the increased production of COL2.  

[98] 
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Other simpler models are also used to test ectopic cartilage/osteochondral tissue 

formation. The work of Kang and co-workers, used an immunodeficient subcutaneous mouse 

model, to investigate the potential of a trilayer scaffold for tissue formation [80]. The pore-

architecture organization of the layers were design specifically to bone tissue (acellular bottom 

part) and cartilage (middle and top parts) by the insertion of hMSC and bovine chondrocytes 

(middle layer) or hMSC aggregates (top layer) to support and stimulate bone and cartilage 

formation. Results showed deposition of GAGs, CII and lubricin-rich surface in the top of 

middle layers and formation of stratified cartilaginous-like tissue 8 weeks post-implantation in 

the subcutaneous model. Despite the encouraging results, the subcutaneous immunodeficient 

mouse model does not directly address the potential of the developed material to promote 

osteochondral regeneration and repair, only its ability to induce relevant cell differentiation. 

Furthermore, it will be important investigate the efficacy of the microporous scaffold in a load-

bearing articular-joint model [80]. More recently, in a more appropriate animal model, Keller 

and colleagues also developed a bilayer innovative system called ARTiCAR (ARTicular 

Cartilage and subchondRal bone implant) which is composed by two different compartments: 

i) a wound dressing made of nanofibrous Poly-e-caprolatone nano-functionalized with bone 

morphogenic factor protein 2 (BMP2) and ii) an injectable hydrogel of alginate and HA mixed 

with bone marrow-derived MSC [81]. The ARtiCAR implantation in a model of induced intra-

articular osteochondral defect in RH-Foxn1 rnu/rnu nude rats or in sheep provided a correct 

subchondral bone formation and remodeling of the osteochondral defect with a good 

integration of the graft in the host tissue after 26 weeks. Considering the good results, the 

authors suggest the product for phase I clinical trials as a strategy to treat localized 

osteochondral defects [81]. The use of transgenic mouse models could provide insights to the 

signaling mediators involved in cartilage degeneration/regeneration in disorders like OA. 

Saklatvala´s research lab used a model of mechanical injury on articular cartilage that 

predisposes to OA that directly activates inflammatory signaling, in both porcine cartilage 

explants [82] and mice explants and in vivo [83]. The upstream mechanisms have been later 

explored by Ismail et al. using cartilage explants of a cartilage-specific TAK-1–null mice, 

MyD88-null and TRAF6-null animals [84]. The authors show that TAK-1 and K63 

polyubiquitination are required for injury-induced signaling. Specifically, knock-out of TAK-1 in 

cartilage prevented JNK activation in response to epiphyseal avulsion [84]. Considering TAK1 

is involved in the response to distinct stimuli and signaling pathways (eg., DNA damage repair 

and hypoxia response) [85], it would be interesting for future studies to test the impact of 

cartilage-specific TAK1- knockouts in other OA models.  

The New Zealand white rabbit osteochondral defect has been widely used for in vivo 

testing of biomaterials destined to articular repair, albeit defect dimensions are variable 
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between studies. Zhou et al., reported a silk fibroin-chondroitin sulfate scaffold as capable to 

reduce human chondrocyte activation, induced by exposure to IL-1b in vitro, and promoting 

cartilage repair in the rabbit osteochondral defect model [86], while Yan et al., used rabbit 

chondrocytes for in vitro tests, before in vivo implantation of silk and silk-nano calcium 

phosphate (CP) bilayer scaffolds, both subcutaneously, to study the inflammatory response 

and in the osteochondral defect, to show cartilage repair in the silk layer and new bone 

ingrowth in the silk-nano CP layer [87]. Lee et al., based in layer-by-layer bioprinting 

techniques, constructed a microchannel 3D scaffold composed by poly-e-caprolactone and 

hydroxyapatite adsorbed with TGFb3, with one intramedullary stem structure for in situ fixation 

[88]. The biomaterial implantation in a humeral-head excision model, in New Zealand white 

rabbits, showed articular surface repair after 4 months with greater matrix density and 

thickness with continuous distribution of COL2 and ACAN and superior viscoelastic properties 

than the TGFb3-free scaffolds. This work suggests that endogenous cells were recruited by 

TGFb3 to the scaffold microchannels, which act as platform for cell homing, diffusion and 

differentiation, potentiating the repair of the humeral articular surface [88]. Based on the 

knowledge that katrogenin (KGN) induce chondrogenesis by the stimulation of RUNX family 

[89], Shi et al., design a system of KGN-loaded PLGA nanoparticles integrated in acrylated HA 

injectable hydrogel for a sustained release of KGN [90]. The action of this delivery system was 

tested in a knee cartilage defect rabbit model and induced almost fully recovered of the defects 

after 12 weeks, with tissue histologically similar to the native hyaline cartilage and 

biomechanically strong enough to withstand the exterior pressure. Also, Lu and co-workers, 

developed an oriented acellular cartilage matrix (ACM, based on decellularized porcine 

cartilage slices), combined with bone marrow homing peptide (BMHP)-functionalized self-

assembling peptide (SAP) to fill cartilage defect, in order to increase the recruitment of 

endogenous stem cells for enhancing cartilage regeneration [91]. After 7 days of implantation 

into rabbit full-thickness cartilage defects double-positive CD29 and CD90 cells could be 

observed in the composite hydrogel scaffold, with significant upregulation of cartilage-

associated genes (ACAN, SOX9 and COL2). Analysis at 3- and 6-months post-surgery 

showed full recovery of the defect with new tissue similar to surrounding cartilage, indicating 

that functionalized scaffolds are a great promise for homing stem cells, triggering cartilage 

repair without cell transplantation [91]. 

Despite the valuable knowledge produced by the rodent and rabbit models, large animal 

models like dogs, pigs, sheep, goats and horses provide larger joints with thicker cartilage, 

providing the possibility to perform critical size defects with dimensions more comparable to 

the human lesions, resulting to more relevant data [70a]. More importantly, their cartilage repair 

mechanisms are more similar to those observed in humans, making them more attractive 
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models for cartilage research [71, 92]. Miniature Vietnamese pigs have been used as models 

to address the biology of OA upon unilateral partial meniscectomy. The defect performed led 

to pathological changes in cartilage that closely resemble human OA, such as fibrillation, 

chondrocyte cluster formation, upregulation of MMP-3, MMP-13, procaspase-3 and IL-1β and 

a decrease in the ECM proteoglycan content. Altogether, the results suggest that this can be 

a useful model for the study of OA physiopathology but also for preclinical studies to address 

the potential of new biomaterial-based therapies [93]. Anterior cruciate ligament injury has also 

been proposed as a model of post-traumatic OA in minipig. Results show significant cartilage 

ECM damage, reduced aggrecan and increased gene expression of MMPs. The authors 

wanted to ascertain the role of  pro-inflammatory mediators and found increased pro-

inflammatory cytokine levels, including IL-1b, IL-6 and TNF-a in the synovial fluid [94]. More 

recent, transcriptional profiling results showed matrix degradation pathways upregulated, 

particularly MMPs, which was accompanied of GAG loss in the knee cartilage ECM [95]. More 

recently, Lee and colleagues have also used mini pigs to establish a CIA porcine model. After 

immunization with collagen type II an onset of arthritis was established. Symptoms associated 

with RA, such as joint swelling and degraded cartilage, among others, were observed, 

demonstrating the suitability of this test system as a large animal model for RA [96].  

Some animals, like dogs [97] and horses [74], are naturally affected with cartilage defects 

resulting from OA. Fortier and co-workers demonstrated recently in an equine model that 

BioCartilage, a product containing desiccated, micronized allogenic cartilage, in combination 

with platelet-rich plasma improved the clinical outcomes of a large-scale cartilage defects and 

can act as adjunct to the classically bone marrow stimulation by microfracture [98]. 

Furthermore, at least of 13 months after implantation no evidence of infection or inflammation 

were observed and histologically this approach shows to be more effective in repair-host 

integration, and produced COL2 in the proximal defects when compared to microfracture alone 

[98]. More recently, an innovative approach based in in vivo 3D printed bioscaffold was studied 

in a sheep model to evaluate their application for repair of full-thickness chondral femoral 

condyles [99]. The scaffold composed by HA-GelMA bioink and allogenic adipose-derived 

MSC encapsulated was “live” printed, using a hand-held bioprinting device called biopen [100], 

directly in the chondral defects. After 8 weeks the results of histology and 

immunohistochemistry (COL2 and COL1) showed better formation of hyaline-like cartilage with 

restoration of columnar chondrocyte distribution in the animal group treated with the bioscaffold 

when compared with microfracture or untreated groups, but more interestingly also better than 

the group implanted with preconstructed bench-based printed bioscaffold. The key findings of 

this pilot study clearly reveal a safe and very promising technology which can revolutionize the 

bioprinting techniques for clinical application [99]. 
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Although larger animals have a greater translational value to the human clinical situation, 

and can themselves benefit from developed therapies, slow progression of the disease, 

implying longer times and higher variability in terms of outcome [77] and the financial, logistical 

and ethical considerations limit their use in preclinical studies [70a], reinforcing the importance 

of having good in vitro and ex vivo models to minimize the use of animal models.  

  

3. Conclusions and future perspectives 
 

Repair and regeneration of the articular system remains a large unmet clinical need. 

Current solutions either tackle symptoms, like the use of anti-inflammatories to reduce pain, or 

surgically remove damaged tissue and replace it with a mechanical protheses that can allow 

for some mobility of the joint, but removes any chance of tissue repair and regeneration. 

Cartilage regeneration is particularly challenging due to their low cell numbers, lack of 

vascularization and dense ECM. In this line, the development of new therapeutic approaches 

relies on appropriate in vitro, ex vivo and in vivo models that improve our knowledge of articular 

biology and allow for meaningful pre-clinical testing. 

Animal model experimentation evaluates local and systemic impacts of tissue 

injury/degeneration, and is required for pre-clinical testing of new medicines and therapeutic 

strategies. However, in vitro/ex vivo models may come to replace a large portion of the 

research thus far conducted in animals. Advanced ex vivo and in vitro models using human 

cells integrated in a 3D microenvironment with the right ECM cues, and combined with other 

essential key players, like immune cells, are at early stages. However, these combination 

models will be decisive for mimetizing the in vivo complexity. Moreover, multiorgan response 

analysis will then be possible by their incorporation in organ-on-a-chip and body-on-a-chip 

platforms. This will improve our ethical use of animals and the translation to humans of new 

medicines and therapeutic strategies, and is particularly important for applications and 

disorders where existing animal models are not adequate.  
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1. Rheumatoid arthritis as a model for osteoarticular repair and regeneration in 

inflammatory conditions 
 

Musculoskeletal disorders represent a threat to healthy ageing worldwide [1], and 

according to the World Health Organization (WHO) are the leading contributor to population 

disability. 

In healthy conditions, inflammation and immune response plays an important roles in 

driving tissue repair and regeneration, but sustained inflammation impairs the healing process 

and its resolution is paramount to restore tissue homeostasis [2]. Thus, the repair/regeneration 

of osteoarticular tissues remains a major clinical challenge, especially in a context of 

inflammatory musculoskeletal disorders.  

Among the several known musculoskeletal disorders, the WHO consider rheumatoid 

arthritis (RA) one of the most disabling inflammatory conditions that affect joints. In fact, RA is 

characterized by cartilage and bone damage that ultimately leads to joint destruction, mediated 

by the pro-inflammatory environment created by immune cells and cytokines/chemokines that 

they produce [3]. This milieu, promote persistent osteoarticular destruction and created an 

unfavorable environment for their tissue repair in RA [4, 5], thus remains an important issue to 

study. Therefore, in this work we explore RA as a disease model to develop a new strategy 

that allows studying the osteoarticular tissue repair/regeneration process under inflammatory 

conditions.  

 

In the next sections we contextualize different aspects of RA, with particular focus on its 

pathogenesis and impact on the osteoarticular tissues. 

 
1.1. RA: the social-economic problem 

 
RA is an autoimmune inflammatory joint disorder which causes cartilage and bone 

damage, pain and disability [6]. RA prevalence, between 0.5 and 1.0%, and incidence, 24-45 

per 100 000 person-years worldwide, have been described as relatively constant [7-9]. 

Nevertheless, variations in the incidence and prevalence of RA according the geographic 

distribution and population ethnicity, have been reported [10].  

In North America and Northern Europe, RA incidence is estimated around 20 to 50 cases 

per 100 000 persons and a prevalence between 0.5 -1.1% [8, 9, 11]. The highest prevalence 

of RA cases are reported in certain native American-Indian populations, such as Pima Indians 

and Chippewa Indians with a prevalence 5 to 6 times more than globally estimated [8]. In 
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contrast, epidemiologic studies focused on the populations of South Africa [12] and Nigeria 

[13] show that RA is a rare disease in these regions, and similarly there is very low prevalence 

(0.2-0.3%) registered in the Southeast Asia [14, 15]. The most recent update data [16] reveals 

a global increase (around 8%) in RA prevalence and incidence rates, between 1990 and 2017, 

especially in countries such as Canada, Paraguay and Guatemala. Regarding the age and sex 

patterns of the disease, this systematic analysis shows an increase of the prevalent cases with 

age for both males and females, until reach a peak around 60-64 years, but the prevalence 

rate is clearly higher in females [16]. In Portugal, the data of Sociedade Portuguesa de 

Reumatologia estimates that RA affect around 0.8-1.5% of the population, similar to what is 

described in the global context. Globally, RA is around two-three times more common in 

females than males [17, 18] in developed countries. Disease onset is usually around 30 and 

40 years of age, and incidence generally decreases around the seventh decade of life [19], 

thus impacting patients working life.  

RA is a chronic and disabling disease with a major social-economic impact on healthcare 

care resources [20]. In fact, is challenging estimate the costs incurred specially because they 

encompassing the health care resources, both for patients and their caregivers, as well as for 

health care services, which can increase according to the age and disability level of the 

patients, namely with medication and related to hospitalization [20, 21]. In Europe the mean 

annual of overall cost per patient was estimated around 13.500€, being one-third linked directly 

to treatment and medical care [22].  

 
1.2 . Etiology, risk factors and diagnosis 

 
The cause of RA remains a complex and poorly understood question, but it has been 

reported that a combination of genetic, environment and/or lifestyle factors could play an 

important role in triggering it [23].  
Genetics is described as the most important factor in determining the development of RA 

with an estimated impact of 50% to 60% on disease susceptibility [24-26]. Over forty years 

ago, serologic studies identified an association between the human leucocyte antigen (HLA) 

genome region, which is important in cellular interactions and regulation of the immune 

response, and RA [27-29]. Remarkably, HLA-DRB1 is the most strongly gene associated with 

RA susceptibility, being consistently identified in all affected populations studied [9, 30]. 

Moreover, the HLA-DRB1 locus has been implicated in disease development and strongly 

correlated with more severe joint damage manifestations as also increased mortality rate [31, 

32]. 
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Despite the strong evidence that HLA-DRB1 contributes to disease risk, this locus does 

not entirely explain the genetic RA susceptibility. PTPN22 and TRAF1 genes that are involved 

in the regulation of lymphocyte activation and mediation of tumor necrosis factor (TNF) 

transduction signal [33], respectively, are considered the second and third strongest 

susceptibility association with RA [34]. In fact, along the years lists of several other genetic 

variations and polymorphisms have been reported in genome wide analysis studies, and 

correlated with RA pathogenesis, disease phenotype and response to therapy [28, 34].  

Individuals with inherited genetic alterations (as the examples mentioned above), when 

exposed to certain environmental factors might increase the risk of RA development [23]. 

Although several environmental elements have been reported in this context, only some exhibit 

clear and consistent evidences of association. Many different epidemiological studies 

(reviewed in [35, 36]) have demonstrated that cigarette-smoke exposure is associated with 

musculoskeletal disorders and reported as the main environmental factor consistently linked 

to RA [9, 37, 38]. The risk is approximately twice in smokers than for non-smokers, 

dose/duration exposure are related, and it contributes with up to 25% of the population burden 

of RA [36, 38, 39]. Exposure to cigarette-smoke is known to activate endogenous sources of 

free radicals and can affect RA-associated autoantibodies production, which may act at cellular 

and humoral level of the immune system leading to a systemic pro-inflammatory state [36, 40, 

41]. Moreover, an interactive effect between cigarette-smoke and genes like HLA-DRB1 

PTPN22 has been described to impact RA pathogenesis [41].  

Since the fifties that occupational risks, namely work exposure to silica dust within mining 

industry, appear to be a higher risk of RA [42]. This first observation was supported by a 2005 

study, which showed that men who worked in mining industry had a three times higher risk of 

developing RA [43], which has been corroborated by other more recent studies [44-46]. Other 

chemical agent linked with RA development is the mineral oil [47, 48]. In fact, previous 

experimental studies described the administration of mineral oils as capable to act as adjuvant 

to activate the immune system and subsequently induce polyarthritis in rats [49-51]. Thereby, 

the environmental or occupational agents referred might be antigenic per se or they can also 

act as immunological adjuvants, starting and leading to an enhanced inflammatory response 

[47]. 

As mentioned above, in subsection 1.1, RA is more prevalent in women than men, which 

is suggestive of endogenous sex hormones involvement in this autoimmune disease. In 

general, it has been suggested that estrogens have a dual (stimulatory and inhibitory) effect 

on immune system [52], depending on the reproductive stage, while androgens exert an anti-

inflammatory role [53]. In women, the peak of RA incidence coincides with the time of 

menopause [54] when the ovarian production of estrogen, progesterone and adrenal 

androgens decrease markedly and contrarily pregnancy and breastfeeding have been 
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described as protective factors for the disease activity [54], associated with higher hormone 

levels [55, 56]. In the case of men, lower levels of androgens, particularly testosterone, in 

synovial fluid and serum [57, 58], have been described in RA patients, and implicated in the 

disease phenotype manifestation [57, 59]. Hormonal replacement strategies both in woman 

[60] and men [61, 62] showed a reduced risk as well as a protective effect on the development 

of RA.  

Overall, is important to highlight that studies in the context of susceptibility risk to RA may 

be influenced by: the study methodology; genetic background and lifestyle of the population; 

RA phenotypes stratification; and by not exclude potential confounders factors. Thus, is 

expected that in future years will be clearly elucidated more about risk factors in the etiology 

of RA and adopt more disease prevention strategies.  

 
1.2.1. Diagnosis 

 

The evaluation and RA patient diagnostic require a careful interpretation of different 

elements, such as clinical symptoms, physical examination, laboratory blood tests and joints 

imageology.  

A patient with RA may go through several stages since the appearance of symptoms until 

an effective diagnosis. Initially, the symptoms may just be pain with gradual and cumulative 

effect in small joints before spreading to the larger joints [63, 64]. This is accompanied by 

history of morning joint stiffness and tenderness, as a consequence of the synovium 

inflammatory process, which in up to one-third of patients may trigger to fatigue, general 

malaise and inability to perform ordinary tasks [64-66]. Typical examination findings include 

swelling, pain and warmth of multiple joints in a bilateral and symmetric pattern, commonly 

observed both in small (metacarpophalangeal, metatarsophalangeal, proximal 

interphalangeal, and wrist joints) and large (ankle, knee, elbow, and shoulder) joints [66-68]. If 

these symptoms have been present for more than several consecutive weeks, doctors may 

consider as specific symptoms to RA. 

Despite there being no single test to confirm RA diagnostic, several biochemical 

parameters can be measured to aid in the diagnosis and monitoring of RA.   

This inflammatory autoimmune disease is characterized by the presence of 

autoantibodies, such as rheumatoid factor (RF) or anti-citrullinated protein antibodies (ACPA) 

(recently reviewed in [69]) in blood [70]. However, based on the detection of these 

autoantibodies, RA patients can be subdivided in autoantibody positive or negative and 

classified as seropositive or seronegative patients, respectively [71].  

RF is an autoantibody which recognizes domains of fragment crystallizable region from 

human immunoglobulin G and are locally produced by B cells present in inflamed RA synovium 
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[72, 73]. Since 1987 was included in the classification criteria for RA by the American College 

of Rheumatology (ACR) [74] and is one of the most widely used serological methods to identify 

RA, with an overall sensitivity from 60-90% and specificity of 85% [71, 73]. However, its 

specificity for RA is limited, because RF can be also detected in serum of patients with other 

autoimmune conditions, infections and inflammatory diseases, and even in healthy individuals 

[72, 73].  

ACPA antibodies have been included in RA classification criteria as markers with good 

diagnostic and prognostic value. They belong to the family of antibodies against epitopes 

containing the amino acid citrulline, including anti-perinuclear factor, anti-keratin and anti-

filaggrin, and which result from a physiological process denominated citrullination during 

keratinization of epithelial cells, inflammation and apoptosis [75]. Under inflammatory 

conditions the citrullination process is increased, and consequently high amounts of soluble 

citrullinated proteins are identified in inflamed synovial tissue, as well in the extravascular fibrin 

deposits in RA joints [76-78]. Similarly, to RF, the presence of ACPA does not exclude other 

autoimmune disorders, such as systemic lupus erythematosus. However, several studies 

report a comparable sensitivity to RF but a higher specificity, with higher titers of ACPA being 

almost exclusively observed in RA patients [79].  

In clinical practice, it is recommended to measure RF and ACPA in combination because 

these two markers together improve diagnostic accuracy, especially in detection of early 

rheumatoid arthritis [73] and also may predict a more severe disease course [72]. Classically, 

patients with ACPA and RF in blood are defined as seropositive and show a poor prognosis 

compared to seronegative patients [80]. 

Furthermore, is recommended that laboratory tests should also include complete blood 

count (CBC) with differential, serum c-reactive protein (CRP) and erythrocyte sedimentation 

rate (ESR) [66]. The CBC with differential is a simple blood test that measures the number of 

red cells, white cells and platelets in circulation [81]. It is one common medical multiparameter 

test used to screen a wide range of medical conditions including hematological and 

inflammatory diseases [81]. In RA, the CBC can reveal some abnormal values associated with 

anemia, increased white cells count and thrombocytosis consistent with chronic inflammation 

[82-84]. CRP is a protein produced in liver hepatocytes but also by smooth muscle cells, 

macrophages, endothelial cells, lymphocytes and adipocytes [85] which increases dramatically 

in response to injury, infection and inflammation reason why is manly classified as an acute 

inflammatory marker [86]. Similarly, ESR test is considered an indirectly indication of 

inflammation and consists in a simple method to determine the rate of erythrocytes 

sedimentation after one hour, in a vertical column of anticoagulated blood, under the influence 

of gravity [87]. In both CRP and ESR, higher values have been associated to RA [88-90] and 
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they are actually part of the ACR core data set to suggest an RA diagnostic and for measuring 

disease activity score [84, 91]. 

Joint structural alterations and damage can appear early in RA [92]. Therefore, the use of 

image-based techniques (i.e. radiography, ultrasound, magnetic resonance imaging (MRI) and 

computed tomography scan, etc.) can greatly improve RA diagnostic, and according the 

EULAR (European League Against Rheumatism) recommendations are very useful to monitor 

disease progression and additionally predict response to treatment [92]. 

 

Taking into consideration the elements discussed above, in 2010 a collaborative effort 

between ACR and EULAR, established a new classification criterion for RA with special focus 

on identifying and diagnosing RA patients at an earlier stage of the disease [93] (Table 1). This 

ACR/EULAR criteria can be applied to patients with at least one involved joint defined as 

clinical synovitis, not associated to other disease, and recommended that diagnostic process 

should take in consideration the main symptoms and signs, specifically the joint involvement; 

serology; acute-phase reactants and duration of symptoms, to discriminate the patients 

according a score from 0-10 points. 

 

Table 1| RA classification criteria according to ACR-EULAR. 

CLASSIFICATION  SCORE 
A. JOINT INVOLVEMENT   
1 large joint1 0 
2-10 large joints 1 
1-3 small joints (with or without involvement of large joints)2 2 
4-10 small joints (with or without involvement of large joints) 3 
>10 joints (at least 1 small joint) 5 
B. SEROLOGY (at least 1 test is need for classification)3  
Negative RF and negative ACPA 0 
Low-positive RF or low-positive ACPA 2 
High-positive RF or high-positive ACPA 3 
C. ACUTE-PHASE REACTANTS (at least 1 test result is needed for classification)4  
Normal CRP and normal ESR 0 
Abnormal CRP or abnormal ESR 1 
D. DURATION OF SYMPTOMS  
<6 weeks  0 
³6 weeks 1 

Abbreviations: RF, rheumatoid factor; ACPA, anticitrullinated peptides antibodies; CRP, C-reactive protein; ESR, 
erythrocyte sedimentation rate. 1Large joints: shoulders, elbows, hips, knees and ankles. 2Small joints: 
metacarpophalangeal joints, proximal interphalangeal joints, second through fifth metatarsophalangeal joints, 
thumb interphalangeal joints and wrists. 3Negative refers to international units (IU) values that are less than or equal 
to the upper limit of normal (ULN) for the laboratory and assay; low-positive refers to IU values that are >3 times 
the ULN for the laboratory and assay. Where RF information is only available as positive or negative, a positive 
result should be scored as low-positive for RF. 4Normal/abnormal is determined by local laboratory standards. 
Adapted from ACR-EULAR classification criteria [92].  
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According to that criteria, patients are undoubtedly diagnosed with RA if they present 

synovitis in at least one joint (without another diagnosis) and a score of 6 or above for each of 

the 4 elements in the scale [93].  

Although RA diagnostic is not straightforward it is extremely important that it is done at an 

early disease stage so that the administration of disease suppressing therapy can prevent or 

reduced more severe RA manifestations at joint and systemic levels. 

 
1.3. Pathophysiology of RA and impact in bone and cartilage 
 

The pathophysiology of RA is a complex process which involves different cell populations, 

cytokines/chemokines and other effector molecules which attack synovial cells, cartilage and 

bone, leading to joint destruction [94]. 

Until now the trigger for RA onset and the following progression steps remain poorly 

understood. Notwithstanding, several theories have been proposed in the literature. The 

hypothesis that RA is an autoimmune disease is supported by the suggestions that 

autoreactive antibody molecules might be disease inducing [94]. In fact, this theory gained 

strength by the evidences that autoantibodies such RF and ACPA can be early detected in 

patients, including prior to disease onset [95-97]. Retrospectives studies based on frozen 

plasma samples from individuals without any symptom of joint disease at the time of donation, 

demonstrated that RF isotypes and ACPA can be actually detectable several months and up 

to 9 years before the appearance of RA symptoms [96, 97]. Moreover, the presence of both 

RF and ACPA in this type of samples showed high specificity to assist the early RA detection 

[96], and ACPA demonstrated a strong predictive value for later disease development [97]. 

More recently, similar findings were reported for the anti-carbamylated protein (anti-CarP) 

antibodies [98]. Individuals without current RA but positive for ACPA and RF also showed the 

presence of anti-CarP many years before the onset of RA [99] and remarkably associated with 

its future diagnosis [100]. These evidences suggest that pathogenesis of RA comprises a 

preclinical (pre-RA) phase that precedes the onset of disease manifestations at joints and 

encompasses the production of autoantibodies, which might be the earliest event in the 

disease process, and a key step for the transition from pre-RA to a classifiable RA [101].  

Simultaneously with the production of RA-related autoantibodies over time, there is an 

expansion of inflammation in pre-RA, which can be measured by the common CRP clinical 

test [102] and several inflammatory cytokines and chemokines. The presence of high levels of 

inflammatory mediators indicates the activation of the innate immune system and subsequent 

recruitment and activation of different immune cells (that will be addressed in more detail in 
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the next sections), involved in the disease course, before disease manifestation at the joints 

[103-105]. 

Following this theory, the possibility that the origin of RA might not be in the joint has been 

discussed. Actually, the work of Van de Sande [106] demonstrated that the presence of 

autoantibodies at systemic level precedes the synovium inflammation, in subjects who are at 

risk of developing RA. Supported by MRI images and histologic analysis of synovium biopsies, 

the nonexistence of joint anomalies suggest that RA origin is extra-articular and might be 

distant from the joints [106].  

In this perspective, several reports proposed that RA pathogenesis might start at mucosal 

surfaces such as oral, lung, gut and cervical-vaginal (reviewed in [107, 108]), particularly in 

genetically predisposed individuals and influenced by risk factors like periodontal disease, 

smoking and mucosal colonizing bacteria, which trigger the autoimmunity in the local [109]. 

Thus, the possible mucosal associated origin for autoantibodies like ACPA [69, 71] could act 

as the “original sin”, followed by systemic amplification of the immune signal in a pathway that 

ultimately leads to inflammatory joint disease [110]. The mechanism behind the transition from 

systemic autoimmunity to the clinical phase, which involve synovitis and establishment of 

articular disease, is not yet comprehended [3, 110]. It has been suggested the need of a 

“second hit” that probably combines vascular, neuro-regulatory, microtrauma or infection-

dependent pathways [3, 106, 110, 111]. A condition of joint microtrauma or viral infection (e.g. 

Epstein-Barr virus) could lead to synovial vascular activation, vasoactive mediators release 

and increase antibody access to the joint. These, in turn, can initiate a cascade of events 

encompassing the activation of the resident cells, as also the recruitment of other innate and 

adaptive immune cells, which are capable to produce cytokines and chemokines and create a 

positive feedback loop for the inflammatory process and their self-perpetuating [110, 112].  

 

In 2012, the study group for Risk Factors for Rheumatoid Arthritis was established by the 

EULAR Standing Committee on Investigate Rheumatology to describe the recommendation 

for terminology to define the different phases of RA [113]. The EULAR committee defined six 

phases (Figure 1) categorized by genetic and environmental risk for RA (phases A and B, 

respectively), systemic autoimmunity associated with RA (phase C), symptoms without clinical 

arthritis (phase D) and unclassified arthritis and RA (phases E and F, respectively) [113]. 

Nevertheless, one individual may not necessarily go through all phases until RA develops 

[113].  

Remarkably, the descriptions of phases A to D did not specify any particular genetic and 

environmental risk factors, immune abnormality/antibody, or symptom [113]. This was 

deliberate, with the purpose to not restrict the terminology to the elements known until when it 

was established, and allow the integration of new risk factors, biomarkers and clinical 



Chapter II – Rheumatoid arthritis as a model for osteoarticular repair and regeneration in 
inflammatory conditions 

 73 

manifestations that can be described and correlated to RA progression in the future [111, 113]. 

Furthermore, defining these phases provides a framework of events, which may facilitate the 

study of mechanisms involved in each phase as also the transition between them. 

 

 

1.3.1. Pathogenic role of immune cells and inflammatory mediators in RA 
 

The hallmark lesion of RA is the synovial inflammation (synovitis), that leads to destruction 

of cartilage and bone [114]. This process comprises the transformation of the hypocellular 

synovial membrane in hyperplastic and involves interactions between fibroblast-like 

synoviocytes (FLS) and many different cells from the innate (neutrophils, dendritic cells (DC), 

macrophages, natural killer cells (NK) and mast cells (MCs)) and adaptive (B and T 

lymphocytes) immune system, mediated by cytokines/chemokines [3, 115-117]. The main cell 

populations, cytokines and chemokines that they secrete and their ascribed roles in RA are 

summarized in Table 2.  

 

Figure 1| The six phases (A-F) defined by EULAR committee for the development of RA. 
The different phases are categorized by the exposure to genetic and environmental risk factors 

(phase A and B), systemic presence of autoantibodies, symptoms without clinical 

manifestation (phase D), unclassified arthritis and RA (phases E and F, respectively). 

According with EULAR the mentioned phases are indicative. One individual may not 

necessarily go through all phases until RA develops [112]. Image adapted from [106, 110]. 
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Table 1| The role of cells and their produced cytokines/chemokines in RA pathogenesis. 

CELL TYPE SUBTYPE CYTOKINES/CHEMOKINES ROLE IN RA PROCESS REFERENCE 

NEUTROPHILS   BAFF, RANKL 
Release of ROS and proteases; T, B and NK cells activation; stimulate FLS 
proliferation and invasion; impair chondrocyte proliferation; osteoclast activation  

[120-124], [186] 

DC - 
CCL17, CCL3, IL-12, IL-

15 
Key role as APC of RA autoantigens; onset and maintenance of joint 
inflammation; T-cell attraction and activation; infiltrate the synovium 

[125-129], [187] 

MACROPHAGES  - 
TNF-a, IL-1, IL-6, IL-12, 
IL-23, MIP-1, MCP-1, IL-

8, Fractalkine,  

Recruitment of monocytes; chronic inflammation; FLS proliferation; pannus 
formation; production of macrophage-derived proteases (MMP-1, MCP-1 and 
MMP-9); osteoclastogenesis; articular destruction 

[130-146] 

NK CELLS - 
TNF-a, IL-1, RANKL and 

M-CSF 
Activation of B and T-cells; DC maturation; stimulate the FLS to produce pro-
inflammatory cytokines; osteoclastogenesis; Involved in bone erosion 

[148-149] 

MAST CELLS - TNF-a, IL-1 
Production of antibodies, antigen presentation to T cells; B cells co-stimulation; 
release of proteolytic enzymes; osteoclasts activation and bone erosion 

[150-158] 

B CELLS - 
IL-12, IL-23, IL-6, IL-1a, 

TNF-a, RANKL  
Production of RF and ACPA; T-cell activation; Th1 and Th17 cells differentiation 
and survival; pro-inflammatory role in synovial fluid, osteoclast activation 

[110], [114], [158-

165] 

T CELLS 

Th1 IFN-g, TNF-b 
Stimulate the phagocytic function of macrophages; enhance the ability of 
macrophages to act as APC 

[168, 177] 

Th2 IL-4, IL-5 Downregulate the macrophage functions; B-cell activation  [177] 

Treg IL-35, IL-10 and TGF-b 
Immunological self-tolerance; suppression of APC and lymphocytes; impair 
Treg functions in RA pro-inflammatory environment 

[178] 

Th17 
IL-17, IL-6, IL-8, IL-21, 

IL-22 and TNF-a 
Synovial inflammation; pannus formation; angiogenesis; stimulate production of 
MMP; activation of macrophages and osteoclasts  

[179,180] 

FLS - 

TNF-a, IL-1b and IL-6, 
IL-7, IL-15, IL16, 

RANKL, BAFF, VEGF, 
bFGF, Oncostatin M and 

IL-18 

Promote migration, activation and survival of T and B cells; synovium 
hyperplasia; production of MMP, ADAMTS and Cathepsins; stimulate 
angiogenesis joint destruction; stimulate angiogenesis  

[3], [183-185] 
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The first immune cell population recruited to sites of infection or inflammation are 

neutrophils [118]. In RA joints, neutrophils become activated by immune complexes (like RF) 

[119] and release high concentrations of reactive oxygen species (ROS) and proteases into 

the synovial fluid. Furthermore, RA synovial neutrophils secrete a range of cytokines, such as 

receptor activator nuclear factor kappa B ligand (RANKL) [120] and chemokines, like B 

lymphocyte activating factor of the tumor necrosis factor family (BAFF) [121], which are 

involved in the activation of osteoclasts and B cells, respectively.  

Neutrophils through heterogenous set of granule proteins named alarmins are also 

capable of mobilizing and activating antigen-presenting cells (APC) [122]. In addition, RA 

synovial fluid neutrophils display an upregulated expression of major histocompatibility 

complex class II (MHCII) molecules [123], which enable the presentation of antigens to T cells 

and establish interactions with other immune cells like NK cells [124].  

DC have been described as crucial elements in the onset of joint inflammation as well 

maintaining the pro-inflammatory environment in the synovia, due to their special ability to 

present arthritis-associated antigens leading to the stimulation and differentiation of T cells, 

which might be sufficient to drive organ inflammation and disease [125-127]. This knowledge 

is supported by the ability of DC to infiltrate the synovium and, early in disease, accumulate in 

the synovial fluid of affected joints [128]. Furthermore, Leung and colleagues [129] showed, in 

DBA/1 mice, that injection of mature DC into the footpads is per se sufficient to induce arthritis 

in the animals. After DC transference, they were associated with the priming of autoreactive T 

cells and related to the induction of pro-inflammatory cytokines such as TNF-a and IL-6 [129].  

Monocytes and macrophages constitute another innate immune cell population, present 

in large numbers in the cartilage-pannus connection, and which plays a critical role in joint 

destruction, both during acute and chronic RA phases [130-133]. Once activated, 

macrophages might polarize into pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes, 

impacting the cytokines that they secrete and their role in the inflammatory process [134, 135]. 

In RA, the M1 phenotype, induced by high levels of interferon (INF)-g and TNF-a, is prevalent 

and correlated with disease severity [136, 137]. Indeed, M1 macrophages secrete pro-

inflammatory cytokines (TNF-a, IL-1, IL-6, IL-12, IL-23) chemokines (macrophage 

inflammatory protein-1 (MIP-1), monocyte chemoattractant protein-1 (MCP-1) and Fractalkine) 

and proteases (including matrix metalloproteinase (MMP)-1, MMP-3 and MMP-9), contributing 

to the inflammatory response, recruitment of cells and articular destruction [133, 138]. Actually, 

the most abundant cytokines in the inflamed joint microenvironment – IL-1b and TNF-a – are 

clearly implicated in cartilage damage by inhibiting the synthesis of proteoglycans [139] (major 

component of cartilage tissue) and stimulating the release of enzymes capable of degrading 

proteoglycans (namely MMP-1 and -3) [138, 140, 141]. Furthermore IL-1b and TNF-a can 
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activate the proliferation of synovium fibroblasts, leading to synovial membrane hyperplasia, 

pannus formation and further secretion of RANKL, macrophage colony-stimulating factor (M-

CSF) and IL-6, which in turn, promote bone resorption through osteoclasts stimulation, and 

inhibit bone formation, respectively [141-144]. Additionally, the interplay between 

macrophages and T cells drive to the secretion of cytokines and chemokines such as TNF-a, 

IL-6, IL-8 and MCP-1, which are important in the cyclic loop of chronic inflammation and tissue 

damage in RA [143, 145, 146]. 

NK cells are lymphocytes of the innate immune system, that also participate in RA 

pathogenesis, producing inflammatory mediators and interacting with other immune cells, as 

well as with structural synovium cells [147]. In the joint space, NK cells secrete cytokines, like 

TNF-α, IFN-g which contribute to exacerbate the inflammatory environment, activate of B cells, 

and also promote DC maturation, which in turn release IL-12 that mediates the activation of 

more NK cells [148]. Moreover, by cell-cell contact NK cells are able to activate T cells by co-

stimulatory molecules and stimulate significant pro-inflammatory cytokine production by FLS 

[147]. NK cells have also been reported as important key element in the progressive bone 

erosion observed in RA. The work of Söderstrom showed that NK cells have the capacity to 

secrete RANKL and M-CSF, which in turn are both essential for monocyte differentiation into 

osteoclasts, as revealed in a co-culture system with both types of cells derived from RA 

patient’s synovial fluid [149]. Interestingly, the same work shows that depletion of NK cells from 

mice, before arthritis induction, reduces the severity of subsequent arthritis and practically 

prevents bone erosion [149].  

In healthy human synovium, the MCs, which derived from the myeloid lineage, are present 

in limited number, while in a context of intense inflammation they expand, accumulate [150-

152], and modulate many aspects of the physiological immune response [153]. Despite this 

knowledge, the relevance of MCs in RA pathogenesis has been neglected, in part since the 

contradictory results obtained in animal models and because exist few available studies in 

humans [154]. More recent publications, showed the participation of MCs in early phases of 

immune response, leading to RA progression [155, 156]. Actually, MCs are involved in many 

different processes (reviewed in [157]) like antigen presentation to T cells, B-cell co-stimulation 

(via CD40-40L or IL-6) and production of autoantibodies, modulation and activation of 

monocyte/macrophage activation (by the release of TNF-α and IL-1), which collectively with 

MCs-derived proteolytic enzymes and osteoclasts activation contribute to erosive arthritis [157, 

158].  

 

RA pathogenesis includes also adaptive immune response by the crucial action of B and 

T cells [110].  
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Activated B cells are present in the synovial tissue of most RA patients [158, 159] and 

produce ACPA and RF (and others, reviewed in [160]), which are been recognized as 

pathogenic factors that triggers inflammatory response [158, 161]. These autoantibodies may 

contribute to prolong B-cell survival and thus maintain their own production, leading to the 

formation of immune complexes and complement activation, which together contribute for the 

inflammatory cascade propagation at joint level [114, 162, 163]. In this context, B cells also act 

as efficient APC cells by presenting the antigenic peptides to T cells and stimulate their 

differentiation and proliferation, what is considered a key mechanism in RA progression [163]. 

The work of Takemura and coworkers suggests that T-cell activation is dependent on the B-

cell presence and that they are crucial to maintain the inflammation within synovium, by the 

crosstalk with T cells and macrophages, and subsequent secretion of pro-inflammatory 

cytokines [164]. More recently, B cells alterations were described in RA, namely in their 

expression of cell surface markers, receptors, and increased levels of immunoglobulin 

produced [165]. This work indicates that, at least in part, these alterations can justify the B 

cells autoreactivity profile, which in turn plays a central role in RA [165].  

Besides the role of B cells in the process of T-cell activation, they also contribute for the 

inflammatory local environment by the secretion of a wide set of cytokines and other mediators 

that can directly act on other relevant cell types, contributing to the RA pathologic process 

[160]. B cells in the synovial fluid of RA patients are responsible for the secretion of many 

cytokines, like as IL-12, IL-23, IL-6, IL-1a, TNF-a [166]. Actually, IL-12 and IL-23 different 

subunits are described as important molecules in the differentiation and survival of T helper 

(Th)1 and Th17 cells, respectively. In the case of IL-1a, IL-6 and TNF-a, although they are not 

exclusively produced by B cells, their levels determine the pro-inflammatory role of B cells 

present in synovial fluid [166]. Remarkably, the same work demonstrated, for the first time in 

RA, that B cells represent a source of RANKL [166]. This finding suggests a direct contribution 

of B cells for osteoclast activation, driving bone destruction [166].   

T cells are the main effectors of adaptive immunity and have been described as important 

in RA for several decades [167]. T-cell involvement in RA has been shown by analysis of 

synovial biopsies, where they have been identified as a key component of the inflammatory 

infiltrates, and in close association with APC [168]. As discussed above T cells can be 

activated by DC, macrophages and B cells. The  inflammatory environment of the joint 

supports T-cell activation, proliferation and differentiation into CD4 and CD8 effector cells 

[169], with CD4 being more prevalent than CD8, and contributing to the inflammatory immune 

response [168]. In fact, transference of CD4+ T cells derived from an arthritic animal into a 

healthy one, can mediate the arthritis development [170, 171], while their depletion or inhibition 

made the animals resistant to the induction of arthritis [172], and blocked or diminished the 

signs of disease [173, 174].  
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Based on the cytokine secretion patterns and concomitant effector functions, CD4+ Th 

cells can be divided in at least four different subsets – Th1, Th2, T regulatory (Treg) and Th17, 

which are reported to be involved in different stages of RA [175, 176]. Th1 cells are highly 

activated in RA and are able to secrete pro-inflammatory cytokines (like IL-2, IFN-g, TNF-a) 

which in turn, stimulate the phagocytic function of macrophages and enhance their capacity 

for antigen presentation [168, 177]. On the other hand, Th2 subset produce anti-inflammatory 

cytokines (such as IL-4, IL-5,) which downregulate macrophage functions, but play a central 

role in B-cell activation [177]. In turn, Treg cells are specifically associated with immunological 

self-tolerance by the suppression of autoreactive lymphocytes and APC, mediated by 

cytokines such as IL-35, IL-10 and transforming growth factor (TGF)-b. Nevertheless, the pro-

inflammatory microenvironment, produced by activated T cells and monocytes (TNF-a and IL-

6) impairs the Treg cells function in RA joints [178]. Th17 cells secrete IL-17 and other 

cytokines (IL-6, IL-8, IL-21, IL-22 and TNF-a) into the joint space, which in turn promote 

synovial inflammation, vascular endothelial growth factor (VEGF)-A production by synovial 

fibroblasts, with increased angiogenesis, and pannus formation. In addition, this cell subset, 

by releasing cytokines and chemokines, stimulates the production of MMP, and induces 

RANKL expression, by synovial fibroblasts and osteoblasts, which triggers osteoclasts 

activation, leading to cartilage damage and bone erosion [179, 180]. 

Recently, and considering the roles that each T-cell subset play, it has been suggested 

that Th1/Th2 and Th17/Treg cells imbalance might be responsible for the complex 

development and chronicity of rheumatoid synovitis [181, 182]. Therefore, the main 

consequence of the Th1/Th2 and Th17/Treg imbalance is the excess of pro-inflammatory 

cytokines and relative deficiency in anti-inflammatory cytokines, which triggers a cascade of 

events leading to RA exacerbation, chronic inflammation and destruction of bone and cartilage 

[178, 181]. 

 

Beyond immune cells, also the tissue cells of mesenchymal origin, in particular the FLS, 

have an important impact in RA. FLS are involved in inflammation, hyperplasia and joint 

destruction, that are the major disease manifestations [183].   

The accumulation of immune cells and increased inflammatory cytokine levels, together 

with increased proliferation capacity and impaired apoptosis of FLS, promote their aggressive 

behavior [164] and lead to synovial hyperplasia [183]. In this milieu, the activated FLS (induced 

by TNF-a and IL-1β) produce TNF-a, IL-1β and IL-6 to maintain their activation feedback loop, 

and induce the production of matrix enzymes, such as MMP, a disintegrin and metalloprotease 

with thrombospondin motifs (ADAMTS) and cathepsins, which are important factors for FLS 

cartilage invasion and subsequent articular destruction [3]. In this process, FLS, through the 
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expression of cytokine and chemokine mediators (TNF-a, IL-7, IL-15, IL-16 and BAFF), also 

have the capacity to promote migration, activation and survival of T and B cells [184], and 

additionally stimulate angiogenesis (VEGF, basic fibroblast growth factor (bFGF), Oncostatin 

M, IL-18), thus contributing for inflammation and RA joint destruction [3, 185] 

 

1.3.2. Impact of RA on cartilage and bone  

 

Human articular joints are composed by cartilage, calcified cartilage, bone, synovium and 

ligaments, that interact with each other to allow a functional joint [188]. Nevertheless, when 

one of these tissues suffers injury or degeneration, it impacts all the others, and leads to failure 

of the entire anatomical structure [188]. 

Cartilage and bone are the most studied tissues in joint degeneration, especially in 

inflammatory articular diseases like RA [189] 

 

Articular cartilage act as a key component of synovial joints, consisting in a complex 

connective tissue, composed by a highly organized extracellular matrix (ECM) of type II 

collagen and glycosaminoglycans (GAGs), synthesized by chondrocytes [190]. In an inflamed 

joint environment, the hyperplastic synovium plays a central role in the cartilage degradation 

through the adhesion and invasion, mediated by MMP, ADAMTS and cathepsins [191] (Figure 

2). The predominant MMPs in RA are MMP-1 and MMP-13 because their particular action in 

the collagenous cartilage matrix. MMP-1 is mainly synthesized by FLS, while MMP-13 is 

produced by chondrocytes [192]. This enzyme, beyond the collagenase action is also able to 

degrade the aggrecan, which is the most abundant proteoglycan in cartilage [190]. Likewise, 

ADMTS (also known as aggrecanases) degrade cartilage proteoglycans in addition to the 

cleavage of collagen propeptides and angiogenesis inhibition [193]. Several aggrecanases 

such as ADMTS-1, -4, -5, -8, -9 and -15 have been found in synovial fluid and described as 

players in cartilage degradation, in a context of RA [192]. 

The cysteine cathepsins are another family of proteolytic enzymes associated to RA, and 

particularly found at sites of cartilage degradation [194, 195]. The affected cartilage surface 

microenvironment is described as acidic, which in part is not a favorable pH for the most MMP 

activity [196]. In this milieu, cathepsin such as B and K have an increased proteolytic activity 

in cartilage degradation than MMP [196, 197]. Cathepsins expressed in articular chondrocytes 

or in synovial tissue are responsible to cleave collagens (types I and II) at different sites of 

MMP, and additionally degrade other matrix molecules like aggrecan [198], supporting their 

significant role in destruction of cartilage and subchondral bone in RA. Still, factors like RANKL, 

IL-1β and TNF-α produced by immune cells, induce the release of cathepsins by FLS [199] 
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supporting the activity of these enzymes in the destruction of cartilage and subchondral bone 

in RA [200]. 

The proteolytic activity of all involved enzymes, under the reactive oxygen intermediates 

and pro-inflammatory environment (particularly IL-1 and IL-17A), progressively degrade 

cartilage and promote chondrocytes apoptosis [117]. Thus, concomitant to the limited capacity 

of articular cartilage for intrinsic repair [190], leads to the cartilage surface destruction, that is 

a common feature of RA and usually used to monitored and diagnose the pathology. 

 

 
Figure 2| Impact of RA on cartilage. In RA, cartilage matrix, composed essentially by 

collagen and aggrecan, is progressively degraded by the action of MMP, ADAMTS, and 

cathepsins, mediated by cytokines and chemokines secreted by hyperplastic synovium and 

immune cells. The pro-inflammatory environment impacts the viability of chondrocytes 

(apoptosis) and synthesis of extracellular matrix, worsening the cartilage limited capacity for 

repair. 

Bone is constituted by an ECM with inorganic and organic components, that support 

different cells. The inorganic component consists mainly in phosphate and calcium ions that 

form the hydroxyapatite crystals. The organic matrix is composed by collagenous proteins, 

predominantly type I collagen, other noncollagenous proteins, growth factors and a small 
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percentage of proteoglycans [201]. Together, the inorganic and organic components 

determine the stiffness and resistance of the bone tissue [202].  

This mineralized tissue exhibits three main type of cells – osteoblasts, osteoclasts and 

osteocytes – that actively participate in the highly dynamic process of bone homeostasis, under 

the control of local (e.g., growth factors and cytokines) and systemic (e.g., calcitonin and 

estrogens) factors [201]. 

In healthy physiological conditions the skeletal homeostasis is maintained by the balance 

between bone formation and bone resorption. However, the RA pro-inflammatory context 

impacts the quality of bone [203], impairing osteoblasts (bone-forming cells) differentiation and 

function, and enhancing osteoclasts (bone-resorbing cells) differentiation and activity, leading 

to increased bone resorption [204, 205]. Consequently, RA patients exhibit a generalized 

decreased bone mineral density and increased risk of fragility fractures, more frequent in 

vertebrae and hip [206], in association with the disease activity [207].  

The bone resorption is promoted by osteoclasts that are multinucleated cells generated 

by fusion of precursor cells from monocyte/macrophage lineage in a process named 

osteoclastogenesis [208]. In this process, monocyte/macrophage progenitors require 

interactions between the receptor RANK and its ligand – RANKL – which initiate the osteoclast 

differentiation, and the presence of M-CSF that is necessary for macrophage maturation [208]. 

In fact, osteoclastogenesis is regulated by FLS and T cells that are the main sources of RANKL 

in a context of RA [209]. Nevertheless, RANKL can also be expressed in osteoblasts, mature 

B cells, NK cells and neutrophils [120, 210]. Under this inflammatory environment, FLS and 

immune cells produce osteoclastogenic cytokines such as TNF-α, IL-1, IL-6, and IL-17 

(reviewed in [211]), that contribute for the formation of osteoclasts, which are the effector cells 

in bone erosion.  

The first event in bone degradation is the attachment/fusion between the ruffled 

membrane of osteoclasts and bone surface, through the activity of integrins [212], which 

involves the creation of an acidic microenvironment specially in the contact zones [213]. This 

acidic milieu stimulates first the bone demineralization by a process mediated by H+-adenosine 

triphosphatase (H+-ATPase) through the action of a V-proton pump [208, 214] and 

subsequently the organic matrix degradation by the action of cathepsin K [215] and some MMP 

(MMP-1,-2,-3,-9,-12,-13 and -14) [216]. Nevertheless, cathepsin K is considered the 

osteoclast-specific enzyme and highly efficient in the degradation of type I collagen [217], 

leading to bone destruction (Figure 3). 

Overall, the persistent bone damage, together with immune cells and their secretion of 

high levels of other pro-inflammatory cytokines creates an unfavorable environment for their 

repair/regeneration, which irreversibly affects the joints structure, function and cause severe 

disability of movements in RA patients. 
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Figure 3| Impact of RA on bone. In RA the action of osteoblasts (bone formation) and 

osteoclasts (bone resorption) are unbalanced, leading to increased risk of bone fragility 

fractures, namely on vertebrae and hip. The bone destruction involves demineralization and 

degradation of the organic matrix by the action of osteoclasts and enzymes such as cathepsin 

K and some MMP, in a pro-inflammatory and acidic environment. 

As described above, the RA pathogenesis is a complex process and some aspects remain 

only partially understood. Thus, the development of models and strategies to study the 

mechanisms of disease onset and development, as well as osteoarticular repair these 

inflammatory conditions remains of utmost importance. 

In the context of the literature discussed in these two introductory chapters, and the 

prevailing need to establish adequate models to study repair in inflammatory conditions, an in 

particular in RA, in chapter III we introduce the aim and objectives of the current thesis. 
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AIM AND OBJECTIVES 
 

This thesis follows from previous work developed in our group in the scope of tissue 

repair/regeneration, namely in bone, and the role of inflammation in this process.  

In this context, we have been used an in vivo model – critical size femoral bone injury rat 

model – and investigated the acute inflammatory response and resolution phases after injury. 

This model allowed us to know more about the mechanisms of bone injury repair, as well 

provide the possibility to test the potential of different biomaterial formulations to promote 

regeneration in healthy animal conditions. 

Here, the rationale was to move a step further and focus the efforts to proceed our studies 

in the repair/regeneration of osteoarticular tissues under inflammatory conditions. Bearing in 

mind that rheumatoid arthritis is one of the most prevalent inflammatory musculoskeletal 

disorder, that affect joints and consequently leads to osteoarticular destruction, we select it as 

disease model.  

 

Thereby, the general aim of this thesis was to establish an in vivo model to study 

osteoarticular tissue repair/regeneration, under chronic inflammatory conditions. To achieve 

this purpose, we used a RA animal model in combination with a critical size bone defect as a 

more reliable strategy to investigate the impact of a systemic inflammatory state in the process 

of regeneration post-injury. For that, the main objectives of this thesis were: 

 

1) To establish and characterize a combined model of inflammation and bone injury.  

In order to mimic the inflammatory conditions of RA we stablished in our lab the collagen-

induced arthritis (CIA) model in female rats. This model was then combined with the critical-

size femoral bone defect model. The systemic acute inflammatory response to the CIA and 

CIA combined with bone defect models was characterized. 

 

2) To investigate the impact of CIA inflammatory environment on the endogenous MSC 

biological behaviour, due to their crucial role in the tissue repair/regeneration. 

To achieve this goal, bone marrow-derived MSC (BM-MSC) were isolated from CIA animals, 

and characterized. The CIA BM-MSC biological behaviour was compared to that of BM-MSC 

from healthy animals. Additionally, we evaluated the impact of exogenous addition of two 

inflammatory cytokines, increased in CIA animals’ plasma, on healthy animal-derived BM-MSC 

phenotype.  
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The systemic response to collagen-induced arthritis and the impact of bone injury in 

inflammatory conditions  

 

 

The content of this chapter is published in the following original research article: 

 

José H. Teixeira, Andreia M. Silva, Maria Inês Almeida, Mafalda Bessa-Gonçalves, Carla 

Cunha, Mário A. Barbosa and Susana G. Santos (2019), The systemic response to 

collagen-induced arthritis and the impact of bone injury in inflammatory conditions. 

International Journal of Molecular Sciences, 20(21):53-61, doi:10.3390/ijms20215436. 
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Abstract  

 

Rheumatoid arthritis (RA) is a systemic disease affects the osteoarticular system, 

associated with bone fragility and increased risk of fractures. Herein, we aimed to characterize 

the systemic impact of the rat collagen-induced arthritis (CIA) model, and explore its 

combination with femoral bone defect (FD). The impact of CIA on endogenous mesenchymal 

stem/stromal cells (MSC) was also investigated. CIA induction led to enlarged, more 

proliferative, spleen and draining lymph nodes, with altered proportion of lymphoid populations. 

Upon FD, CIA animals increased the systemic myeloid cell proportions, and their expression 

of co-stimulatory molecules CD40 and CD86. Screening plasma cytokine/chemokine levels 

showed increased Tumor necrosis factor-a (TNF-a), Interleukin (IL)-17, IL-4, IL-5 and IL-12 in 

CIA, and IL-2 and IL-6 increased in CIA and CIA+FD, while Fractalkine and Leptin were 

decreased in both groups. CIA-derived MSC showed lower metabolic activity and proliferation, 

and significantly increased osteogenic and chondrogenic differentiation markers. Exposure of 

control-MSC to TNF-a partially mimicked the CIA-MSC phenotype in vitro. In conclusion, 

inflammatory conditions of CIA led to alterations in systemic immune cell proportions, 

circulating mediators, and in endogenous MSC. CIA animals respond to FD and the combined 

model can be used to study the mechanisms of bone repair in inflammatory conditions. 

 

Keywords: Rheumatoid arthritis, collagen-induced arthritis, microenvironment, 

inflammation, mesenchymal stem/stromal cells, bone injury, repair/regeneration 

 

1. Introduction  

 

Rheumatoid arthritis (RA) is an autoimmune condition, characterized by symmetrical joint 

inflammation, that affects approximately 1% of the world population [1]. RA is characterized 

mainly by synovium hyperplasia and a joint destruction process. In this scenario, immune cells 

and the inflammatory microenvironment that they create in affected joints are key components 

in the pathophysiology of RA. Moreover, it is well described that during the inflammatory stages 

of the disease, extra-articular manifestations are common, which involve other tissues or 

organs [2]. 

RA patients are at risk of systemic complications and several co-morbidities, including 

osteoporosis and frequent vertebral and hip fragility fractures [3,4]. The incidence rate of 

overall fractures in RA patients is 33 per 1000 person-years [5], and the risk is increased with 
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disease activity and associated with overexpression of pro-inflammatory cytokines, that can 

disturb the bone remodeling process [4,6,7]. 

Over the last decades, animal models, specially the rodent models have been crucial tools 

for understanding the biologic process of RA [8], and their use can aid in developing new 

therapeutic strategies for fracture healing in RA inflammatory conditions. Collagen induced-

arthritis (CIA) animal model have been one of the most widely used model in RA research. 

Originally described by Trentham [9], CIA is a reproducible animal experimental model of RA 

[10,11]. In fact, the similarity with human RA regarding the disease clinical, histological and 

immunological signals, including high articular levels of inflammatory cytokines, like Tumor 

necrosis factor-a (TNF-a) [12,13], make it an invaluable model to study the pathologic process 

and to search new therapeutic strategies [14-16]. The response to rat CIA, has been reported 

to involve macrophages, T and B lymphocytes, and mediators such as TNF-a, Interleukin (IL)-

1b, IL-6 and IL-17 [17]. Nonetheless, the systemic response in this model has not been well 

characterized so far.  

Importantly, current RA treatments do not promote joint repair, several efforts are being 

made to develop new RA therapies, specially based in cell approaches using mesenchymal 

stem/stromal cells (MSC) [18,19]. MSC are multipotent progenitor cells with potential to 

differentiate into mesenchymal lineage tissues (e.g. bone, cartilage and adipose tissue), 

described to have immunomodulatory roles [20], being capable to recruit different cell types 

and promote tissue repair [21]. The transplantation of MSC has been reported to ameliorate 

or delay RA onset in CIA animals, partially mediated by inflammatory signaling suppression 

[22,23], thereby reducing joint swelling and destruction [24,25]. Although the available 

evidence supports the use of MSC transplantation as a cell-based strategy in CIA animals, 

data on the biology of endogenous CIA animals-derived MSC in basal conditions is scarce. 

Moreover, the impact of the systemic inflammatory condition on biological properties of 

endogenous MSC, has not been explored yet. 

Herein we propose CIA as a reliable model to study bone regeneration in inflammatory 

conditions, and additionally we investigate the effect of RA induction on the biological behavior 

of endogenous MSC, as crucial cells involved in repair/regeneration. 

Our results showed that the combination of the two models is feasible and CIA animals 

responds to the bone injury with significative increase of systemic myeloid cells number and 

their co-stimulatory molecules (CD40 and CD86) expression, accompanied by increased 

levels of IL-13, IL-2 and IL-6 in plasma. The systemic inflammatory environment created by 

the arthritis induction leads to decreased metabolic activity and proliferation of CIA-derived 

MSC, and increased differentiation capacity determined by the expression of osteogenic (runt-

related transcription factor 2 (RUNX2) and alkaline phosphatase (ALP)), and chondrogenic 

(aggrecan (ACAN)) markers in basal conditions. 
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2. Results 

 

2.1. Collagen-induced arthritis (CIA) as a model to study bone injury in 

inflammatory conditions 

 

First we established if the CIA model in the rat would be suitable to study the response to 

bone injury under inflammatory conditions, by inducing in otherwise healthy female Wistar rats 

and performing a critical size bone defect at day 21 after CIA induction (Figure 1).  

Arthritis induction was effective in all animals, with macroscopic evidences of erythema 

and swelling in hind paws, and significant increases in swelling after day 14, when compared 

with the non-immunized/control animals (Supplementary Figure 1.A and B). The arthritis index 

score increased along the monitoring time, until hitting a plateau between day 17 and 21 

(Supplementary Figure 1. C).  

At day 21 after immunization, a group of CIA animals with evident signals of arthritis were 

subjected to a cylindrical femoral bone defect (FD), as illustrated in the X-ray of Figure 1.A, 

and followed up to 3 days post-injury. The combination of CIA with FD (CIA+FD) did not 

compromise animal welfare beyond the impact of CIA itself, with CIA+FD animals recovering 

well from surgery and keeping to a similar body weight as the control and CIA groups (Figure 

1. B). Hind paw swelling of CIA+FD animals showed a slight decrease at day 3 post-injury, 

albeit not significant (Figure 1. C). 

 
Figure 1| Combination of CIA model with femoral defect (FD, CIA+FD). CIA was induced 

and allowed to develop for 21 days, before a cylindrical defect was performed in the femur of 

a half of the CIA animals to combine both animal models (CIA+FD) A. X-ray of cylindrical defect 

performed on the right femur (white arrow indicates the defect site) of CIA animals at day 3 

after surgery. B. Body weight evaluation 3 days after bone defect. C. Measurements of paw 

swelling in both paws (right and left) of control, CIA and CIA+FD, 3 days after bone injury. Box 
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plots represent min-to-max distribution of n=4 to 5 animals per group. *p<0.05, determined by 

Kruskal-Wallis test and Dunn’s multiple comparisons test. 

 

2.2. The impact of CIA and bone injury in secondary lymphoid organs 

 

Next, we wanted to ascertain if CIA and its combination with a bone defect correlated with 

acute systemic changes in secondary lymphoid organs. Spleen from CIA and CIA+FD groups 

were collected 3 days after bone injury, and found to be enlarged, when compared to control, 

with a significant increase in weight for CIA+FD animals (Figure 2.A). Cell proliferation was 

assessed by Ki-67 staining, and was also increased in both CIA and CIA+FD groups, but a 

statistically significant increase was only observed for the CIA group (Figure 2B). Lymph nodes 

draining the hind paws were also collected and found enlarged in CIA and CIA+FD groups 

(Figure 2.C). Cell proliferation in lymph nodes was quantified across the different animals and 

found significantly increased in CIA animals, when compared to controls (Figure 2.D). Overall, 

these results support that spleen and lymph nodes are responding to CIA induction with 

increased cell proliferation. 

To further determine the impact of CIA and CIA+FD in systemic immune cell populations, 

we performed multicolor flow cytometry analysis of cells from blood, draining lymph nodes and 

spleen. The gating strategy is illustrated in Supplementary Figure 2. Results obtained are 

summarized in Figure 3, and show significant changes in the proportion of lymphoid and 

myeloid cells in blood, draining lymph nodes and spleen. Concerning the lymphoid lineage 

populations (Figure 3.A), we observed a significant increase in the percentage of B 

lymphocytes in blood and lymph nodes from CIA animals relative to control animals, but no 

differences were observed in spleen. T cell percentage was significantly decreased in lymph 

nodes of CIA animals, while Natural Killer (NK) cells were increased (p=0.0571) in the spleen 

of those animals. The proportions of CD8+ and CD4+ T cells were similar between all groups 

in blood and spleen, but significant differences were observed in CIA lymph nodes. Results 

showed increased percentage of CD8+ and decreased CD4+ T cells in CIA animals, when 

compared to control animals. Bone injury (CIA+FD) did not induce further significant changes 

in lymphoid cell proportion in CIA animals at 3 days post-injury, except for a significant increase 

in NK cells in blood at day 3 after bone defect. 



Chapter IV – The systemic immune response to collagen-induced arthritis and the impact of 
bone injury in inflammatory conditions 

 109 

 
Figure 2| Arthritis induction and the combination with femoral defect promotes 

alterations in rat secondary lymphoid organs. (A) Spleen weight from control, CIA and 

CIA+FD animals. (B) Representative spleen paraffin-section showing immunohistochemistry 

(IHQ) staining for the proliferation marker Ki-67, and quantitative staining evaluation across 

different sections of all animals (C) Draining lymph nodes general view of histological analysis. 

(D) Higher magnification showing Ki-67 IHQ staining, and quantitative staining evaluation 

across different sections of all animals. Box plots represent min-to-max distribution of n=4 to 5 

animals per group. *p<0.05 determined by Mann-Whitney test. Scale bar: 3mm (black) 100 µm 

m (white). 
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Figure 3| CIA and CIA+FD lead to alterations in systemic immune cell proportions. The 

percentages of lymphoid and myeloid populations at systemic level were analyzed in blood, 

draining lymph nodes and spleen of control, CIA and CIA+FD animals, by multicolor flow 

cytometry. (A) Percentage of main lymphoid populations: B cells (TCR-/CD45+), T cells 

(TCR+/CD161-), NK cells (TCR-/CD161+), and CD4 (TCR+/CD4+) and CD8 (TCR+/CD8+) T 

cells. (B) Myeloid cells (CD11b/c+), and their activation status as determined by co-expression 

of the co-stimulatory markers CD40 and CD86. Box plots represent min-to-max distribution of 
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n=4 to 5 animals per group. *p<0.05, **p<0.01, ***p<0.001 determined by Kruskal-Wallis test 

and Dunn’s multiple comparisons test. 

Analyzing the myeloid cells (Figure 3.B), showed a significantly higher percentage of 

myeloid cells in blood of CIA group, which did not change with bone injury. Conversely, in 

draining lymph nodes and spleen no increases were observed in the CIA group, but there were 

significant increases in percentages of myeloid cells 3 days after bone injury. To further explore 

these results, expression of co-stimulatory molecules CD40 and CD86 was analyzed to 

investigate myeloid cell activation. Cells in circulation from CIA animals present increased 

percentage of cells expressing each molecule, albeit not significant, while lymph nodes cells 

showed a significant decrease of the percentage of myeloid cells expressing CD40, with CD86 

following the same tendency. Importantly, 3 days after bone injury myeloid cells show 

increased expression of both co-stimulatory molecules, CD40 and CD86, in lymph nodes, and 

for CD40 also in spleen, when compared with the CIA group. Overall, these evidences suggest 

a persistent systemic immune response in CIA animals, that are nonetheless still able to 

respond to an acute injury, particularly increasing their myeloid cells proportion and activation. 

 

2.3. The impact of CIA and bone defect in circulating inflammatory mediators 

 

To further investigate the systemic inflammatory impact of CIA and the combination with 

bone injury, 27 chemokines and cytokines were quantified in plasma. From these Epidermal 

growth factor (EGF), Growth-regulated oncogenes/keratinocyte chemoattractant (GRO/KC), 

Macrophage inflammatory protein-2 (MIP-2, CXCL2), and Granulocyte-macrophage colony-

stimulating factor (GM-CSF) were out of the detection range for this assay. From the remaining 

23 cytokines/chemokines detected, IL-13 was not detected in the control group, but was 

detected in the other two animal groups. Results obtained are illustrated in Figure 4 and show 

that, relative to the control group, CIA animals had a significant upregulation of 8 molecules, 

and downregulation of 5. Among the significantly up-regulated mediators IL-13, IL-2 and IL-6 

were also significantly up-regulated in the CIA+FD group, while TNF-a, IL-17 A, IL-4, IL-5, and 

IL-12 (p70) loss the significance in the CIA+FD group. Nonetheless, the tendency for increase 

was maintained and in the case of IL-5 it was close to statistical significance (p=0.0534). Also, 

Monocyte chemoattractant protein-1/C-C motif chemokine ligand 2 (MCP-1/CCL2) and 

Eotaxin were close to statistical significance in CIA (p=0.0552 and p=0.0620, respectively), 

and MCP-1 was significantly up-regulated for the CIA+FD group. Regarding the downregulated 

mediators identified in CIA plasma, Vascular endothelial growth factor (VEGF), Fractalkine, IL-

18, C-X-C motif chemokine 5 (CXCL5, LIX) and Leptin, only Fractalkine and Leptin were 

statistically significant lower in the CIA+FD group, relative to control. The only molecule that 
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showed a significant difference between the CIA and CIA+FD groups was the regulated on 

activation, normal T cell expressed and secreted (RANTES) chemokine, which was 

significantly downregulated in CIA, when compared to CIA+FD, but neither group had a 

significant difference to the control group. 

 
Figure 4| Changes in plasma cytokine and chemokine profile in CIA and CIA+FD. 

Quantitative results of the multiplex cytokine/chemokine array performed for all animals in each 

group. Box plots represent min-to-max distribution of n=4 to 5 animals per group. *p<0.05, 
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**p<0.01 in relation to control group, and #p<0.05 relatively to CIA group, determined by 

Kruskal-Wallis test and Dunn’s multiple comparisons test. 

 

2.4. CIA induction impacts endogenous MSC biologic behavior  
 

To evaluate the impact of chronic inflammation on endogenous MSC we next isolated and 

culture bone marrow-derived MSC (BM-MSC) from CIA and control animals. The number of 

bone marrow cells recovered was similar between the CIA and control animal groups, and 

after selective culture and expansion, cells obtained were highly positive for the classical 

stromal markers CD29 and CD90, and did not express the haematopoietic marker CD45 

(Supplementary Figure 3). The bone marrow isolated cells showed ability to differentiate into 

the chondrogenic, osteogenic and adipogenic lineages (Supplementary Figure 4). All together 

these data confirmed the successful isolation of MSC from bone marrow of both CIA and 

control animals. 

BM-MSC were then used to evaluate the impact of the cells source microenvironment on 

their biological properties and behavior. CIA and control BM-MSC were metabolic active along 

1, 3 and 7 days of culture, but CIA-MSC showed lower metabolic activity, that did not increase 

along time, when compared to control cells (Figure 5.A). In line with these results, the Ki-67 

fluorescent immuno-staining analysis showed also a tendency for reduced proliferation of CIA-

MSC (Figure 5. B and C). To access if exposure to the inflammatory microenvironment could 

be conditioning MSC proliferation control cells were cultured in presence of TNF-α or IL-4. 

Interestingly, even low doses of TNF-a produced significant reductions in the percentage of 

proliferating cells, while IL-4 had no significant impact (Figure 5.D). 
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Figure 5| MSC metabolic activity and proliferation capacity. (A) Metabolic activity was 

measured at 1, 3 and 7 days of MSC culture by resazurin assay. RFU: relative fluorescence 

units. Statistical differences were evaluated by 2-way ANOVA followed by Turkey’s multiple 

comparison test. (B) Representative images of nuclei (Dapi, blue) and Ki-67 immunostaining 

(pink, white arrows) of control and CIA-derived MSC after 2 days in culture. Scale bar 50 µm. 

(C) Percentage of Ki-67+ control and CIA-derived MSC, across different experiments. 

Statistical differences were evaluated by Mann-Whitney test. (D) Percentage of Ki-67+ control- 

derived MSC after 2 days in absence/presence of 10 ng/ml or 100 ng/ml of TNF-a or IL-4. Box 

plots represent min-to-max distribution of n=4 to 5 animals per group. *p<0.05 by Friedman 

test followed by Dunn’s multiple comparisons test. 

 

The endogenous differentiation ability of BM-MSC from CIA and control animals was 

evaluated at 3 and 7 days of culture, in the absence of chemical and molecular inductors. The 

results obtained showed that CIA animals-derived MSC had increased expression of 

osteogenic genes, with significantly higher ALP expression, relative to control cells, at 7 days, 

and a significant increase in RUNX2 expression from 3 to 7 days in CIA-MSC, which was not 

observed in control-MSC (Figure 6.A). When analyzing chondrogenic differentiation capacity 

of CIA-MSC in basal conditions, results indicate a significantly higher expression of ACAN at 

3 days, compared to control cells, and that decreased by day 7, while expression of SOX9 did 

not show significant differences between the cells of CIA and control animals, or along time 

(Figure 6.B). Then we explored if exposure to cytokines could impact MSC differentiation, in 

the absence of chemical induction. Results obtained show that exposure to TNF-a or IL-4 

increased ALP gene expression, with IL-4 exposure producing significant increases, even 
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when compared to the positive control, using chemical inductors (Figure 6.C). Interestingly, IL-

4 exposure led to increased ACAN expression, to levels similar to those obtained with 

chondrogenic induction and for CIA-MSC, while TNF-a did not lead to the increases observed 

for MSC from CIA animals (Figure 6.D).  

Taken together, these results indicate that exposure to hallmark arthritis cytokines, like 

TNF-a can partially mimic the CIA impact on MSC.  

 
Figure 6| The capacity of MSC differentiation is affected by arthritis induction. The 

differentiation of control and CIA-MSC were evaluated in absence of chemical inductors, at 3 

and 7 days of culture by reverse transcription-quantitative polymerase chain reaction (RT-

qPCR) for A. osteogenic marker genes ALP and RUNX2, and B. chondrogenic differentiation 

genes SOX9 and ACAN. Box plots represent min-to-max distribution of n=2 to 3 different 
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animals per group, in 2 independent experiments. *p<0.05 by Kruskal-Wallis test followed by 

Dunn’s multiple comparisons test. The effect of 10 ng/ml or 100 ng/ml of TNF-a and IL-4 in the 

differentiation of control MSC, were evaluated in basal conditions at 3 days by RT-qPCR for 

C. osteogenic and D. chondrogenic markers. Cells cultured with osteogenic and chondrogenic 

inductors were used as positive controls for osteogenic (osteo+) and chondrogenic (chond+) 

differentiation. *p<0.05, **p<0.01 determined by Friedman test followed by Dunn’s multiple 

comparisons test. 

 

Taken together, these results indicate that exposure to hallmark arthritis cytokines, like 

TNF-a can partially mimic the CIA impact on MSC.  

 

3. Discussion 

 

In the current study arthritis was induced in all animals, and reached a plateau in its score 

by 17-21 days after CII-IFA (Collagen type II-Incomplete Freund’s adjuvant) immunization. This 

is in line with previous reports on this model [26]. Histologically our data shows hind paws 

swelling and inflammation in digital joints, visible by the infiltration of inflammatory cells and 

hyperplasia of the synovial membrane, which constitute hallmarks of human RA pathology 

[27], and have been previously reported in CIA animal model [11,28,29]. The CIA model was 

combined with a critical size femoral bone defect model in a load-bearing site, without the need 

for fixation material [30], without significant acute implications for animal welfare and paw 

swelling. Enlargement of secondary lymphoid organs was similar between CIA and CIA+FD, 

at 3 days post-bone injury, albeit slightly decreased percentages of proliferating cells in 

CIA+FD were observed. This is in line with previous work in the CIA model, like the report by 

Ibraheem, where the injection of different collagen types combined with adjuvant to induce 

arthritis in rats, led to enlarged lymph nodes with histologic alterations [31], and the reports of 

splenomegaly in the most severe states of adjuvant-induced arthritis [11,32]. Also, a previous 

report induced a mid-shaft femur fracture, with fracture fixation, in the CIA rat model and 

showed delayed healing in CIA animals, but the authors do not analyze inflammation in their 

study [33]. In fact, the current study is, to the best of our knowledge, the first one addressing 

the interplay between inflammation and bone injury in these RA models.  

To determine the systemic immune cell response to CIA induction and the combination 

with bone injury, we evaluated the main immune cell populations, that are the key cell players 

involved in the development and maintenance of the inflammation in CIA model [10], in blood 

and secondary lymphoid organs. Our results show a significant increase in B cells in blood and 

draining lymph nodes of CIA animals and also increased myeloid cells in blood. This change 
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in proportions may suggest that these cells migrate from the blood to the inflamed tissues. A 

previous report in the mouse CIA model described similar increases in the percentage of B 

cells, which they correlate with increased anti-collagen antibodies in serum [34]. Activated B 

cells have been reported to produce anti-collagen antibodies that bind to cartilage collagen, 

form an immune complex, generating a localized inflammatory response and attracting 

monocytes, granulocytes and T cells to the joint [10,17]. 

Interestingly, CIA animals responded to the bone injury with significant increases in 

myeloid cells and their activation, particularly in secondary lymphoid organs. Myeloid cells are 

important regulators that contribute to perpetuation of inflammation in RA [35]. Moreover, in a 

murine model of early RA increased myeloid dendritic cells were reported in draining lymph 

nodes before the appearance of joint histological changes, indicating their role in early stage 

of murine RA [36]. A significant decrease in T cell proportions was found in lymph nodes of 

CIA rats accompanied by a decrease in CD4/CD8 ratios. These data may suggest that T cells 

are attracted to the joints, but this requires further confirmation. The immune response 

mediated by T cells is described as crucial for the development of mouse [10,17], and rat CIA, 

with athymic rats being resistant to CIA induction, but T cell transfer alone was reported to 

induced only a mild response [10]. The role of NK cells in RA and CIA is not yet clear, with 

some evidences that they may contribute to [37,38] or protect against [39] inflammation. Here, 

we did not observed differences in the percentage of NK cells in peripheral blood as described 

in a previous study in CIA mice [34], but observed an increase in the CIA+FD group. The same 

work showed a decrease in splenic NK cells proportion at day 37, different to the increasing 

tendency that was observed in the current study, at day 21 after CIA induction. Interestingly, 

the changes observed here in systemic immune cell proportions are different to those 

previously observed in the same model of bone injury, but in healthy animals at day 6 post-

surgery [40]. This might be explained by the inflammatory conditions, but also by different times 

post-injury, as in the same model in healthy animals we observed an acute response at day 3, 

and resolution of that response at day 14 post-surgery [41]. 

In the current study, a broad quantitative analysis of plasma cytokines/chemokines 

comparing control, CIA, and CIA+FD animals was performed. We found increased levels of 

the hallmark cytokine TNF-a in the plasma of CIA animals. High TNF-a levels in affected joints 

or in peripheral blood serum are strongly associated with RA disease severity [42,43]. This 

pro-inflammatory cytokine was described in different RA animal models [43,44], including the 

transgenic mouse expressing human TNF-a [45], and the CIA model [12,13]. TNF-a has also 

been reported as accelerating arthritis signals when injected in animals [43]. In response to 

TNF-a, RA synovial fibroblasts are described to produce MCP-1/CCL2, which was also found 

increased in the plasma of CIA animals in the current study, particularly after bone injury. MCP-

1 is a potent chemokine that mediates monocyte ingress and activation in joints [46]. This was 
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clearly demonstrated in vivo by the injection of a rabbit model with MCP-1/CCL2, resulting in 

a marked macrophage infiltration of the affected joints [47]. Macrophages have been 

previously described as a major source of MCP-1/CCL2 [48]. In our results, CD68+ 

macrophages are also found in the inflamed synovium. 

Levels of IL-17, IL-2 and IL-5 were also increased in CIA animals, and maintained the 

same tendency (albeit not always significant) in the CIA+FD group. These cytokines are 

related to the T cell function and response in vivo. Systemic IL-17 levels intensify RA and 

induce a chronic and erosive form of the disease [49]. A recent report in CIA model in Dark 

Agouti rats demonstrated that the Th-17 response in draining lymph nodes is greater in 

females than in males, correlating the Th-17/Treg (regulatory T cell) axis with sexual 

differences in CIA severity [50]. IL-2 is a positive regulator of T cell proliferation, and 

administration of IL-2 can mediate a pro-inflammatory effect on CIA mice, increasing the 

animals arthritic scores [51]. A recent report shows that IL-2-Anti-IL-2 monoclonal antibody 

immune complexes can inhibit CIA, by increasing Treg cell functions [52]. IL-5 is a cytokine 

with pleiotropic effects on target cells, including eosinophils and B cells, inducing cell 

proliferation, survival and differentiation [53], its role in RA remains unknown, but a recent work 

found elevated serum levels of IL-5 in 59% of seropositive RA patients [54]. Also, it was 

reported that lymph node cells isolated from CIA-susceptible mice lines showed higher number 

of IL-5 producing cells in culture than cells from resistant mice [55]. Fractalkine was found 

downregulated in CIA animals with and without bone injury, which is not in agreement with 

reports indicating amelioration of arthritis symptoms and joint destruction when Fractalkine is 

suppressed [56,57]. Also, Leptin was found significantly reduced in the plasma of CIA and 

CIA+FD animals, but its role in arthritis is still controversial. In the mouse CIA model, Leptin 

injection has been reported to worsen disease, via Th-17 cells [58], but it has also been 

reported as anti-inflammatory when collagen-antibody-induced arthritis is induced in mice 

overexpressing Leptin [59]. Also, its levels have been reported as increased in other models 

of RA and in patient’s plasma, but reduced at the joint level, indicating its consumption [60]. 

RANTES (or CCL5) was the only molecule that showed a significant difference between the 

CIA and CIA+FD groups. A recent report on bioinformatic analysis of human RA gene 

expression data, indicates that CCL5 might have a negative impact on the development of RA 

[61], while another recent report in mouse indicates that peritoneal levels of several CC 

chemokines, including CCL5, could be related with mouse strain susceptibility to experimental 

arthritis [62]. However, as in our study neither group had a significant difference to control, the 

biological meaning of this result is unclear. 

Although the use of MSC as therapeutics for RA is being intensely studied, the effect of 

CIA induction and its inflammatory milieu on the biological behavior of endogenous bone 

marrow-derived MSC had not been explored so far. Growing evidence indicates that bone 
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marrow is actively involved in the RA disease process. In RA patient samples, the interaction 

between synovial inflammatory tissue and bone marrow reportedly results from the disruption 

of cortical bone leading to bone marrow invasion [63]. Furthermore, previous work described 

in vivo a significant enlargement of vascularized bone canals that link the bone marrow and 

the synovium tissue, in joints with synovial hyperplasia [64]. Also, it has been suggested that 

bone marrow-derived immature mesenchymal cells may migrate through the joint space to 

replace synovial cells, similar to what happens with inflammatory cells [65,66]. In fact, even if 

bone marrow is not primarily affected, this interaction together with the aberrant cytokine 

production potentially can affect the biological behavior, namely the survival and proliferation 

of bone marrow cells [67]. 

The current work shows that culture-expanded MSC from CIA animals were 

morphologically and immunophenotypically similar to controls, expressing the characteristic 

mesenchymal markers (Supplementary Figure 1.C). Nevertheless, the metabolic activity and 

percentage of proliferative cells were lower in the CIA-MSC cultures. This had not been 

described in RA animal models thus far, but is in agreement with what was described in cells 

derived from RA patients [68,69]. RA-MSC display proliferation defects in culture without 

significant differences in the percentages of apoptotic cells [68,69], and high levels of the cell 

cycle inhibitor p21, which can mediate the defects in cell growth and replicative capacity [69]. 

Mice treated with anti-TNF-a at an early CIA stage showed a reduction in the number of MSC 

in the bone marrow and synovium [64]. Conversely, a previous report described that the 

proportion of CD34+ bone marrow progenitor cells increase after the anti-TNF-a treatment in 

RA patients, with the number of bone marrow mononuclear cells in clonogenic assays being 

higher, when compared to the pretreatment values [67]. In our study, a significant reduction in 

the percentage of proliferative MSC was observed in control cells exposed to TNF-a, an 

important pro-inflammatory cytokine found increased in the plasma of CIA animals. This 

reduction in healthy MSC proliferation in presence of TNF-a could have consequences for 

MSC-based therapies for RA.  

Our results show increased osteogenic gene expression of CIA-MSC in basal conditions, 

when compared to control MSC. Contrasting data has been reported on the osteogenic and 

chondrogenic potential of MSC isolated from RA patients. Previous reports indicate that ALP 

expression was comparable between the cells from RA and healthy donors [68,69], and that 

RA MSC do not differ significantly from the normal cells on their chondrogenic differentiation 

[70]. MSC differentiation in the CIA animal model has been analyzed in response to the 

chemical/molecular stimulation protocols commonly used in vitro, but not in basal conditions, 

and further detailed analysis is still required. Previous work showed that control and CIA-

derived mouse BM-MSC respond to osteogenic stimulation with similar increases in RUNX2 
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and ALP gene expression [71]. In our work the cells were isolated from the same site and from 

animals with the same age and sex. Thus, our results support that the alterations in 

proliferative and differentiation capacities are not site or age-dependent but are likely 

associated with the disease condition of the animals. We also explored if CIA conditions could 

be mimicked by exposure to TNF-a and observed an increase, albeit not statistically significant 

in ALP gene expression. This is in agreement with previous reports showing that exposure to 

these concentrations of TNF-a impairs MSC proliferation/survival [72]. The same authors also 

found impaired MSC response to osteogenesis induction, upon exposure to these 

concentrations of TNF-a but the response of the cells in the absence of osteogenic induction 

was not analyzed. In the RA model of human TNF-a transgene, previous reports showed the 

deleterious effects of high levels of this cytokine on fracture repair [45], and in the CIA model 

fracture healing was also impaired [33]. Further studies are required to analyze if such 

impairments are related to changes in MSC proliferation and differentiation, and the role of 

chronic inflammation in bone repair [72]. 

In conclusion, arthritis induction creates a systemic inflammatory environment, with 

changes in immune cells and circulating cytokine/chemokine levels. Also, bone marrow-

derived MSC isolated from CIA animals display impaired proliferation and increased 

differentiation in basal conditions. Further studies are needed to clarify the relation between 

exposure to inflammatory cytokines, like TNF-a and MSC phenotype impairments, and their 

consequences for bone repair in RA. Furthermore, the current work supports the viability of 

using the CIA model to investigate the mechanisms of bone repair/regeneration in chronic 

inflammatory conditions, and the development of therapeutic strategies more appropriate to 

treat bone fractures in RA patients. 

 

4. Material and Methods 

 

4.1. Bovine collagen type II emulsion preparation 

 

Bovine collagen type II (CII, 2 mg/mL, Chondrex) was added in a 1:1 proportion of 

incomplete Freund’s adjuvant (IFA, Chondrex) and homogenized in an ice water bath, 

according to the manufacturer’s instructions. Then, the emulsion was kept at 4 °C until 

injection, without this period exceeding 1 hour. 
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4.2. Collagen-induced arthritis (CIA) rat model 

 

Animal procedures were performed in accordance to the ethical animal welfare and 

experimentation, and approved by the Portuguese official authority regulating laboratory 

animal sciences (DGAV). Fifteen female Wistar rats (7-8 weeks old) were purchased from 

Charles River Laboratories (laboratories Spain, SA.) and housed in a clean environment. 

Animals were randomly divided into CIA (n=10) and healthy control (n=5) groups. On day 0, 

CIA rats were immunized with 200 µL of CII-IFA emulsion (200 μg collagen/rat) with a 25-

gauge needle via subcutaneous injection at the base of the tail. Seven days after, a booster 

injection of CII-IFA emulsion was administrated to ensure a high incidence and severity of 

arthritis. Animals were maintained under general isoflurane anesthesia during these 

interventions, and all the arthritis-inducing procedures were performed according to the 

guidelines of Chondrex and based in previous reports [9,15]. At day thirteen after CIA 

induction, one animal from CIA group was lost due to a problem of gastric obstruction. 

 

4.3. Monitoring of clinical arthritis development 

 

The animal health condition and physical activity was monitored daily according to the 

recent guidelines of refinement in RA research [32]. Three times per week the animals were 

weighed, paw swelling was measured with digital caliper at the metacarpus level, and X-ray 

was performed. Each rat paw was scored individually according to signs of joints 

(interphalangeal, metacarpophalangeal, carpal and tarsal) inflammation, adapting the 

Chondrex arthritis scoring system: (0) normal, (1) mild redness and swelling of the ankle or 

digits, (2) moderate redness and swelling of ankle or wrist, (3) severe redness of the entire 

paw, (4) maximally inflamed limb with involvement of multiple joints. The arthritis index was 

determined by the sum of the score of each front and hind paw with the total maximum of 16. 

 

4.4. CIA rat model combined with bone injury model 

 

Twenty-one days after arthritis induction a critical size femur defect was performed in 5 

CIA rats, as previously described by our group [30]. Briefly, knees were shaved and 

disinfected, and then an incision was made in the skin and muscles surrounding the right femur 

were retracted. After lateral knee arthrotomy, a cylindrical defect (FD, 3 x 4 mm, diameter x 

depth) was created using a surgical drill (micromotor, K-control TLC 4965) in the anterolateral 

wall of the lateral condyle of the femur. Surgeries were performed under general anesthesia 

with volatile isoflurane. After surgery, analgesia was provided by subcutaneous administration 
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of buprenorphine (0.05 mg/kg) twice a day. Three days after the bone injury animals were 

euthanized for blood and organ collection. 

 

4.5. Blood, spleen and lymph nodes collection and processing 

 

At day 24, animals were maintained under general anesthesia with volatile isoflurane and 

whole blood was collected by cardiac puncture into tubes containing anticoagulant citrate-

phosphate-dextrose solution (Sigma-Aldrich). Blood was centrifuged, and plasma and buffy 

coats collected and processed as described previously [41]. Plasma was further centrifuged 

twice at 2500 xg for 15 min and supernatant stored at -80 °C until further analysis. Collected 

buffy coats were diluted in phosphate buffered saline (PBS), overlaid on Lymphoprep (Axis-

Shield) in a 1:1 ratio and centrifuged at 800 xg for 30 min at RT to isolate peripheral blood 

mononuclear cells (PBMC).  

Animals were dissected for collection of spleen and draining lymph nodes (inguinal and 

popliteal nodes). Spleen was clean from adjacent tissue and weighted, and then half portion 

of spleen and lymph nodes were preserved in formalin 10% for further histology processing, 

whereas the remaining parts were used to isolate single cells for flow cytometry analysis, as 

described previously [41]. Briefly, spleen was digested with 1 mg/mL Collagenase I (Sigma-

Aldrich), both spleen and lymph nodes were gently crushed, and strained to obtain cell 

suspensions. Red blood cells in spleen cell suspension were then lysed by incubation with 

NH4Cl 150 mM in Tris 10 mM. Obtained cells were washed with PBS. 

 

4.6. Histology and immunohistochemistry analysis 

 

Animal hind paws were collected, fixed in formalin 10% for 48h, and then decalcified in 

10% EDTA solution, for 1 month. Tissue was embedded in paraffin and sections of 4 µm 

thickness were cut and stained with hematoxylin and eosin (H&E). Spleen and draining lymph 

nodes were fixed for 24h, paraffin embedded and 3 μm thickness paraffin sections were cut 

for H&E staining and immunohistochemistry (IHQ). 

Expression of proliferation marker Ki-67 and macrophage marker CD68 was assessed by 

IHQ. NovolinkTM Polymer Detection Kit (Leica Biosystems, Newcastle, UK) was used 

following the manufacturer’s instructions. Antigen retrieval was performed by sections 

incubation in citrate buffer (98 °C, citrate buffer 10 mM, pH 6.0). After endogenous peroxidase 

neutralization, permeabilization with Triton X-100 0.3% was performed for Ki-67 

immunostaining. Sections were incubated with Block protein solution and then in primary 

antibodies: anti-Ki-67 (1:50, clone SP6, ThermoFisher Scientific) and anti-CD68 (1:100, clone 
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ED1, Bio-Rad Laboratories) for 45 min at RT. Positive staining was revealed after 30 min of 

incubation with NovoLinkTM Polymer and 5 min of incubation with peroxidase-substrate 

solution DAB. Finally, sections were counterstained with hematoxylin and slides mounted. 

Sections incubated without primary antibody were used as negative controls. Representative 

images of positive staining were taken using Olympus CX31 light microscope (20x objective). 

Nine images per slide were analyzed using Fiji software and number of nuclei Ki-67+ and Ki-

67- nuclei were counted. Proliferation index was calculated as the ratio of Ki-67+ nuclei to the 

total number of nuclei counted.  

 

4.7. Flow cytometry analysis  

 

Cells from blood, spleen and lymph nodes were incubated with 1 μL per sample of 

mouse anti-Rat CD32 (clone D34-485, 20 μg/mL, BD biosciences) diluted in staining buffer 

(0.5% bovine serum albumin (BSA) and 0.01% sodium azide in PBS), to prevent unspecific 

bindings. Then, cells were immunostained for 30 min on ice for the presence of T cells, B 

cells, NK cells and myeloid cells by the following surface antibodies: anti-TCR-PerCP (clone 

R73, 4 μg/mL), anti-CD4-APC (clone OX-35, 4 μg/mL), anti-CD8a-V450 (clone OX-8, 8 

μg/mL), anti-CD45R-PE (clone His24, 8 μg/mL), anti-CD161a-FITC (clone10/78, 2 μg/mL), 

anti-CD11b/c-PE-Cy7 (clone OX-42, 1.6 μg/mL), anti-CD40-FITC (clone HM40-3, 40 

μg/mL), anti-CD86-PE (clone 24F, 16 μg/mL) all from BD biosciences. Cells stained with 

the corresponding isotype antibodies were used as control. Cells were washed 4 times in 

PBS and fixed with paraformaldehyde 1%. Samples were analyzed on a FACSCanto flow 

cytometer (Becton Dickinson), with acquisition of 10 000 events in gate for each sample, 

and data analyzed with FlowJo software. 

 

4.8. Plasma cytokine quantification 

 

Plasma cytokines were quantified at Eve Technologies Corp. (Calgary, AB, Canada) 

using the Rat Cytokine Array/Chemokine Array 27-Plex Discovery Assay. Plasma samples, 

30 μL, were diluted 2 times in PBS prior analysis according to the manufacturer’s 

indications. The sensitivity of the assay for the markers analyzed ranged from 0.1 to 15.7 

μg/mL. 
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4.9. Isolation of MSC, primary culture and phenotypic characterization 

 

Rat MSC were isolated form CIA and control femurs, as previously described [41]. Briefly, 

bone marrow was flushed with PBS and bone debris were removed by filtering the cell 

suspension through a 100 μm cell strainer. After red blood cells lysis, cells were counted and 

seeded in minimum essential medium alpha modification (α-MEM) supplemented with 10% 

MSC-qualified fetal bovine serum (ThermoFisher Scientific) and 1% penicillin G-streptomycin 

(P/S; Invitrogen), at 106/100 mm plate. MSC were selected by adherence to plastic surface, 

expanded and cryopreserved for forward use. Isolated and cultured MSC identity was 

confirmed by multicolor flow cytometry based on classical cell surface markers CD29+ (anti-

CD29-APC, HMβ1-1, BioLegend), CD90+ (anti-CD90-PE, MRC OX-7, Immunotools) and 

CD45- (anti-CD45-FITC, MRC OX-30, Immunotools) staining, and by ability of cells to 

differentiate into the osteogenic, chondrogenic and adipogenic lineages. Cells from CIA and 

control animals were maintained in a humidified incubator, at 37 ºC and 5% CO2 and used for 

experiments between passages 4 and 8. 

 

4.10. MSC metabolic activity and proliferation assays 

 

MSC were seeded in a 96-well plate at 2000 cells/well and allowed to reach 40-60 % 

confluence. Then, metabolic activity and proliferation assays were performed. Metabolic 

activity was evaluated by resazurin assay, incubating cells with 10% Alamar blue 

(ThermoFisher Scientific) in MSC culture conditions for 4 hours. Fluorescence was measured 

(530 nm excitation and 590 nm emission) in a Synergy HT Multi-Mode Microplate Reader 

(BioTek). This procedure was repeated at 1, 3 and 7 days of culture in five replicates. Samples 

without cells were used as negative controls.  

To determine the MSC proliferation index, cells were fixed after 48 h in culture in 

absence/presence of TNF-α or IL-4 (Immunotools) at 10 ng/ml and 100 ng/ml. After 

permeabilization step with Triton X-100 0.1% and block with 5% BSA, cells were labelled for 

Ki-67 (1:150; clone SP6, ThermoFisher Scientific) followed by AlexaFluor647-conjugated 

secondary antibody, and nuclei stained with DAPI 1 μg/mL. Cells incubated with secondary 

antibody only were used as a negative control. Immunofluorescence images were acquired in 

the IN Cell Analyzer 2000 (GE Healthcare) using a Nikon 20x/0.45 NA Plan Fluor objective, 

capturing 30 sequential and non-overlapping images of the center of each well. Images were 

analyzed by Fiji Software and proliferation index determined by counting number of cells with 

Ki-67+ labelling inside the nuclei relative to the total number of nuclei counted. 
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4.11. MSC differentiation assay 

 

For MSC characterization, cells were seeded in 6 well-plate at a density of 6000 cells/well 

and grow until reached 40-60% of confluence. Then, cells were incubated in basal or 

differentiation MSC media, without/with osteogenic (α-MEM 10-7 M dexamethasone (Sigma-

Aldrich), 10-2 M β-glycerophosphate and 5x10-5 M ascorbic acid) and adipogenic (10-4 M 

dexamethasone, 5x10-4 M IBMX, 10 μg/mL insulin, 10-4M indomethacin) supplements for 21 

and 28 days, respectively. Media was changed twice a week and at the end of the osteogenic 

or adipogenic differentiation, cells were fixed and stained with Alizarin red or Oil red O, 

respectively. 

For chondrogenic differentiation, a cell pellet of 2x105 cells was incubated in 15 mL falcon 

conical tubes in differentiation media (α-MEM supplemented with 4.5 g/L glucose, 2.5x10-4 M 

ascorbic acid, 40 μg/mL L-proline, 100 μg/mL sodium pyruvate, 100 μg/mL ITS, 10-7 M 

dexamethasone and 10 ng/mL TGF-β3) for 28 days. Then, cell pellet was fixed with 

paraformaldehyde 4%, processed for histologic analysis and stained by H&E and Toluidine 

blue stain.  

For MSC gene expression, cells were cultured in basal conditions for 3 and 7 days, in 

absence/presence of TNF- α or IL-4 (10 ng/ml and 100 ng/ml). Cells stimulated with osteogenic 

and chondrogenic media as above were used as positive controls. Cells were collected for 

RNA isolation and expression of gene markers for osteogenic and chondrogenic differentiation 

was analyzed. 

 

4.12. RNA isolation and reverse transcription-quantitative polymerase chain 

reaction (RT-qPCR) 

 

For gene expression analysis, MSC RNA was extracted using TRizol (Invitrogen) reagent 

following manufacturer’s instructions, quantified by NanoDrop ND-1000 (ThermoFisher 

Scientific) and integrity assessed by agarose electrophoresis. RNA (900 ng of total RNA) was 

digested with TURBO DNA-free Kit (Life Technologies), according to manufacturer’s protocol, 

and complementary DNA (cDNA) was synthesized with random hexamers (Invitrogen, Life 

Technologies) and dNTPs using SuperScript III Reverse Transcriptase (Life Technologies). 

RT-qPCR was performed in an iQ5 Real-Time PCR Detection System (Bio-Rad) using cDNA, 

gene specific primers for osteogenic and chondrogenic differentiation markers (Table 1), and 

iQ SYBR Green Supermix (Bio-Rad). Relative gene expression was calculated using the 2- 

ΔCT method and normalized with the GAPDH reference gene, considering threshold cycles < 

35. 
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Table 1| Sequences of primers used for gene expression analysis by RT-qPCR. 

Gene Primer sequence 

ALP 
Forward 5’- GACAAGAAGCCCTTCACAGC - 3’ 

Reverse 5’- CTGGGCCTGGTAGTTGTTGT- 3’ 

RUNX2 
Forward 5’- CCGATGGGACCGTGGTT - 3’ 

Reverse 5’- CAGCAGAGGCATTTCGTAGCT - 3’ 

SOX9 
Forward 5’- CTGAAGGGCTACGACTGGAC - 3’ 

Reverse 5’- TACTGGTCTGCCAGCTTCCT - 3’ 

ACAN 
Forward 5’- CTTGGGCAGAAGAAAGATCG - 3’ 

Reverse 5’- GTGCTTGTAGGTGTTGGGGT - 3’ 

GAPDH 
Forward 5’- TGCCACTCAGAAGACTGTGG - 3’ 

Reverse 5’- TTCAGCTCTGGGATGACCTT - 3’ 

 

4.13. Statistical analysis 

 

Data analysis were performed using GraphPad Prism v7.0 software. Normality distribution 

of data was tested by D’Agostino and Pearson normality test. For weight, paw swelling 

measurements and arthritis score, 2-way ANOVA followed by Tukey’s multiple comparisons 

was used. For non-parametric data, when two groups were compared, Mann-Whitney test was 

performed. To compare multiple unpaired groups, Kruskal-Wallis test was used, followed by 

uncorrected Dunn’s multiple comparison test. To compare multiple paired groups, Friedman 

test followed by uncorrected Dunn’s multiple comparisons was performed. Statistical 

significance was considered whenever *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.  
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Figure S1| Rat immunization with collagen type II leads to strong hind paw swelling and 

joint arthritis. (A) Macroscopic photographs and X-ray images of animal hind paws at day 7 

and 21 post-immunization. X-ray show density and structural alterations at carpus and radius 



Chapter IV – The systemic immune response to collagen-induced arthritis and the impact of 
bone injury in inflammatory conditions 

 138 

level (arrows). (B) Swelling of hind paws was measured along the time after CII-IFA injection 

and boost. (C)  Representation of clinical arthritis score index based on paw visual inspection 

during 21 days of animals monitoring. (D) Weight of CIA and control animals was monitored 

along the 21 days of animal monitoring. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

determined by two-way ANOVA test and Turkey’s multiple comparisons test. N=4 to 5 animals 

per group. (E) Representative hematoxylin and eosin staining of CIA and control animal paw. 

E.a. General morphology of inflamed interphalangeal joint with the synovial space filled by cell 

infiltrate. (E.b) Higher magnification showing the extensive infiltration of inflammatory cells and 

synovial membrane hyperplasia. (E.c). Adjacent tissue from plantar level showing infiltration 

of cells, and a generalized paw inflammation. (E.d). Positive immunostaining for CD68 marker, 

identifying macrophages in the inflammatory infiltrate. (E.e) Control rat paws show a normal 

histologic architecture of joints without cell infiltrates or synovium hyperplasia at (f) digital or 

(g) plantar level. (E.h) Immunohistochemistry for macrophage CD68 marker, with no positive 

cells identified. Scale bar: 3mm (in general morphology of CIA and control paws); 500 μm (E.a, 

E.c, E.e and E.g); 200 μm (E.b, E.d, E.f, E.h).  

 

Figure S2| Gating strategy used to evaluate the different immune populations by flow 

cytometry. Representative plots illustrating the gates and surface markers used to identify: B 

cells (CD45R+/TCR-, top right plot); NK (CD161a+/TCR-) and T cells (TCR+/CD161a-, top 

middle plot) and the T cell subsets CD4 (CD4+) and CD8 (CD8a+, top left plot); myeloid cells 

(CD11b/c+, bottom right plot) and activated myeloid cells (CD11b/c+/ CD40+ and CD11b/c+/ 

CD86+ bottom middle and left plots). Dark grey histogram represents isotype control. The 
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parent population was defined as cells based on forward and side scatter (FSC/SSC), except 

for the CD4/CD8 plot, where red lines indicate the quadrant of the parent population. 

 

Figure S3| Characterization and immunophenotyping identity of the MSC population 

isolated from bone marrow. (A) Bone marrow cells were collected by flushing of femurs, 

counted and cultured. The number of recovered cells is similar between the control and CIA 

animals. Box plots represent min-to-max distribution of n=4 to 5 animals per group. (B) Bone 

marrow-MSC cells were morphologically homogenous with elongated fibroblast-like shape in 

culture. (C) Flow cytometry evaluation of cell surface markers CD29, CD90 and CD45 in the 

isolated MSC populations. The selected population of cells in culture show a high positivity 

(~98%) for the common MSC markers (CD29 and CD90) and a residual positivity for 

haematopoietic marker (CD45). Scale bar 200 μm. 
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Figure S4| Evaluation of the differentiation capacity of the animals isolated bone 

marrow-MSC into chondrogenic, osteogenic and adipogenic lineages. Hematoxylin & 

eosin staining show a very different pellet size and morphology between the basal (A) and 

chondrogenic stimuli (A’) conditions. (B) In chondrogenic condition the architecture of pellet is 

more compact with a network between the cells, indicating matrix formation by the toluidine 

blue staining (B’), compared to unstimulated condition (B). (C) The Alizarin red staining 

showed more mineralized matrix after the osteogenic induction (C’), indicating the capacity of 

BM-MSC to differentiate into osteoblasts. D. Oil-red O staining results show red lipid vacuoles 

after incubation with adipogenesis-stimulating media (D’) confirming the capacity of BM-MSC 

to differentiate into the adipogenic lineage, compared to the basal condition (D). Scale bar in 

all images: 50 μm
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES 
 

The repair/regeneration of osteoarticular tissues has been unraveling along the past 

decades. Nonetheless, this topic remains a major challenge, especially in a context of aging 

or inflammatory musculoskeletal disorders, like RA. Thus, in this doctoral thesis we focused 

on the development and characterization of a combined in vivo model strategy with high 

potential to study the mechanisms of osteoarticular repair/regeneration, namely for bone 

tissue, in a systemic inflammatory environment mimicking the RA condition. 

 

Bone is a complex connective tissue composed by an ECM with inorganic and organic 

components that supports the osteoblasts, osteoclasts and osteocytes, which actively 

participate in the highly dynamic process of bone homeostasis [1]. In physiological conditions, 

bone homeostasis is maintained by a coordinated action of osteoclasts and osteoblasts that 

promote continuously bone resorption and neoformation, respectively [1]. The equilibrium 

between the action of bone-resorbing cells (osteoclasts) and bone-forming cells (osteoblasts) 

is crucial and depends on the action of several local and systemic factors [1]. 

In case of injury, healthy bones can completely repair through three main phases: 

inflammation, repair and remodeling [2]. Immediately after bone injury (e.g. fracture) a 

hematoma is formed, and an acute inflammatory response is triggered. This response is 

characterized by the production of inflammatory cytokines and chemokines, that promote the 

recruitment of immune cells to the injury site [3]. The importance of hematoma formation and 

the acute inflammatory response have been suggested by several studies, and it is now well 

recognized that they initiate the cascade of bone healing [4-6]. In fact, in this process the 

crosstalk between inflammatory cells and cells related to the bone remodeling (such as 

osteoblasts, osteoclasts and MSC), by cell-cell contact or modulated by cytokines and other 

mediators, is essential for the bone repair and remodeling process [3]. Moreover, in cases of 

major injury or polytrauma the local inflammatory reaction to bone lesion is accompanied by 

systemic inflammatory response [2, 7], leading to alterations in plasma cytokines levels and 

proportion of different immune cells populations in blood, lymph nodes and spleen [8-10]. 

In fact, inflammation is recognized as a required process for tissue repair, namely in bone, 

as previously demonstrated in vivo [6, 11]. However, the resolution of inflammatory response 

and transition to repair phase is crucial for a successful tissue healing [12, 13]. In this line, the 

use of biomaterials-based strategies to modulate the immune microenvironment and to 

improve bone pro-regenerative responses have been explored [14] and inclusively by us [10, 

15].  

Actually, most of the work reported by our group [10, 15, 16] and others in the context of 

bone repair (recently reviewed in [17]), uses healthy animal models to explore new strategies 
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to promote bone healing. To the best of our knowledge, only one study addressed the bone 

healing process in CIA [18], but the authors did not explore the inflammatory response after 

bone injury or its correlation with delayed bone healing. Thus, this thesis focused on the 

combination of CIA model with a critical size femoral defect as a strategy to study 

osteoarticular, namely bone, repair/regeneration, with special interest to evaluate the systemic 

acute response to bone injury, as well as the impact of arthritis induction have on the biologic 

behavior of MSC.  

Highly pro-inflammatory environments, at local and systemic level, have been reported to 

disturb the normal bone homeostasis and successful bone healing [19]. In fact, the milieu of 

immune cells and pro-inflammatory cytokines produced during chronic inflammation is 

reported to trigger bone resorption that is closely associated with significant bone mass loss 

and secondary osteoporosis [2], and, consequently, increased risk of fracture, particularly in 

inflammatory autoimmune diseases [20] such as RA [21-23]. In addition, the fracture healing 

in RA patients has been associated with higher complication rates, including non-unions, 

associated with disorders of the remodeling process in this context [2].  

In vivo models, especially rodent models, have been invaluable to understand the biologic 

process of RA [24], to investigate new therapeutic approaches [25-28], and in our opinion, can 

also be used to test bone healing strategies for patients that suffer chronic inflammation.  

After being first described [29], CIA animal model became the most commonly used 

autoimmune model in RA research [26, 30, 31]. More recently transgenic and humanized 

rodent models are becoming available and being used, especially to test cell-based therapies 

(recently reviewed in [31, 32]). Importantly, the CIA model is reported to mimic the pathologic 

process of human RA, in particular concerning the clinical, histological and immunological 

alterations involved [33-35].  

In this work we monitored the establishment of arthritis in the CIA rat model and a plateau 

of the clinical score was observed between 17 and 21 days after induction, in agreement to 

what was previously described for this model [36-38]. Thus, at day 21 after CIA induction we 

combined it with a critical size bone injury model. The combinatory model (CIA+FD) did not 

show significant alterations in general welfare of the animals and paw swelling, at least in the 

acute inflammatory response to the injury (3 days). These are good indications about the 

feasibility and potential for combining the models. Systemically, an enlargement of the 

secondary lymphoid organs (lymph nodes and spleen) was observed for both CIA and CIA+FD 

animals, accompanied by a significant increase of cell proliferation in these organs, in CIA 

animals compared to controls, indicating that, as expected, secondary lymphoid organs are 

responding to CIA induction. In fact, these observations are similar to other reports with CIA 

models, which describe enlarged lymph nodes with histologic alterations [39] and 

splenomegaly after arthritis induction, associated with most severe disease states [40, 41]. 
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Immune cells and their secreted mediators are key players in the development and 

maintenance of inflammatory CIA model [26]. Thus, we evaluated the main immune cell 

populations to determine the systemic immune response to CIA induction, and after 

combination with the femoral defect (CIA+FD). Flow cytometry data demonstrated that animals 

respond to the arthritis induction with significant changes in the proportion of lymphoid and 

myeloid cells in blood, draining lymph nodes and spleen, namely in the percentage of B cells, 

NK cells, CD4+/CD8+ T cells ratio, and myeloid cells, compared to the control animals. On the 

other hand, CIA animals respond to femoral injury with significant increases of myeloid cells 

proportion and activation, particularly in secondary lymphoid organs, when compared to the 

CIA group. This, in our perspective, is suggestive that CIA animals however in a persistent 

immune response are still able to respond to an injury, at least in an acute phase. 

A recent work of Hu et al. explored also the combination of CIA rat model with a bone 

injury, but in this case, induced by a mid-shaft femur fracture with posterior fixation (CIA+F) 

[18]. Fracture was surgically created 25 days after first arthritis induction, and 15 days after 

booster injection, bone healing process was analyzed at 4- and 8-weeks post-fracture. This 

work showed histologic and radiologic evidences of delayed bone healing in CIA+F animals at 

both time-points compared to fracture in healthy animals (NF) used as control. Moreover, in 

CIA+F animals’ higher levels of MMP-3 and Osteopontin were observed in the fracture area, 

suggesting that these molecules could be involved in the delayed bone-healing process [18]. 

In our work, CIA induction was performed based in a similar procedure, but the time point for 

the second injection of collagen emulsion was earlier (7 days instead of 10 days after the first 

immunization). This may justify why the authors found the appearance of arthritis only 14 days 

after the second immunization [18], while in our work significant paw swelling was observed 7 

days after the second injection and 14 days from the first. Both studies perform the bone injury 

only after stable CIA phenotype could be observed, Hu et al. performed a mid-shaft femoral 

fracture with posterior fixation 25 days after CIA induction [18], whereas we performed a 

cylindrical critical femoral defect at day 21. Moreover, the work of Hu et al. evaluated the impact 

of RA in bone fracture healing at 4- and 8-weeks, but do not evaluate the local or systemic 

signals of inflammation to understand the effect that pro-inflammatory environment have in 

delay of bone healing reported [18]. In this sense, our work, to the best of our knowledge, is 

the first one that evaluated the systemic acute response to bone injury in an inflammatory 

model, such as CIA.  

It is well recognized that inflammatory mediators, such as cytokines and chemokines, are 

important players in healthy fracture healing, but become deleterious in chronic inflammatory 

scenarios, like RA, where they contribute to the disease pathogenesis [42]. So, in the current 

work we performed a broad quantitative analysis of plasma cytokines/chemokines in control, 

CIA and CIA+FD animals. Importantly, we detected in the plasma of CIA animals, increased 
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levels of key RA characteristic cytokines [43], like TNF, IL-6 and IL-17, as well several others 

(IL-13, IL-2, IL-4, IL-5 and IL-12 (p70)) also involved in the inflammatory process. In general, 

the same increased tendency of these mediators was observed in CIA+FD group and in 

particular IL-6 and MCP-1 were significantly different compared to control group. MCP-1 is 

well-known as potent chemotactic factor for monocytes that have been related to bone 

remodeling through their involvement in osteoclast differentiation and maturation [44] and 

associated with macrophage infiltration in synovial tissue of RA affected joints [45]. 

Interestingly, in our work, the only molecule that showed significant difference between CIA 

and CIA+FD groups was RANTES (also known as CCL5) chemokine. CCL5 was detected in 

significantly higher concentration in the plasma of CIA+FD than that of CIA animals, but this 

increase was not significantly different to the control group. Actually, CCL5 has been found to 

be upregulated during early phase of bone injury healing and act as chemoattractant for MSC 

[46]. However, while in the current work we cannot fully establish if this increase is related to 

response to bone injury, it might be worth exploring its biological impact in future research. 

Having examined the CIA systemic inflammatory environment and the impact of bone 

injury, next we wanted to investigate the impact of CIA induction on the biological behavior of 

endogenous MSC, which are crucial for bone repair. Curiously, the biology of endogenous CIA 

MSC had not been explored so far. In our work the culture-expanded MSC derived from CIA 

animals showed lower metabolic activity and proliferative capacity, compared to the control 

MSC, similarly to what is described for RA patients derived cells [47, 48], thus supporting their 

use as model for RA patient derived MSC. In the future, the impairments in cell growth and 

replicative capacity of CIA-MSC should be further addressed by, for instance, analyzing if the 

expression of cell cycle inhibitor p21 and senescence- associated b-galactosidade (SA-b-gal), 

could be part of the mechanisms underlying these alterations. P21 is a cyclin-dependent 

kinase inhibitor that controls the cell cycle progression in response to several stimuli [49]. In 

fact, previous work has suggested that high levels of p21 expression may contribute to the 

defective proliferative potential of MSC isolated from RA patients [47]. In addition, the 

permanent cell-cycle arrest leads to cell senescence, which is related with aging and the state 

of chronic inflammation [50], and is commonly evaluated by SA-b-gal activity [51]. In the 

context of RA, it has recently been suggested that the accumulation of senescent cells in 

synovial tissues increases with normal aging but occurs prematurely in RA patients [52].  

After characterizing the endogenous CIA MSC, our hypothesis was that impaired 

proliferative capacity of MSC was due the pro-inflammatory milieu that cells were exposed to. 

To address that hypothesis, we exposed healthy animal-derived MSC to TNF-a, which led to 

a phenotype close to that observed in CIA-MSC. Despite this good indication, the use of a 

single cytokine is a reductionist approach. According to the cytokine/chemokine array results, 

it would be very interesting to test the combination of different mediators and/or in different 
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concentrations to mimic the RA inflammatory environment in vitro, and understand their role 

on MSC proliferation capacity.  

Moreover, the endogenous differentiation ability of CIA-MSC was evaluated in absence of 

chemical inductors. Overall, data showed significant increase of ALP osteogenic marker at day 

7 in culture with RUNX2 expression following the same tendency, and chondrogenic 

differentiation revealed a significantly higher expression of ACAN at day 3 which decrease at 

day 7. Generally, the few works that have addressed MSC differentiation in human RA context 

[47, 48, 53] and in CIA models [54] analyze the response of the cells to chemical/molecular 

stimulation, a strong molecular stimulus that might surpass intrinsic MSC limitations and 

explain why the authors did not observe differences between control and RA-MSC. In our work, 

we also explored if CIA-MSC differentiation could be mimicked by exposure of control-MSC to 

TNF-a and IL-4. Considering the expression of ALP osteogenic marker, we observed an 

increase in the osteogenic differentiation in the presence of both cytokines, but only significant 

different for IL-4. In fact, it is accepted that the presence of inflammatory cytokines can 

modulate the MSC behavior at inflamed or injured tissues as suggested by the work of 

Pourgholaminejad et al. [55]. In this work human MSC exposed to a cocktail of pro-

inflammatory cytokines (IL-1b, IL-6 and IL-23) showed significantly more capacity to 

differentiate into the osteogenic and adipogenic lineages [55]. Nevertheless, further studies 

are required to clarify this issue, which is important for endogenous or transplanted cell-based 

therapies.  

Previous work from our group explored the communication between immune cells and 

MSC, and the impact of biomaterials on that communication. The results demonstrated that T 

cells, NK cells, and particularly macrophages and DC are able to promote MSC recruitment in 

vitro through a paracrine mechanism [56, 57], namely in the case of DC by the action of 

secreted extracellular vesicles (EV) [58]. Motivated by this work [58], we explored the impact 

of bone injury has on DC and macrophages, differentiated from precursors isolated from the 

bone marrow of the injured bone, and on the EV that they secrete, influencing their action on 

MSC (manuscript in preparation for publication). Thus, using the rat critical size femoral bone 

defect in healthy animals, previously used in our group to study bone repair upon biomaterial 

implantation [59], the systemic and local impact of femur injury were evaluated at 3- and 14-

days post-injury, which correspond to the acute and resolution phases of the inflammatory 

response that upon bone injury. Systemically, upon injury spleen enlargement was observed 

and lymph nodes cell numbers were significantly higher at day 3 compared to day 14. 

Moreover, flow cytometry data showed an increase in myeloid cells namely lymph nodes and 

spleen 3 days post-injury, returning, by day 14, to levels to non-injured animals, which is in 

accordance with previous work from our group [10]. In order to explore the effect injury at local 

level, bone marrow cells were isolated from injured femurs at days 3 and 14 post-injury, and 
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differentiated in DC and macrophages for EV isolation. Interestingly, the bone injury affects 

the functional properties of EV, especially those derived from DC. Three days post-injury DC-

secreted EV showed a significantly impaired capacity to recruit MSC, while DC-EV from day 

14 post-injury promoted it, which is related to the differences in the content of EV. Overall, this 

work supports that the communication between immune cells and cells involved in the bone 

repair, such as MSC, might be mediated by EV and may be altered by an inflammatory context 

(manuscript in preparation for publication). Therefore, during this thesis we also started to 

explore the role of EV in CIA and CIA+FD models. EV were isolated from plasma and bone 

marrow-derived macrophages from control, CIA and CIA+FD animals and additionally, from 

MSC derived from the control and CIA animal groups, and results are presented in Appendix 

I. We have characterized EV morphology, size and concentration, and verified the vesicles 

identified had morphology similar to small EV, with a size ranging between 100-150 nm. 

Furthermore, no differences were observed for size and concentration between animal groups, 

in any of the different vesicles tested (Figure 1 and Figure 2, Appendix I). The next step was 

to characterize the content of EV, so a preliminary proteomic analysis of plasma-derived EV 

was performed by mass spectrometry. This analysis identified 379 proteins of which the top 

100 are summarized in Table 1 (Appendix I). Among the list of 379 proteins detected, 233 were 

previously described in Vesiclepedia database for Rattus norvegicus EV proteins 

(http://microvesicles.org) (Figure 3, Appendix I). However, the mass spectrometry analysis 

also revealed some external contaminants like keratin, apolipoproteins and albumin, that are 

commonly present in plasma samples, and intracellular components like binding of 

immunoglobulin protein (BiP) and calreticulin. Gene Ontology (GO) analysis of the proteins 

identified in common in our EV and in Vesiclepedia, revealed that some of the identified 

proteins were annotated as belonging to extracellular exosome (GO:0070062, False Discovery 

Rate (FDR) = 2,00E-09) or extracellular vesicles (GO:1903561, FDR = 5,95E-09) (Table 2, 

Appendix I). These results confirmed that the samples isolated contain EV, but also 

considerable amounts of other soluble proteins contaminants that precluded further analysis 

in this work, pinpointing the necessity for optimization of isolation methods and procedures. 

Thus, while a full proteomics analysis was not performed at this time for EV samples isolated 

from all experimental groups, it would be worth pursuing in the future, with further purified EV 

samples.  

Beyond the role of EV, other questions remain unanswered and that would be very 

relevant to pursue in future studies.  

In fact, it is important to note that a major limitation of this work is that we studied the 

CIA+FD after 3 days post-injury, which in bone healing correspond to the acute phase of 

inflammation [60]. So, to infer about the repair/regeneration process is extremely important to 

look at the resolution phase (around day 14) [60] and remodeling stage that ultimately restores 
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the bone structure [2]. In line with this, previous work from our team demonstrated that upon 

bone injury there is a systemic response, and a timely regulated miRNA profile, likely related 

to the resolution of inflammation and beginning of bone repair [16]. The results showed an 

overall down-regulation of circulating miRNA levels at day 3 that was partially recovered 14 

days after the injury. These changes in miRNA levels were predicted to control cellular 

processes important for bone repair [16]. Therefore, considering these previous observations, 

we must further evaluate the CIA-FD model at other time-points that include the inflammation 

resolution phase and bone repair and remodeling. 

Another important aspect is the fact that we observed differences on the biological 

behavior of CIA-derived MSC and suggested that is due to the chronic inflammatory 

environment where they are isolated. Nevertheless, there is still a need to investigate the MSC 

from CIA+FD, to understand if the combinatory model has a similar effect or has a synergistic 

impact in the behavior of these cells. Furthermore, considering that potential of MSC to migrate 

in response to injury is crucial during the tissue healing process [61], and that abnormal 

behaviors of these cells have been found in chronic inflammatory conditions, such as RA [62]. 

Thus, it would be very interesting to evaluate the capacity of MSC derived from CIA and 

CIA+FD animals to migrate towards injury locations. 

 

Together, the work presented in this doctoral thesis supports the use of the combined 

CIA+FD model to study the mechanisms underlying bone repair in inflammatory conditions 

and to test new therapeutic approaches, like the biomaterials for bone repair, that were [10, 

15, 59, 63, 64] and are being developed by our group, and have so far been tested in healthy 

animals. Thus, the CIA+FD model could be used as a tool to develop more appropriate 

approaches to treat bone injuries, namely fractures, that are impaired in chronic inflammatory 

disorders like RA and remains an unmet need.  
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Appendix I – Supplementary data (Figure 1, Figure 2, Figure 3, Table 1 and Table 2, 

Chapter V)  

 

1.Isolation and characterization of EV from plasma and bone marrow cells of control, 

CIA and CIA+FD animals. 

 

Figure 1| CIA and CIA+FD plasma EV are similar to control. Plasma derived EV were 

isolated by differential (ultra)-centrifugation. A. Representative Transmission Electron 

Microscopy (TEM) image and vesicle detail, showing the cup-shaped morphology of EV. White 

arrows indicate EV. Scale bar 200 nm. Nanoparticle tracking analysis was used to determine 

size and concentration of EV. B. EV size, which was similar in all groups, with a diameter 

around 100 nm. C. Concentration of EV, which appears slightly higher in CIA and CIA+FD 

compared to control. Box plots represent min-to-max distribution of n= 4 to 5 animals per 

group. No significant differences in size and concentration of EV were observed between 

groups, determined by Kruskal-Wallis test and Dunn’s multiple comparisons test. 
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Figure 2| Characterization of EV isolated from macrophages and MSC. EV were isolated 

by differential (ultra)-centrifugation from the cell culture supernatants of macrophages and 

MSC. A. Macrophages were differentiated from bone marrow precursors from the right and left 

femurs of the different animals in each group, using M-CSF. Nanoparticle tracking analysis 

show similar EV size (diameter around 100 nm) and no differences regarding the vesicle 

concentration between animal groups. B. EV from bone marrow MSC show also no differences 

regarding neither size and concentration between CIA and control animals. Box plots represent 

min-to-max distribution of n = 2 to 5 animals per group. No significant differences in size and 

concentration of EV were observed between groups, determined by Kruskal-Wallis test and 

Dunn’s multiple comparisons test. 
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2. Analysis of plasma EV content by mass spectrometry. 
 

 

 

 

 

 

Figure 3| Comparison of proteins identified by mass spectrometry in plasma EV from control rat with proteins identified in Rattus norvegicus 

EV as described in Vesiclepedia database. Numbers in the diagram represent the numbers of proteins identified in each category. 
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Table 2| Top 100 proteins identified by mass spectrometry in plasma EV from animals. 

Description Number of peptides 
identified 

Number of peptide-spectrum match 
identified 

Complement C3 OS=Rattus norvegicus OX=10116 GN=C3 PE=1 SV=1 41 77 
Alpha-1-macroglobulin OS=Rattus norvegicus OX=10116 GN=A1m PE=1 SV=1 38 70 
Serum albumin OS=Rattus norvegicus OX=10116 GN=Alb PE=1 SV=1 36 175 
Serum albumin OS=Rattus norvegicus OX=10116 GN=Alb PE=1 SV=2 35 172 
Serotransferrin OS=Rattus norvegicus OX=10116 GN=Tf PE=1 SV=3 28 64 
Complement C4 OS=Rattus norvegicus OX=10116 GN=C4 PE=1 SV=3 24 45 
Protein disulfide-isomerase OS=Rattus norvegicus OX=10116 GN=Pdia3 PE=1 SV=1 22 53 
Complement C4B (Chido blood group) OS=Rattus norvegicus OX=10116 GN=C4b PE=1 SV=1 22 43 
Keratin, type II cytoskeletal 5 OS=Rattus norvegicus OX=10116 GN=Krt5 PE=1 SV=1 20 60 
Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 OS=Rattus norvegicus OX=10116 
GN=Atp2a1 PE=1 SV=1 19 26 

Ceruloplasmin OS=Rattus norvegicus OX=10116 GN=Cp PE=1 SV=3 19 22 
Endoplasmic reticulum chaperone BiP OS=Rattus norvegicus OX=10116 GN=Hspa5 PE=1 SV=1 18 39 
Fibronectin OS=Rattus norvegicus OX=10116 GN=Fn1 PE=1 SV=3 18 18 
Inter alpha-trypsin inhibitor, heavy chain 4 OS=Rattus norvegicus OX=10116 GN=Itih4 PE=1 SV=1 17 28 
Endoplasmin OS=Rattus norvegicus OX=10116 GN=Hsp90b1 PE=1 SV=2 17 26 
Desmoplakin OS=Rattus norvegicus OX=10116 GN=Dsp PE=1 SV=1 17 19 
Actin, cytoplasmic 1 OS=Rattus norvegicus OX=10116 GN=Actb PE=1 SV=1 16 46 
Actin, cytoplasmic 2 OS=Rattus norvegicus OX=10116 GN=Actg1 PE=1 SV=1 16 45 
Major vault protein OS=Rattus norvegicus OX=10116 GN=Mvp PE=1 SV=4 16 22 
Murinoglobulin-1 OS=Rattus norvegicus OX=10116 GN=LOC297568 PE=1 SV=3 16 22 
Clathrin heavy chain 1 OS=Rattus norvegicus OX=10116 GN=Cltc PE=1 SV=3 16 20 
Keratin, type I cytoskeletal 14 OS=Rattus norvegicus OX=10116 GN=Krt14 PE=2 SV=1 15 53 
Keratin, type II cytoskeletal 1 OS=Rattus norvegicus OX=10116 GN=Krt1 PE=1 SV=1 14 75 
Immunoglobulin heavy constant mu OS=Rattus norvegicus OX=10116 GN=Ighm PE=1 SV=3 14 45 
Keratin, type I cytoskeletal 17 OS=Rattus norvegicus OX=10116 GN=Krt17 PE=1 SV=1 14 35 
Murinoglobulin-1 OS=Rattus norvegicus OX=10116 GN=Mug1 PE=2 SV=1 13 17 
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Description Number of peptides 
identified 

Number of peptide-spectrum match 
identified 

RCG55135, isoform CRA_b OS=Rattus norvegicus OX=10116 GN=Tln1 PE=1 SV=1 13 13 
Keratin, type I cytoskeletal 42 OS=Rattus norvegicus OX=10116 GN=Krt42 PE=3 SV=1 12 31 
Protein disulfide-isomerase OS=Rattus norvegicus OX=10116 GN=P4hb PE=1 SV=2 12 27 
Calreticulin OS=Rattus norvegicus OX=10116 GN=Calr PE=1 SV=1 12 27 
Anion exchange protein OS=Rattus norvegicus OX=10116 GN=Slc4a1 PE=1 SV=1 12 20 
Annexin A1 OS=Rattus norvegicus OX=10116 GN=Anxa1 PE=1 SV=2 12 18 
Apolipoprotein A-IV OS=Rattus norvegicus OX=10116 GN=Apoa4 PE=1 SV=2 12 15 
Ezrin OS=Rattus norvegicus OX=10116 GN=Ezr PE=1 SV=3 12 15 
Coagulation factor XI OS=Rattus norvegicus OX=10116 GN=F11 PE=1 SV=1 11 21 
Integrin beta-3 OS=Rattus norvegicus OX=10116 GN=Itgb3 PE=2 SV=1 11 15 
Globin a4 OS=Rattus norvegicus OX=10116 GN=Hbb PE=1 SV=1 10 51 
Keratin, type I cytoskeletal 10 OS=Rattus norvegicus OX=10116 GN=Krt10 PE=3 SV=1 10 51 
Keratin, type II cytoskeletal 6A OS=Rattus norvegicus OX=10116 GN=Krt6a PE=1 SV=1 10 44 
Hemoglobin subunit beta-2 OS=Rattus norvegicus OX=10116 PE=1 SV=2 10 36 
Keratin, type II cytoskeletal 75 OS=Rattus norvegicus OX=10116 GN=Krt75 PE=3 SV=2 10 32 
Apolipoprotein E OS=Rattus norvegicus OX=10116 GN=Apoe PE=1 SV=2 10 24 
Vitronectin OS=Rattus norvegicus OX=10116 GN=Vtn PE=1 SV=1 10 18 
Annexin A2 OS=Rattus norvegicus OX=10116 GN=Anxa2 PE=1 SV=2 10 14 
Kininogen-1 OS=Rattus norvegicus OX=10116 GN=Kng1 PE=2 SV=1 10 14 
Filamin A OS=Rattus norvegicus OX=10116 GN=Flna PE=1 SV=1 10 10 
Protein disulfide-isomerase A4 OS=Rattus norvegicus OX=10116 GN=Pdia4 PE=1 SV=1 10 10 
Keratin 16 OS=Rattus norvegicus OX=10116 GN=Krt16 PE=1 SV=1 9 42 
Actin, gamma-enteric smooth muscle OS=Rattus norvegicus OX=10116 GN=Actg2 PE=2 SV=1 9 30 
Keratin, type II cytoskeletal 2 epidermal OS=Rattus norvegicus OX=10116 GN=Krt2 PE=1 SV=1 9 27 
Ig gamma-2A chain C region OS=Rattus norvegicus OX=10116 GN=Igg-2a PE=1 SV=1 9 24 
Annexin A3 OS=Rattus norvegicus OX=10116 GN=Anxa3 PE=1 SV=4 9 17 
Heat shock cognate 71 kDa protein OS=Rattus norvegicus OX=10116 GN=Hspa8 PE=1 SV=1 9 15 
ATP synthase subunit beta, mitochondrial OS=Rattus norvegicus OX=10116 GN=Atp5f1b PE=1 
SV=2 9 15 
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Description Number of peptides 
identified 

Number of peptide-spectrum match 
identified 

Apolipoprotein A-I OS=Rattus norvegicus OX=10116 GN=Apoa1 PE=1 SV=2 9 14 
Myristoylated alanine-rich C-kinase substrate OS=Rattus norvegicus OX=10116 GN=Marcks 
PE=1 SV=2 9 11 

Keratin, type II cytoskeletal 1b OS=Rattus norvegicus OX=10116 GN=Krt77 PE=3 SV=1 8 27 
Carboxylesterase 1D OS=Rattus norvegicus OX=10116 GN=Ces1d PE=1 SV=2 8 13 
Formimidoyltransferase-cyclodeaminase OS=Rattus norvegicus OX=10116 GN=Ftcd PE=1 SV=4 8 12 
Hemopexin OS=Rattus norvegicus OX=10116 GN=Hpx PE=1 SV=3 8 12 
C4b-binding protein alpha chain OS=Rattus norvegicus OX=10116 GN=C4bpa PE=2 SV=1 8 12 
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 OS=Rattus norvegicus OX=10116 
GN=Atp2a2 PE=1 SV=1 8 9 

Uncharacterized protein OS=Rattus norvegicus OX=10116 GN=Cfhr2 PE=1 SV=3 8 8 
Protein disulfide-isomerase A6 OS=Rattus norvegicus OX=10116 GN=Pdia6 PE=1 SV=1 7 11 
Thrombospondin 1 OS=Rattus norvegicus OX=10116 GN=Thbs1 PE=1 SV=2 7 9 
ATP synthase subunit alpha OS=Rattus norvegicus OX=10116 GN=Atp5f1a PE=1 SV=1 7 9 
Integrin subunit alpha 2b OS=Rattus norvegicus OX=10116 GN=Itga2b PE=1 SV=2 7 9 
Coagulation factor V OS=Rattus norvegicus OX=10116 GN=F5 PE=1 SV=1 7 8 
Haptoglobin OS=Rattus norvegicus OX=10116 GN=Hp PE=1 SV=3 7 8 
Hemoglobin subunit alpha-1/2 OS=Rattus norvegicus OX=10116 GN=Hba1 PE=1 SV=3 6 30 
Keratin, type II cytoskeletal 73 OS=Rattus norvegicus OX=10116 GN=Krt73 PE=1 SV=1 6 26 
Keratin, type I cytoskeletal 13 OS=Rattus norvegicus OX=10116 GN=Krt13 PE=3 SV=1 6 17 
Alpha-1-antiproteinase OS=Rattus norvegicus OX=10116 GN=Serpina1 PE=1 SV=1 6 11 
RCG20603 OS=Rattus norvegicus OX=10116 GN=Serpina3c PE=3 SV=1 6 11 
Ras-related protein Rap-1b OS=Rattus norvegicus OX=10116 GN=Rap1b PE=1 SV=2 6 9 
Kininogen-1 OS=Rattus norvegicus OX=10116 GN=Kng1 PE=1 SV=1 6 9 
14-3-3 protein zeta/delta OS=Rattus norvegicus OX=10116 GN=Ywhaz PE=1 SV=1 6 9 
T-kininogen 1 OS=Rattus norvegicus OX=10116 GN=Map1 PE=1 SV=2 6 9 
Annexin OS=Rattus norvegicus OX=10116 GN=Anxa6 PE=1 SV=1 6 8 
Moesin OS=Rattus norvegicus OX=10116 GN=Msn PE=1 SV=1 6 7 
Gelsolin OS=Rattus norvegicus OX=10116 GN=Gsn PE=1 SV=1 6 7 
Microsomal triglyceride transfer protein OS=Rattus norvegicus OX=10116 GN=Mttp PE=1 SV=1 6 7 
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Description Number of peptides 
identified 

Number of peptide-spectrum match 
identified 

Sodium/potassium-transporting ATPase subunit alpha-1 OS=Rattus norvegicus OX=10116 
GN=Atp1a1 PE=1 SV=1 6 7 

Fibrinogen beta chain OS=Rattus norvegicus OX=10116 GN=Fgb PE=1 SV=4 6 6 
Calnexin OS=Rattus norvegicus OX=10116 GN=Canx PE=1 SV=1 6 6 
Leucine-rich repeat neuronal 4 OS=Rattus norvegicus OX=10116 GN=Lrrn4 PE=1 SV=2 6 6 
Apolipoprotein B-100 OS=Rattus norvegicus OX=10116 GN=Apob PE=1 SV=1 6 6 
Platelet factor 4 OS=Rattus norvegicus OX=10116 GN=Pf4 PE=1 SV=1 5 28 
Ig kappa chain C region, A allele OS=Rattus norvegicus OX=10116 PE=1 SV=1 5 20 
Ig-like domain-containing protein OS=Rattus norvegicus OX=10116 PE=1 SV=1 5 20 
Globin a1 OS=Rattus norvegicus OX=10116 GN=LOC103694855 PE=1 SV=1 5 16 
Keratin 76 OS=Rattus norvegicus OX=10116 GN=Krt76 PE=2 SV=1 5 15 
Keratin, type II cytoskeletal 8 OS=Rattus norvegicus OX=10116 GN=Krt8 PE=1 SV=3 5 15 
Immunoglobulin heavy constant mu OS=Rattus norvegicus OX=10116 GN=Ighm PE=4 SV=1 5 11 
Serine protease inhibitor A3N OS=Rattus norvegicus OX=10116 GN=LOC299282 PE=1 SV=1 5 10 
Glyceraldehyde-3-phosphate dehydrogenase OS=Rattus norvegicus OX=10116 GN=Gapdh PE=1 
SV=3 5 9 

Ac1873 OS=Rattus norvegicus OX=10116 GN=Fga PE=1 SV=1 5 8 
Transferrin receptor protein 1 OS=Rattus norvegicus OX=10116 GN=Tfrc PE=1 SV=1 5 8 
Basigin OS=Rattus norvegicus OX=10116 GN=Bsg PE=1 SV=2 5 8 
CD5 antigen-like OS=Rattus norvegicus OX=10116 GN=Cd5l PE=1 SV=1 5 8 
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Table 3| Gene Ontology (GO) analysis for localization of the proteins identified in common in EV from control rat and in Vesiclepedia 

database.  

GO cellular component analysis Number of proteins identified Fold Enrichment False Discovery Rate 

amino acid transport complex (GO:1990184) 2 95,92 6,86E-03 

blood microparticle (GO:0072562) 5 68,51 2,28E-06 

other organism cell membrane (GO:0044218) 2 63,94 1,06E-02 

fibrinogen complex (GO:0005577) 4 63,94 4,77E-05 

discoidal high-density lipoprotein particle (GO:0034365) 2 63,94 1,06E-02 

integrin alpha2-beta1 complex (GO:0034666) 2 63,94 1,05E-02 

sarcoplasmic reticulum lumen (GO:0033018) 3 47,96 1,18E-03 

intermediate-density lipoprotein particle (GO:0034363) 3 47,96 1,17E-03 

endoplasmic reticulum chaperone complex (GO:0034663) 6 47,96 6,06E-07 

extrinsic component of external side of plasma membrane (GO:0031232) 4 42,63 1,36E-04 

spherical high-density lipoprotein particle (GO:0034366) 3 41,11 1,58E-03 

mitochondrial proton-transporting ATP synthase complex, catalytic core F(1) (GO:0000275) 2 38,37 2,09E-02 

haptoglobin-hemoglobin complex (GO:0031838) 4 38,37 1,79E-04 

cell tip (GO:0051286) 4 38,37 1,78E-04 

chromaffin granule membrane (GO:0042584) 2 38,37 2,08E-02 

chromaffin granule (GO:0042583) 3 35,97 2,05E-03 

chylomicron (GO:0042627) 4 34,88 2,34E-04 

mitochondrial respiratory chain complex III (GO:0005750) 4 34,88 2,32E-04 

HFE-transferrin receptor complex (GO:1990712) 2 31,97 2,65E-02 

membrane attack complex (GO:0005579) 2 31,97 2,64E-02 

respiratory chain complex III (GO:0045275) 4 31,97 3,00E-04 

proton-transporting ATP synthase complex, catalytic core F(1) (GO:0045261) 2 31,97 2,62E-02 

hemoglobin complex (GO:0005833) 3 28,77 3,40E-03 
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GO cellular component analysis Number of proteins identified Fold Enrichment False Discovery Rate 

dense body (GO:0097433) 2 27,4 3,22E-02 

postsynaptic recycling endosome (GO:0098837) 2 27,4 3,20E-02 

symbiont-containing vacuole membrane (GO:0020005) 2 27,4 3,19E-02 

high-density lipoprotein particle (GO:0034364) 6 27,4 6,85E-06 

MHC class I peptide loading complex (GO:0042824) 2 27,4 3,17E-02 

melanosome (GO:0042470) 24 26,16 3,14E-22 

low-density lipoprotein particle (GO:0034362) 3 26,16 4,22E-03 

pigment granule (GO:0048770) 24 26,16 2,36E-22 

smooth endoplasmic reticulum (GO:0005790) 10 24,59 3,48E-09 

mitochondrial proton-transporting ATP synthase complex, coupling factor F(o) (GO:0000276) 3 23,98 5,03E-03 

clathrin coat of trans-Golgi network vesicle (GO:0030130) 2 23,98 3,89E-02 

symbiont-containing vacuole (GO:0020003) 2 23,98 3,87E-02 

fascia adherens (GO:0005916) 3 23,98 5,00E-03 

clathrin complex (GO:0071439) 2 23,98 3,86E-02 

mitochondrial proton-transporting ATP synthase complex (GO:0005753) 5 22,84 1,17E-04 

endoplasmic reticulum quality control compartment (GO:0044322) 2 21,31 4,64E-02 

presynaptic endocytic zone membrane (GO:0098835) 2 21,31 4,62E-02 

F-actin capping protein complex (GO:0008290) 2 21,31 4,60E-02 

alveolar lamellar body (GO:0097208) 2 21,31 4,58E-02 

triglyceride-rich plasma lipoprotein particle (GO:0034385) 4 21,31 9,91E-04 

very-low-density lipoprotein particle (GO:0034361) 4 21,31 9,84E-04 

proton-transporting ATP synthase complex (GO:0045259) 5 20,85 1,64E-04 

lipoprotein particle (GO:1990777) 6 20,55 2,82E-05 

proton-transporting ATP synthase complex, coupling factor F(o) (GO:0045263) 3 20,55 7,20E-03 

plasma lipoprotein particle (GO:0034358) 6 20,55 2,79E-05 

mitochondrial respiratory chain complex IV (GO:0005751) 3 20,55 7,16E-03 
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GO cellular component analysis Number of proteins identified Fold Enrichment False Discovery Rate 

lamellipodium membrane (GO:0031258) 3 19,18 8,26E-03 

protein-lipid complex (GO:0032994) 6 19,18 3,84E-05 

invadopodium (GO:0071437) 3 19,18 8,21E-03 

platelet alpha granule (GO:0031091) 4 19,18 1,31E-03 

microvillus membrane (GO:0031528) 4 17,44 1,75E-03 

cornified envelope (GO:0001533) 4 17,44 1,74E-03 

endoplasmic reticulum lumen (GO:0005788) 14 17 5,31E-11 

clathrin coat of coated pit (GO:0030132) 3 16,93 1,09E-02 

trans-Golgi network transport vesicle (GO:0030140) 5 16,54 3,85E-04 

podosome (GO:0002102) 5 15,47 4,90E-04 

cytochrome complex (GO:0070069) 5 14,53 6,32E-04 

postsynaptic cytoskeleton (GO:0099571) 3 14,39 1,64E-02 

intercalated disc (GO:0014704) 9 14,39 1,13E-06 

extracellular exosome (GO:0070062) 13 14,33 2,00E-09 

respiratory chain complex IV (GO:0045277) 3 13,7 1,85E-02 

cell-cell adherens junction (GO:0005913) 3 13,08 2,07E-02 

desmosome (GO:0030057) 3 13,08 2,06E-02 

extracellular vesicle (GO:1903561) 13 12,85 5,95E-09 

integrin complex (GO:0008305) 4 12,79 4,56E-03 

extracellular organelle (GO:0043230) 14 12,67 1,64E-09 

proton-transporting two-sector ATPase complex, proton-transporting domain (GO:0033177) 3 11,99 2,49E-02 

endoplasmic reticulum-Golgi intermediate compartment (GO:0005793) 10 11,02 1,83E-06 

keratin filament (GO:0045095) 8 10,96 3,31E-05 

protein complex involved in cell adhesion (GO:0098636) 4 10,96 7,31E-03 

endocytic vesicle membrane (GO:0030666) 5 10,66 1,99E-03 

cell-cell contact zone (GO:0044291) 9 10,4 1,12E-05 
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GO cellular component analysis Number of proteins identified Fold Enrichment False Discovery Rate 

phagocytic vesicle membrane (GO:0030670) 3 10,28 3,42E-02 

phagocytic vesicle (GO:0045335) 10 10,1 3,70E-06 

clathrin-coated pit (GO:0005905) 6 9,75 8,15E-04 

sarcolemma (GO:0042383) 16 9,08 5,02E-09 

proton-transporting two-sector ATPase complex (GO:0016469) 5 9,05 3,84E-03 

intermediate filament (GO:0005882) 13 9,04 2,12E-07 

pore complex (GO:0046930) 3 8,99 4,63E-02 

myelin sheath (GO:0043209) 6 8,85 1,23E-03 

COP9 signalosome (GO:0008180) 3 8,72 4,95E-02 

lipid droplet (GO:0005811) 7 8,61 4,36E-04 

cortical cytoskeleton (GO:0030863) 11 8,31 5,15E-06 

inner mitochondrial membrane protein complex (GO:0098800) 12 8,28 1,69E-06 

endocytic vesicle (GO:0030139) 15 8,17 5,52E-08 

mitochondrial respirasome (GO:0005746) 7 7,54 8,88E-04 

microbody membrane (GO:0031903) 4 7,38 2,50E-02 

peroxisomal membrane (GO:0005778) 4 7,38 2,49E-02 

respiratory chain complex (GO:0098803) 7 7,38 9,92E-04 

intermediate filament cytoskeleton (GO:0045111) 13 7,25 1,91E-06 

clathrin-coated vesicle (GO:0030136) 8 6,98 4,76E-04 

T-tubule (GO:0030315) 5 6,95 1,04E-02 

exocytic vesicle (GO:0070382) 22 6,85 3,34E-10 

respirasome (GO:0070469) 7 6,71 1,57E-03 

Schaffer collateral - CA1 synapse (GO:0098685) 8 6,61 6,59E-04 

secretory granule membrane (GO:0030667) 6 6,54 4,85E-03 

filopodium (GO:0030175) 7 6,46 1,92E-03 

COPII-coated ER to Golgi transport vesicle (GO:0030134) 4 6,39 3,74E-02 
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secretory vesicle (GO:0099503) 42 6,39 8,18E-19 

oxidoreductase complex (GO:1990204) 8 6,34 8,55E-04 

focal adhesion (GO:0005925) 11 6,28 5,62E-05 

microvillus (GO:0005902) 6 6,26 5,93E-03 

microbody (GO:0042579) 9 6,17 3,96E-04 

peroxisome (GO:0005777) 9 6,17 3,92E-04 

cell-substrate adherens junction (GO:0005924) 11 6,1 7,27E-05 

cortical actin cytoskeleton (GO:0030864) 6 5,93 7,43E-03 

extrinsic component of plasma membrane (GO:0019897) 11 5,93 9,03E-05 

basolateral plasma membrane (GO:0016323) 16 5,93 9,20E-07 

ruffle membrane (GO:0032587) 5 5,92 1,95E-02 

Z disc (GO:0030018) 8 5,9 1,26E-03 

cell-substrate junction (GO:0030055) 11 5,89 9,41E-05 

cell cortex (GO:0005938) 21 5,89 1,01E-08 

intrinsic component of synaptic vesicle membrane (GO:0098563) 4 5,81 4,91E-02 

secretory granule (GO:0030141) 23 5,81 2,03E-09 

brush border (GO:0005903) 8 5,68 1,58E-03 

transport vesicle (GO:0030133) 24 5,53 1,96E-09 

basement membrane (GO:0005604) 6 5,48 1,05E-02 

I band (GO:0031674) 8 5,48 1,93E-03 

membrane region (GO:0098589) 23 5,43 6,33E-09 

sarcomere (GO:0030017) 11 5,41 1,78E-04 

membrane raft (GO:0045121) 22 5,41 1,57E-08 

membrane microdomain (GO:0098857) 22 5,4 1,57E-08 

collagen-containing extracellular matrix (GO:0062023) 12 5,38 8,75E-05 

Golgi-associated vesicle (GO:0005798) 8 5,29 2,35E-03 
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coated vesicle (GO:0030135) 11 5,28 2,21E-04 

actin filament bundle (GO:0032432) 5 5,21 3,01E-02 

myofibril (GO:0030016) 12 5,16 1,21E-04 

ruffle (GO:0001726) 9 5,08 1,38E-03 

cell-cell junction (GO:0005911) 22 5,01 5,37E-08 

actin filament (GO:0005884) 7 4,97 7,39E-03 

apical plasma membrane (GO:0016324) 18 4,96 1,58E-06 

contractile fiber (GO:0043292) 12 4,94 1,74E-04 

apical part of cell (GO:0045177) 23 4,94 3,07E-08 

vesicle membrane (GO:0012506) 22 4,93 6,90E-08 

mitochondrial protein complex (GO:0098798) 14 4,9 4,22E-05 

cytoplasmic vesicle membrane (GO:0030659) 20 4,78 5,57E-07 

cytoplasmic side of plasma membrane (GO:0009898) 8 4,74 4,54E-03 

lamellipodium (GO:0030027) 9 4,69 2,25E-03 

midbody (GO:0030496) 8 4,68 4,85E-03 

adherens junction (GO:0005912) 15 4,63 3,73E-05 

acrosomal vesicle (GO:0001669) 6 4,6 2,30E-02 

rough endoplasmic reticulum (GO:0005791) 6 4,6 2,29E-02 

transport vesicle membrane (GO:0030658) 9 4,57 2,69E-03 

mitochondrial inner membrane (GO:0005743) 17 4,57 9,35E-06 

synaptic vesicle (GO:0008021) 12 4,5 3,81E-04 

dendritic spine (GO:0043197) 10 4,46 1,58E-03 

anchoring junction (GO:0070161) 15 4,45 5,39E-05 

cell surface (GO:0009986) 46 4,42 6,01E-15 

exocytic vesicle membrane (GO:0099501) 6 4,39 2,76E-02 

synaptic vesicle membrane (GO:0030672) 6 4,39 2,75E-02 
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neuron spine (GO:0044309) 10 4,38 1,76E-03 

anchored component of membrane (GO:0031225) 6 4,29 3,02E-02 

cytoplasmic side of membrane (GO:0098562) 9 4,25 4,30E-03 

extrinsic component of membrane (GO:0019898) 14 4,24 1,71E-04 

perinuclear region of cytoplasm (GO:0048471) 32 4,22 9,18E-10 

extracellular space (GO:0005615) 70 4,2 3,62E-22 

side of membrane (GO:0098552) 29 4,08 1,35E-08 

lytic vacuole membrane (GO:0098852) 7 4,04 2,09E-02 

lysosomal membrane (GO:0005765) 7 4,04 2,08E-02 

external side of plasma membrane (GO:0009897) 20 4,02 6,30E-06 

vesicle (GO:0031982) 79 4 4,46E-24 

organelle inner membrane (GO:0019866) 17 3,96 5,40E-05 

synapse (GO:0045202) 62 3,93 2,06E-18 

cluster of actin-based cell projections (GO:0098862) 8 3,91 1,30E-02 

glutamatergic synapse (GO:0098978) 21 3,91 5,11E-06 

actin-based cell projection (GO:0098858) 9 3,91 7,20E-03 

cell projection membrane (GO:0031253) 13 3,86 7,34E-04 

mitochondrial envelope (GO:0005740) 25 3,86 5,43E-07 

growth cone (GO:0030426) 9 3,85 7,73E-03 

mitochondrial membrane (GO:0031966) 23 3,84 1,85E-06 

cytoplasmic vesicle (GO:0031410) 70 3,82 2,46E-20 

extracellular matrix (GO:0031012) 14 3,81 4,47E-04 

intracellular vesicle (GO:0097708) 70 3,81 2,47E-20 

polymeric cytoskeletal fiber (GO:0099513) 25 3,78 7,39E-07 

cell (GO:0005623) 42 3,77 1,67E-11 

site of polarized growth (GO:0030427) 9 3,72 9,66E-03 
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supramolecular fiber (GO:0099512) 33 3,7 8,55E-09 

supramolecular polymer (GO:0099081) 33 3,67 1,03E-08 

whole membrane (GO:0098805) 48 3,63 1,31E-12 

endoplasmic reticulum (GO:0005783) 46 3,59 5,90E-12 

distal axon (GO:0150034) 16 3,56 2,97E-04 

lytic vacuole (GO:0000323) 16 3,54 3,15E-04 

lysosome (GO:0005764) 16 3,54 3,12E-04 

plasma membrane region (GO:0098590) 44 3,49 4,79E-11 

presynapse (GO:0098793) 24 3,48 5,18E-06 

plasma membrane protein complex (GO:0098797) 19 3,42 9,79E-05 

axon terminus (GO:0043679) 8 3,41 2,74E-02 

nuclear outer membrane-endoplasmic reticulum membrane network (GO:0042175) 30 3,38 3,40E-07 

endoplasmic reticulum membrane (GO:0005789) 29 3,36 6,17E-07 

late endosome (GO:0005770) 8 3,34 3,03E-02 

extracellular region (GO:0005576) 78 3,34 8,97E-20 

postsynapse (GO:0098794) 26 3,27 5,04E-06 

vacuole (GO:0005773) 18 3,24 3,00E-04 

membrane protein complex (GO:0098796) 38 3,2 1,58E-08 

organelle envelope (GO:0031967) 35 3,2 7,37E-08 

envelope (GO:0031975) 35 3,19 7,42E-08 

actin cytoskeleton (GO:0015629) 16 3,14 1,04E-03 

neuron projection terminus (GO:0044306) 8 3,09 4,46E-02 

organelle membrane (GO:0031090) 81 3,01 3,86E-18 

cell leading edge (GO:0031252) 13 3 5,92E-03 

cell junction (GO:0030054) 34 2,99 5,78E-07 

axon (GO:0030424) 25 2,97 4,04E-05 
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dendrite (GO:0030425) 23 2,89 1,36E-04 

dendritic tree (GO:0097447) 23 2,88 1,40E-04 

supramolecular complex (GO:0099080) 34 2,84 1,69E-06 

bounding membrane of organelle (GO:0098588) 41 2,83 7,69E-08 

early endosome (GO:0005769) 9 2,8 4,84E-02 

cell body (GO:0044297) 23 2,68 3,75E-04 

cytoskeleton (GO:0005856) 52 2,53 3,08E-08 

neuronal cell body (GO:0043025) 19 2,49 3,71E-03 

endomembrane system (GO:0012505) 96 2,48 1,44E-16 

mitochondrion (GO:0005739) 39 2,46 6,92E-06 

endosome (GO:0005768) 20 2,44 3,24E-03 

somatodendritic compartment (GO:0036477) 27 2,39 6,00E-04 

neuron projection (GO:0043005) 37 2,22 1,07E-04 

Golgi apparatus (GO:0005794) 30 2,15 1,14E-03 

cytosol (GO:0005829) 80 2,08 2,04E-09 

plasma membrane bounded cell projection (GO:0120025) 48 1,98 8,78E-05 

cell projection (GO:0042995) 49 1,97 1,01E-04 

cell periphery (GO:0071944) 118 1,94 2,04E-13 

protein-containing complex (GO:0032991) 107 1,93 1,26E-11 

plasma membrane (GO:0005886) 112 1,89 7,43E-12 

cytoplasm (GO:0005737) 180 1,71 2,07E-21 

non-membrane-bounded organelle (GO:0043228) 74 1,69 4,02E-05 

intracellular non-membrane-bounded organelle (GO:0043232) 73 1,68 7,79E-05 

membrane (GO:0016020) 154 1,62 6,44E-13 

intracellular organelle (GO:0043229) 173 1,48 2,09E-12 

membrane-bounded organelle (GO:0043227) 158 1,47 1,04E-09 
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intracellular membrane-bounded organelle (GO:0043231) 144 1,47 5,16E-08 

organelle (GO:0043226) 178 1,46 1,65E-12 

intracellular (GO:0005622) 195 1,45 4,81E-16 

chromosome (GO:0005694) 1 0,09 4,48E-03 

nuclear chromosome (GO:0000228) 0 < 0.01 3,05E-02 

chromatin (GO:0000785) 0 < 0.01 2,98E-02 
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Appendix II – Rights and permissions Article I: Articular repair/regeneration in healthy 

and inflammatory conditions: from advanced in vitro to in vivo models  
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Appendix II – Rights and permissions Article II: The systemic immune response to 

collagen-induced arthritis and the impact of bone injury in inflammatory conditions 
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