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ABSTRACT 
“Of course much remains to know, but we know how to learn: 

through scientific research”. 

- Mario Bunge 

 



 

 

ABSTRACT 

Mesenchymal stromal cells (MSC) have been considered a promising therapeutic 

tool for the treatment of many autoimmune and inflammatory diseases. However, its 

efficacy has not been confirmed in most large-scale clinical trials. Up-to-date, most 

studies have focused on chronic diseases, in which the adaptive and the innate 

immune responses are integrated, coexisting a complex network of interactions that 

makes the mechanisms of action involved in the improvement of these conditions 

difficult to dissect. Thus, in order investigate whether MSC can act specifically on 

inflammatory response mechanisms, it is necessary to resort to models of acute, self-

limited inflammation, only mediated by innate immunity. In this thesis we studied the 

effect of human adipose tissue-derived MSC administration in an acute auto-limited 

gouty arthritis model, which is the paradigm of acute joint disease. The flare-up was 

induced in rabbit knee joints through monosodium urate (MSU) crystals injection.  

In order to assess the evolution of acute synovitis, firstly we validated B-mode and 

power Doppler musculoskeletal ultrasound imaging in our experimental model. 

Subsequently, we analyzed the effect of MSC therapy in the acute gouty arthritic 

rabbits. We observed that a single dose of systemically delivered MSC through the 

auricular artery significantly decreased inflammation shortly after their administration, 

while no effects were observed after intra-articular MSC injection. We also tested the 

effect of the systemic infusion of MSC through the right femoral artery, to investigate 

whether bypassing MSC vascular distribution through the organism could improve its 

effects in the right arthritic knee. Our results indicated that MSC exerted the same 

benefit in both limbs. On the other hand, we also tested whether a unique MSC 

administration was able to modify the inflammatory response of rabbits that 

underwent an acute gouty relapse induced by the administration of a second injection 

of MSU crystals into the knee joints. We did not observe a significant improvement in 

MSC-treated rabbits after the re-aggression. Finally, our results revealed that intra-

femoral infusion of MSC in the acute arthritis model reduced the activity of nuclear 

factor-κB (NF-κB), and decreased the NLR family pyrin domain containing 3 (NLRP3) 

inflammasome components synthesis and pro-inflammatory cytokine presence in 
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rabbit synovial membranes. Concurrently, MSC induced the synthesis of anti-

inflammatory cytokines and promoted M2 macrophage phenotype polarization in 

damaged synovium. In vitro studies showed that MSC inhibited the expression of 

different cytokines and NLRP3 inflammasome components in MSU crystal-stimulated 

THP-1 macrophages.  

Altogether, we have demonstrated that systemic administration of a single dose of 

human MSC relieves a severe acute arthritis flare in rabbit knees, and we have shed 

some light on the mechanisms involved. Additionally, our findings suggest that MSC 

could be considered a novel therapeutic alternative for the treatment of acute gouty 

flares in patients in whom the use of traditional drugs could cause adverse effects. 



 

 

RESUMEN 

Las células estromales mesenquimales (CEM) han sido consideradas una 

herramienta terapéutica prometedora para el tratamiento de muchas enfermedades 

autoinmunes e inflamatorias. Sin embargo, su eficacia no se ha podido confirmar en la 

mayoría de los ensayos clínicos a gran escala. Hasta la fecha, la mayoría de los estudios 

se han centrado en enfermedades crónicas, en las que la respuesta inmunitaria 

adaptativa e innata están integradas, coexistiendo una compleja red de interacciones 

que dificulta el estudio de los mecanismos de acción implicados en la mejoría de estas 

condiciones. Por lo tanto, para investigar si las CEM pueden actuar específicamente 

sobre los mecanismos de respuesta inflamatoria, es necesario recurrir a modelos de 

inflamación aguda autolimitada, mediada únicamente por la inmunidad innata. En esta 

tesis investigamos el efecto de la administración de CEM derivadas de tejido adiposo 

humano en un modelo de artritis gotosa aguda autolimitada, que es el paradigma de la 

enfermedad articular aguda. El brote de artritis gotosa se indujo en ambas rodillas de 

conejo mediante la inyección de cristales de urato monosódico (UMS). 

Para evaluar la evolución de la sinovitis aguda, en primer lugar validamos la 

ecografía musculo-esquelética en modo B y Doppler de potencia en conejos con artritis 

gotosa aguda. Posteriormente, analizamos el efecto de la terapia con CEM en este 

modelo. A diferencia de las CEM inyectadas localmente, una dosis única de CEM 

administrada sistémicamente a través de la arteria auricular disminuyó la inflamación 

poco después de su administración. También probamos el efecto de la infusión de CEM 

a través de la arteria femoral derecha, con el fin de investigar si evitando su 

distribución vascular a través del organismo podría mejorar su efecto en la rodilla 

artrítica derecha. Nuestros resultados indicaron que las CEM ejercieron el mismo 

efecto en ambas rodillas. Por otro lado, estudiamos si una dosis única de CEM fue 

capaz de modificar la respuesta inflamatoria de los conejos que sufrieron un rebrote 

de gota aguda inducida por la administración de una segunda inyección de cristales de 

UMS en las rodillas. No observamos una mejora significativa en los conejos tratados 

con CEM después de la re-agresión. Finalmente, desde un punto de vista mecanicista, 

nuestros resultados revelaron que la infusión intrafemoral de CEM en el modelo de 
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artritis aguda redujo la actividad del factor nuclear-κB y disminuyó la presencia de los 

componentes del inflamasoma NLRP3 (de sus siglas en inglés NOD-, LRR- and pyrin 

domain-containing protein 3)  y de citoquinas proinflamatorias en las membranas 

sinoviales artríticas. Por el contrario, las CEM indujeron la síntesis de citoquinas 

antiinflamatorias y promovieron el fenotipo de macrófagos M2 en la membrana 

sinovial dañada. Estudios in vitro mostraron que las CEM inhibieron la expresión de 

diferentes citoquinas y componentes del inflamasoma NLRP3 en macrófagos THP-1 

estimulados por cristales de UMS. 

En conjunto, hemos demostrado que la administración sistémica de una dosis única 

de CEM humana alivia un brote de artritis aguda en rodillas de conejo, y hemos 

arrojado algo de luz sobre los mecanismos implicados. Además, nuestros hallazgos 

sugieren que la CEM podría considerarse una alternativa terapéutica novedosa para el 

tratamiento de brotes de gota aguda en pacientes en los que el uso de fármacos 

tradicionales podría provocarles efectos adversos. 
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INTRODUCTION 

Mesenchymal stromal cells  

Mesenchymal stromal cells (MSC), also commonly referred to as mesenchymal stem 

cells, are a multipotent stem cell (SC) population that is present in multiple adult 

tissues. A SC is a progenitor cell type capable of renewing itself through proliferative 

symmetrical division, and of differentiating into other cell types with specialized 

functions through asymmetrical division (1). According to their capacity to differentiate 

into other cell types, SCs can be classified in three groups. Pluripotent embryonic SCs 

are able to divide into any cell lineage derived from the three embryo germ layers. 

Unipotent cells have the potency of differentiating into only one cell type. Multipotent 

SCs can differentiate into a defined number of cells in a specific tissue or organ (Figure 

1 A). Among the latter ones, MSC have achieved a growing clinical significance (2). 

MSC were first identified in the bone marrow of guinea pigs in the 1960s, as 

fibroblast-like clonogenic cells (3). Further work from 1980 demonstrated that these 

cells had a multi-lineage differentiation potential and could support hematopoiesis 

creating an appropriate niche in vivo (4). Thus, these cells began to be considered  as 

part of a stromal system, supporting parenchymal cells in organs and tissues (5). At the 

beginning of the 90s, Caplan proposed the term “mesenchymal stem cells” to describe 

a progenitor cell population with multipotential and proliferative capabilities that 

could lead to tissue formation and turnover (6).  

MSC derived from bone marrow were the first to be used in cell therapy studies, 

and since then have been extensively employed. However, other authors described 

many different possible sources to obtain MSC from an adult body. MSC arrange in 

niches at perivascular locations in a wide variety of organs and tissues: adipose tissues, 

including synovial membrane, dental pulp, Wharton’s jelly, hair follicles or umbilical 

cord blood are among the most common MSC sources (7).  
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FIGURE 1. Schematic illustration of the developmental origin of SCs (A) and principal features of MSC 
(B). Ad: adipose tissue-derived; ESC: embryonic stem cells; MSC: mesenchymal stromal cells; SC: stem 
cell. 

In order to unify different criteria, in 2005, the International Society for Cellular 

Therapy proposed the term “multipotent Mesenchymal Stromal Cell” (8). Hence, MSC 

were defined as undifferentiated, self-renewing cells characterized by plastic 

adherence in standard culture, fibroblast-like appearance and expression of specific 

cell markers such as CD105, CD90, CD73, and lack of CD45, CD34, CD14, CD19, CD79a, 

CD11b and MHCII, and low levels of MHCI, with the capacity of differentiating into 

chondrocytes, adipocytes and osteocytes in vitro (Figure 1 B) (9). 

Physiology of regeneration 

Eukaryotic organisms are able to reconstitute at some degree their integrity in 

response to injury. Superior species of metazoans, as mammalians, have the capacity 

to repair their tissue; this is a form of healing which implies a process of recognition of 

cell damage, inflammation and fibrosis that restores tissue homeostasis in an 

unspecific way. Some metazoans such as planarians or salamanders have the capacity 

to recover the initial tissue structure, substituting injured organs and tissues by new 

completely functional ones. This ability of regeneration is also characteristic of early 

fetal development, in which a low inflammatory response combined with a high 

expression of morphogenetic factors differs from tissue repair of adult organisms (10). 

A B 
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In fact, regenerating limbs in amphibians resembles the process of embryonic 

development (11). Humans, as other superior metazoans, retain molecular 

mechanisms involved in regeneration, although their capacity remains limited 

probably due to a fast fibrotic response and scar formation. In this context, 

endogenous SCs present in adult tissues appear to be hindered to display a complete 

regenerating response despite their potential to differentiate into multiple cell types. 

MSC as cell replacement tool in regenerative medicine 

Caplan was one of the first investigators to suggest the possibility of employing their 

differentiation potential as a therapeutic opportunity, with the hypothesis that these 

cells would engraft in damaged tissue and replace impaired cells (6). Since then, 

several experiments in preclinical models and clinical trials have tested the capacity of 

MSC to replace injured tissue.  

Regeneration in preclinical models 

Many of the earlier experiments with MSC were tested in musculoskeletal diseases 

(12). Some reports have described that autologous or allogenic transplantation of MSC 

fostered in scaffold matrix promotes bone and cartilage repair in different animal 

models (13,14). The observation that MSC were able to differentiate into other adult 

cell types at certain culture conditions encouraged their application on 

neurodegenerative, cardiac, and skin diseases among others. It has been even 

reported that MSC are capable of differentiating into renal tubular epithelial-like cells 

in vivo improving the outcome of acute renal failure in a rat model (15). 

Regeneration in clinical trials 

At the end of the 90s, assumption of the regenerative properties of MSC led to the 

design of many clinical trials. Therefore, the firsts clinical studies using bone marrow 

(BM) MSC as a therapeutic agent were performed in 1995 (16), proving to be a 

potential safe treatment when administered intravenously. Subsequent 

transplantation of MSC into a reduced number of patients demonstrated their efficacy 
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to treat children with acquired or congenital disorders such as osteogenesis imperfecta 

(17), or to improve advanced breast cancer outcome after chemotherapy (18) favoring 

hematopoietic restoration. However, most of these clinical trials were designed with a 

poor knowledge of the cell mechanisms responsible for MSC response, and this has led 

to little success in translating MSC therapeutics into large groups of patients. As an 

example, different animal models of osteoarthritis (OA) support the notion that MSC 

improves meniscal regeneration (19), but its translation to the clinic has not achieved 

clear positive outcomes (20). Due to the modest results obtained up-to-date in the 

field of regenerative medicine, many investigators have studied the role of these cells 

as immunomodulatory agents, rather than a cell replacement source. 

MSC and immunomodulation 

During the 90’s, studies of autoimmune disorders in preclinical models showed that 

transplantation of bone marrow cells improved mice survival, preventing graft failure 

and suggested that these cells could interact with B and T cells (21). Subsequent 

investigations demonstrated the ability of these cells to regulate T lymphocyte 

differentiation and proliferation in vitro. Shortly after, MSC use was patented in 1998 

for the control of the immune response in organ transplant (22,23). Further in vitro 

experiments have proved that MSC inhibit proliferation and activity of T-cytotoxic 

(CD8+) cells (24), and the development of (CD4+) into T helper (Th) cells Th1 and Th17 

(25). MSC also affect antibodies production, proliferation and differentiation of B 

lymphocytes (26). On the other hand, MSC promote differentiation and activity of 

regulatory T cells (27). Different studies have also described that MSC are able to 

inactivate dendritic and natural killer cells (28), impeding cross-talk between innate 

and adaptive immune systems, which is highly important in controlling the 

development of chronic diseases. Increasing interest has turned to the study of the 

inter-relation of innate immune system and MSC. For example, the capacity of MSC to 

induce macrophage anti-inflammatory functions have been widely described (29). 
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Immunomodulation in preclinical models 

These findings seem to indicate that improvement of tissue lesions after MSC 

treatment could not be based on their potency to differentiate into specific 

parenchymal cells, but rather to the prevention of damage due to their immune-

regulatory capacities. This was supported by evidence of short MSC life after 

administration, poor engraftment and limited differentiation capacity (30–32). 

Additionally, some experimental models have been successfully treated with MSC-

derived sectretome obtained after their stimulation (33,34).  

MSC immunomodulatory function has been tested in a wide variety of disease 

models, proving that MSC restore immunological homeostasis and favor tissue repair. 

Most of these models have assessed the effect of MSC on chronic diseases, focusing on 

adaptive or innate immune response. For instance, it has been observed in a collagen-

induced arthritis model that MSC are able to modulate T cells populations towards an 

anti-inflammatory balance (35). The same group also demonstrated that MSC 

attenuated arthritis progression by modulating peripheral monocytes differentiation 

towards interleukin (IL)-10 secreting macrophages (36). 

Immunomodulation in clinical trials 

Relatively great success in preclinical studies has encouraged the launch of a 

growing number of clinical trials, especially those focused on the treatment of systemic 

autoimmune diseases, organ transplantation and chronic inflammatory diseases (7). Le 

Blanc performed one of the first successful applications using allogeneic MSC in 2004. 

Her team treated a child suffering from acute lymphoblastic leukemia who developed 

treatment-resistant GvHD. Despite achieving positive therapeutic results in a phase II 

study in patients with severe steroid-refractory GvHD (37),  in 2009 a phase III trial 

failed. Nevertheless, a deeper analysis suggested that children with GvHD positively 

responded to the treatment, and the first MSC pharmacological products obtained 

marketing approval. But with some exceptions, its use has remained restricted to 

clinical trials. In 2008, Alofisel (darvadstrocel), the first MSC product was approved in 

Europe to treat patients with complex perianal enterocutaneous fistulas associated to 
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Crohn’s disease. However, an overwhelming number of clinical trials performed up-to-

date have not reached the latter phases of clinical trials. To give an example, 15 clinical 

trials employing MSC for the treatment of Rheumatoid Arthritis (RA) have been 

launched, but only short term benefits have been observed with moderate therapeutic 

outcomes (38,39). 

Currently, prediction of MSC response in certain disease conditions is limited. The 

precise mechanisms through which the interaction between MSC and immune cells 

drives into a therapeutic outcome remain elusive. That is probably the main reason 

why most of the efforts trying to transfer MSC therapy from “bench” to “bedside” 

have failed. In most diseases, both the adaptive and innate immune responses are 

integrated during chronic inflammation, and therefore, the processes of induction and 

resolution of the phenomena associated with the chronic condition coexist. This 

complex network of interactions makes it difficult to dissect the closing mechanisms 

displayed during the chronic inflammatory response. However, the study of acute, 

“pure” inflammatory diseases could bring about an opportunity to much better 

understand the role of MSC on the active resolution of acute inflammation. 

Physiology of inflammation 

Exogenous threats, such as traumatic lesions, microorganisms and environmental 

agents; or endogenous dangers, such particulates formation, auto-inflammatory 

disorders and any kind of cellular-stress associated condition can produce tissue injury. 

This damage is sensed by local parenchymal and immune system cells, which triggers a 

functional response to eliminate harmful stimulus, repair damage and restore tissue 

homeostasis (40).  

Acute inflammation has a rapid onset and brief evolution, and it is characterized by 

fluid and plasma exudation and leukocyte migration to the injury site. Soluble 

mediators secreted in a dynamic spatiotemporal fashion actively regulate this process. 

Most of them act at injured location, but some systemic effects may take place 

triggering a metabolic and endocrine response.  Immediately after insult, local vascular 

dilatation increases blood flow and permeability after a short period of 
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vasoconstriction. This produces redness, heat and swelling signs of inflammation. 

Dilated vessels slow down the blood flow favoring immune cells attraction to the 

vessel wall. Endothelial cells, that form vessels walls, undergo phenotypic changes, 

expressing selectins, integrins and intercellular adhesion molecules, which allow 

permeability and extravasation of immune cells.  Subsequent leukocyte extravasation 

allows migration to the insult localization following a chemotactic gradient (41).  

Circulating neutrophils are the first line of defense against pathogens and other 

aggressive agents. Neutrophils release bactericide peptides, undergo oxidative stress 

responses and produce extracellular traps (NETs) to eliminate the aggressor agent (42). 

Monocytes are then recruited into the inflammation site, differentiating into 

macrophage or dendritic cell populations. Macrophages are able to display distinct 

phenotypes, presenting variations in marker expression and secretion of specific 

mediators. Commonly, macrophages have been clustered into the M1 pro-

inflammatory, and the M2 anti-inflammatory polarization phenotypes (43). Recruited 

monocytes may differentiate towards one of the macrophages subsets depending on 

the signals present in the inflammatory microenvironment, promoting either 

inflammation or wound repair (44). While M1 macrophages are characterized by 

expression of pro-inflammatory molecules such as IL-1β, tumor necrosis factor (TNF)-

α, interferon (IFN)-γ and nitric oxide (NO), alternative activated macrophages produce 

high levels of IL-10 and usually express higher levels of surface markers such as CD206 

and CD163 (45,46).  

Therefore, neutrophils and macrophages deploy a molecular arsenal of degradative 

proteins and soluble mediators that enhances the inflammatory response, but also 

contributes to its resolution. These molecules, together with their phagocytic capacity, 

remove the aggressor agent and clear death cells and debris. Macrophages and other 

antigen presenting cells are able to migrate to lymph node through lymphatic vessels 

triggering the specific adaptive immune response.  

Sometimes the harmful agent is intense and cannot be easily removed. 

Consequently, the inflammatory reaction can be excessive, causing severe tissue injury 

(40,41). If the source of damage persists during long time, inflammation and repair 
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processes become integrated in a self-persisting loop where tissue suffers further 

damage. This unresolved inflammation leads to the chronification of the process, 

where the innate and adaptive immune systems are integrated coexisting stages of 

high inflammatory onset activity and resolution processes (40,47). 

MSC in the inflammatory microenvironment  

It has been suggested that endogenous MSC may help to orchestrate and regulate 

the immune response during inflammation, promoting tissue repair (48). Hence, 

administration of exogenous MSC could favor the healing process of an inflammatory 

disease. When inflammation arises in a damaged tissue, systemically administered 

MSC have the potential to mobilize and temporarily home into the injury site. 

However, most MSC accumulate in the lung microvasculature, interacting with 

circulating and resident phagocytes (30). MSC that reach inflammatory site are 

attracted by different chemokines such as C-X-C motif chemokine ligand 12 (CXCL12) 

or C-C motif ligand 2 (CCL2) released by host cells, which are recognized by MSC C-X-C 

motif chemokine receptor 4 (CXCR4) and C-C chemokine receptor type 2 (CCR2) 

respectively (49,50). At inflammation site, MSC induce host cells, such as leukocytes, 

fibroblasts, endothelial and tissue progenitor cells, to restore homeostasis through 

several mechanisms, including the secretion of growth and immunosuppressive factors 

(51) (Figure 2). In 2008 it was discovered that immunosuppressive capacity of MSC was 

enhanced by high concentration of pro-inflammatory chemokines such as IFN-γ, TNF-α 

or IL-1β present in the inflammatory milieu (52). Additionally, other environmental 

factors as low oxygen concentration in the inflammatory environment may promote 

anti-inflammatory MSC phenotype (53). However, MSC can also exert a pro-

inflammatory action if the dynamic immune fluctuations during disease course alter 

their regulatory status. Different stimuli can be detected by MSC through different 

TLRs types, switching on different signaling pathways which determine their regulatory 

response (54). Therefore, cross-talk between MSC and a strong inflammatory milieu is 

essential to achieve a favorable immune modulation. 
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MSC therapy in acute inflammation 

The employment of exogenous MSC as a therapeutic tool for the treatment acute 

inflammatory diseases has been partially investigated (55,56). It has been recently 

described in different preclinical models, including myocardial infarction (57), acute 

liver injury (58) or renal failure (59) among others, that MSC exert a prompt 

therapeutic action on injured organs.  Furthermore, several clinical trials are 

underway, although data is still limited (55,60).  

Different microbial or sterile etiologic agents could induce acute organ injury. For 

instance, ischemia-reperfusion injury (IRI) can lead to a severe sterile inflammatory 

response producing organ failure. Sterile inflammation, which is similar to microbial 

triggered inflammation, is characterized by damage-associated molecular patterns 

(DAMPs)  release and recruitment of neutrophils and macrophages, and sometimes it 

implies the activation of adaptive immune response (61). Sterile inflammation is also 

observed in other acute conditions such as trauma, toxin exposure or crystal-induced 

arthritis. MSC therapy has been proposed to be an effective therapy to address acute 

sterile inflammation (62). Outstanding results have been achieved in preclinical models 

of acute myocardial infarction treated with MSC (63) and some clinical studies have 

even reached industry-sponsored phase III clinical trials (64,65). Clearly, it is essential 

to understand the interplaying of MSC with innate immune cells in order to delve into 

the mechanisms through which MSC modulate the inflammatory response in these 

acute disease models.   

The interaction between MSC and innate immune cells has been widely studied in 

vitro and in vivo and several mechanism of action have been described (66). Both 

neutrophils and macrophages are essential players during inflammatory diseases. In 

the table below, some mechanisms through which MSC interact with both cell 

populations are described (Table 1). On the other hand, a wide number of studies have 

focused on the capacity of MSC to actively interact with monocytes and macrophages 

in different tissue locations favoring their anti-inflammatory functions (67). 

Additionally, passive effects on macrophage regulation have also been proposed 

(Figure 2). Macrophages are able to react to MSC presence even when MSC are not 
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metabolically fit and non-functional. For example, apoptotic MSC entrapped in the 

lung microvasculature are phagocyted by macrophages through a process termed 

“efferocytosis” favoring the release of anti-inflammatory mediators (68).  

 

FIGURE 2. Schematic illustration of MSC mode of action in the acute inflammation site and their 
effects on mononuclear phagocytes and neutrophils. When MSC are administered systemically, a small 
MSC fraction is able to migrate into the injury site attracted by chemokines and home transiently before 
being cleared by host phagocytes. A severe inflammatory microenvironment is essential to trigger an 
active MSC immunosuppressive reaction. Immunosuppression and modulation of host cells by the 
release of growth factors can promote tissue repair, promoting the recovery of tissue homeostasis. 
CXCL-12: C-X-C motif chemokine 12; IDO: indoleamine 2,3-dioxygenase; IFN-γ: interferon-γ; IL: 
interleukin; IL-1RA: interleukin-1 receptor antagonist; miRNA: microRNA; MSC: mesenchymal stromal 
cells; MPO: myeloperoxidase; NE: neutrophil elastase; NETs: neutrophil extracellular traps; NF-κB: 
nuclear factor-κB; PGE2: prostaglandin E2; ROS: reactive oxygen species; SOD: superoxide dismutase; 
TGF-β: tumor growth factor-β; TNF-α: tumor necrosis factorα; TSG-6: TNF-stimulated gene-6. 
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However, it is difficult to attribute the improvement observed in acute disorders to 

the modulation of innate leukocytes alone, as adaptive immunity is usually induced as 

well. In fact, several works describe how MSC are able to suppress adaptive immunity 

indirectly through regulating mononuclear phagocytes (69). Few works have been 

focused on the study of the specific action of MSC on innate immunity in vivo, avoiding 

the involvement of an adaptive response. Some examples include corneal wound 

healing (70), acute pancreatitis (71), severe burned wound (72), or zymosan-induced 

peritonitis models (73). In order to understand how MSC exert their anti-inflammatory 

activity in vivo, it is necessary to resort to models of acute, self-limited inflammation, 

in which the mechanisms whereby MSC modulate the inflammatory response 

associated to the activation of the innate immunity can be studied. In the joint, the 

therapeutic effect of MSC on acute arthritis has never been assessed before. Gouty 

arthritis is the paradigm of an auto-limited articular inflammatory disease, being a 

perfect tool to study the effect of MSC on an acute inflammatory disease mediated by 

innate immune system. 

Gouty arthritis 

Gouty arthritis is an inflammatory joint disease characterized by recurrent acute 

flares of articular and periarticular inflammation which usually affects a single joint and 

can progress to a chronic state with progressive tissue destruction (74). Gouty flares 

affect patients under hyperuricaemic state, when serum urate levels exceed 6.8 mg/l 

(420 μmol/l) leading to the formation and deposition of monosodium urate (MSU) 

crystals in the joints. Needle shaped MSU crystals are negatively birefringent under 

polarized light and usually size from 2 to 22 µm (75). 

Uric acid (UA) is the final metabolite of purine metabolism in humans and other 

primates, being principally produced in the liver. Supersaturation can be commonly 

reached from high cell turnover disorders, from excessive production during 

metabolism, and by dietary intake (76,77). The crystallization process depends on the 

presence of specific proteins, chondroitin sulfate, phosphatidylcholine, mechanical 

injury, high calcium concentration, and low pH and temperature (76). 



 

 

Target cells Source MSC Mechanism of action of MSC Effect of MSC Disease model/assay 

 

Neutrophil 

hBM-MSC IL-6 Inhibition apoptosis. In vitro assay (78). 

hAd-MSC SOD Inhibition NET formation and respiratory burst. IC‐mediated vasculitis in mice (79). 

mBM-MSC Cell–cell contact interaction Reduces oxidative metabolism and respiratory burst. Corneal injury model in mice (80). 

Mononuclear 

phagocytes 

hUC-MSC 

hBM-MSC 

Lactate 

PGE2 

Differentiation of monocytes into macrophages (M2) and 

up-regulation of CD163, CD14, MHCII and CD16. 

In vitro assay (81,82). 

mBM-MSC 

hAd-MSC 

PGE2 

 

Increase macrophage production of IL-10. 

NLRP3 inflammasome inhibition.  

Macrophages polarization from M1 to M2 phenotype. 

CLP-induced sepsis in mice (83). 

DSS-induced colitis in mice (84). 

hAd-MSC 

hBM-MSC 

TSG-6 

 

Macrophages polarization from M1 to M2 phenotype. 

Suppress macrophage function, inhibiting NF-κB signaling. 

DSS-induced colitis in mice (85).  

Zymosan-induced peritonitis in mice 

(73). 

hBM-MSC Stanniocalcin-2 Macrophages polarization from M1 to M2 phenotype. LPS-induced acute lung injury in mice 

(86). 

hBM-MSC Mitochondrial transfer  Enhance macrophage bioenergetics and phagocytosis. ARDS in mice (87). 

rAd-MSC Enhance efferocytosis of 

neutrophils 

Macrophages polarization from M1 to M2 phenotype. Myocardial IRI model in mice (63). 

mBM-MSC IL-1RA 

 

Macrophages polarization from M1 to M2 phenotype. Con A-induced hepatic injury in mice 

(88). 

hBM-MSC Apoptotic MSC Macrophage production of IDO. Acute GvHD in mice (89). 

 hAd-MSC Heat-inactivated MSC Suppress monocyte function. LPS-induced sepsis model in mice (90). 

TABLE 1. Mechanisms of action of MSC from different origins on neutrophils and mononuclear phagocytes in inflammatory model systems. ARDS: acute respiratory 
distress syndrome; CLP: cecal ligation and puncture; Con A: concanavalin A; IDO: indoleamine 2,3-dioxygenase; DSS: dextran sodium sulfate; GvHD: graft-versus-host 
disease; hAd: human adipose tissue derived; hBM: human bone marrow; hUC: human umbilical cord; IC: immune-complex; IL-1RA: interleukin-1 receptor antagonist; IL: 
interleukin; IRI: ischemia-reperfusion injury; LPS: lipopolysaccharide; mBM: mouse bone marrow; miRNA: microRNA; MPO: myeloperoxidase; NE: neutrophil elastase; 
NLRP3: NLR family pyrin domain containing 3; NETs: neutrophil extracellular traps; NFκB: nuclear factor κB; PGE2: prostaglandine E2; rAd: rat adipose tissue derived; SOD: 
superoxide dismutase; TSG-6: TNFα-stimulated gene-6. 
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Clinical presentation 

Common clinical manifestations are given in patients under hyperuricaemic state 

who suffer recurrent episodes of acute flares involving one joint at a time. Among the 

affected joints, ankles, knees, and fingers are the most common ones. In patients, the 

first metatarsophalangeal joint is usually affected, condition which is termed podagra. 

An acute flare has a rapid onset, usually from 12 to 24 hours, and reaching the peak of 

pain and swelling 6 to 12 hours later. Intermittent acute episodes occur regularly 

between asymptomatic periods. Usually, acute attacks spontaneously auto-resolve 

within 7 to 10 days (91). Local periarthritis, bursitis or tendinitis might develop, while 

systemic fatigue and fever may also occur.  It is common that other attacks reappear 

over 6 months to 2 years after the initial attacks, leading to chronification of the 

process, if UA is not reduced. Chronic gout may develop after few years of recurrent 

acute gout attacks and is characterized by a continuous mild granulomatous 

inflammation and progressive tissue destruction (92).  

Epidemiology and risk factors 

Nowadays, gout is one of the most common inflammatory joint diseases in adults, 

and worldwide data point out an increase in incidence and prevalence in both 

developed and developing countries. Currently, incidence is estimated to reach almost 

0.1% with a prevalence of 0.54% of worldwide population. However, prevalence 

estimation comprises about 2.5 - 6.5% population in Western countries, and the risk of 

suffering gout increases with age (93).  

Genetic, metabolic, and environmental factors are involved in the development of 

gout. The diet and lifestyle of Western countries clearly influence the onset of this 

disease, as it is directly related to hyperuricemia and the use of certain medications 

that affect UA excretion. On the other hand, genetic factors are also implicated. In 

native populations of Taiwan and Pacific Polynesia prevalence arises up to 8% of 

adults, and this can be associated with the presence of specific SNPs in urate 

transporter genes. Additionally, men are four times more susceptible to suffer an 

acute gout attack than women (94).  
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Pathophysiology 

Gout is considered one of the oldest metazoans diseases. Bone erosions 

characteristic of gout were identified in the tyrannosaurus fossil Sue's at Denver 

Museum of Natural History. This is probably related to the conserved first defense 

mechanisms of metazoan, the innate immune system (95). Acute gout flares are 

considered to be the prototypical joint inflammatory disease where innate immune 

system activation plays a pivotal role (96). Given the fact that the aggressor agent 

derives from the organism itself, it has even been considered an auto-inflammatory 

disease, although it is not directly a hereditary disorder (77). 

Onset phase 

When high UA concentration in synovial fluid precipitates, the resulting MSU 

crystals deposit in the joint tissues. MSU crystals are considered a danger agent by 

host primary defenses known as DAMPs. DAMPs are endogenous signals released 

when cells are in a dangerous or stressful situation. After their precipitation in the 

synovium, resident macrophages recognize them, triggering the inflammatory 

response. During this process, IL-1β released by inflammasome action plays a crucial 

role, leading to vasodilatation and immediate recruitment of neutrophils and 

monocytes into the crystal deposition location, amplifying the acute inflammatory 

process (97). 

DAMPs are recognized by sensor proteins, also referred to as cytosolic pattern 

recognition receptors (PRR). One of the best described cytosolic PRR is the nucleotide-

binding oligomerization domain and leucine-rich repeat (NLR) family pyrin domain 

containing 3  (NLRP3) inflammasome (98). Inflammasomes are large cytosolic 

multiproteic complexes mainly present in myeloid-lineage derived leukocytes, but 

have also been described in other cell types such as endothelial fibroblasts or 

chondrocytes. Different inflammasome families and domains have been described. All 

of them are composed by a sensor, an adapter and an effector protein, but they are 

activated by different mechanisms (99). When NLRP3 senses the danger signal, the 

assembly and oligomerization of the components is triggered, leading to the 



INTRODUCTION 

 

 

 

55 
 

recruitment of the adaptor apoptosis-associated speck-like proteins containing a CARD 

(ASC); and subsequent recruitment of the effector component caspase-1. This process 

of auto-assembly into large oligomers is known as ‘prion-like’ polymerization (100). 

After oligomerization is completed, caspase-1 auto-cleaves into its active form, leading 

to the inflammasome activation. Caspase-1 is then able to process the pro-

inflammatory cytokines pro-IL-1β and pro-IL-18 into their mature active forms IL-1β 

and IL-18, triggering the inflammatory response (98,101). It has also been described 

that caspase-1 is able to perform proteolysis of the protein gasdermin D, which 

polymerizes forming cytotoxic pores in cytoplasmic membrane, leading to pyroptosis 

(102). Pyroptosis is an inflammatory form of programmed cell death involved in gout 

pathogenesis. Pore formation allows the release of pro-inflammatory molecules and 

danger signals associated to stress of the cell (Figure 3). These processes form part of a 

protection mechanism orchestrated by innate immunity to restore tissue homeostasis. 

However, persistent or un-cleared danger signals leads to a continual inflammasome 

activity which can result in severe tissue damage (103). 

Given the wide variety of signals derived from homeostatic alterations in the 

microenvironment, different stimuli do not interact directly with inflammasome, but 

meet in a common molecular event which induces its oligomerization and subsequent 

activation (99). In gout, it has been described that MSU crystals themselves are not 

able to induce a complete inflammasome engagement, but other signals are 

necessary. At least two steps are required to induce inflammasome action: priming 

and an activation signal.  This increases the specificity of the response to the aggressor 

agent (104). 

The first signal induces the expression of all inflammasome protein components 

necessary for the assembly and formation of the complex, including the caspase 

substrates. This priming signal is not specific, depends on the inflammatory 

microenvironment and engages innate immune receptors on the cell surface. Toll-like 

receptors (TLR) are the most common ones, being TLR2 and TLR4 involved in gouty 

inflammation. There are different mechanisms through which TLRs from phagocytes 

can be activated. It has been suggested that MSU crystals are able to interact directly 
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with TLRs given their electrostatic nature (105).  On the other hand, detection of 

certain molecules by such as ATP derived from necrotic cells, long-chain free fatty acids 

(FFAs) and proteins such as S100A8 and S100A9 are recognized by different TLRs in 

gout triggering downstream NF-kB signaling (106,107) (Figure 3). Additionally, the 

complement protein C5a induces inflammasome components transcription (108).  

 

FIGURE 3. NLRP3 inflammasome activation triggers the inflammatory response in gouty arthritis. MSU 
crystals are recognized by synovial resident macrophages. MSU crystals and other DAMPs present in the 
microenvironment bind to TLR receptors leading to the up-regulation of inflammasome components and 
of pro-IL-1β and pro-IL-18 cytokines through NF-κB activity. Impaired MSU crystal phagocytosis by 
phagosomes leads to ionic cytoplasmic imbalance due to excessive K

+
 efflux, Ca

2+
 influx, and to 

cathepsin B release and mitochondrial dysfunction, which induce elevated ROS production. These 
signals induce the recruitment of inflammasome components and the consequent release of mature 
pro-inflammatory IL-1β, IL-18 cytokines and pyroptotic GSDMD through caspase-1 activity. DAMP: 
danger-associated molecular patterns; FFA: free fatty acids; GSDMD: gasdermin D; IL: interleukin; Nek-7: 
NIMA-related kinases; NF-κB: nuclear factor-κB; NLRP3: NLR family pyrin domain containing 3; ROS: 
reactive oxygen species; TLR: toll like receptor. 

The second signal activates aggregation and assembly of the previously synthetized 

components. This signal is more specific than the first step pre-requisite and allows 
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inflammasome activity (104). In gouty arthritis, it is suggested that frustrated 

phagocytosis of MSU crystals leads to misbalance of intracellular ionic equilibrium, 

producing potassium (K+) efflux and calcium (Ca2+) influx (109). This ionic dysregulation 

sparks mitochondrial dysfunction triggering the generation of reactive oxygen species 

(ROS) and oxidative stress (110). ROS production may catalyze Nek-7, a NIMA-related 

serine/threonine kinase, direct binding to inflammasome, acting as an activating ligand 

(111). Cytoplasmic acidification and cathepsin B released as a consequence lysosomal 

disruption has also been suggested to play a role in NLRP3 inflammasome activation, 

although the exact mechanism through which engages inflammasome is unknown 

(112) (Figure 3). 

Upon NLRP3 inflammasome activation in phagocytes, IL-1β is released promoting 

the inflammatory response (113). IL-1β acts on IL-1 receptor type 1 (IL-1R1) present in 

many cell types, including endothelial cell and synoviocytes. IL-1 β and other mediators 

produce vasodilatation and induce synthesis of selectins and integrins on endothelial 

cells surface, which leads to further recruitment of neutrophils followed by monocytes 

into the synovium. Activation of IL 1-R1 activates a downstream signaling pathway of 

transcription factors such as NF-κB and p38-Jun N-terminal kinase (JNK). These 

transcription factors turn on the expression of cytokines, chemokines and other pro-

inflammatory mediators such as IL-6 or IL-8 that amplify the inflammatory response. IL-

8, principally secreted by macrophage and neutrophils, activates neutrophil response.  

Neutrophils can also process the precursor of IL-1β by neutrophil serine proteases 

(NSP), such as myeloblastin, elastase and cathepsin G. At inflammatory site high 

neutrophil concentrations favor the extracellular release of their chromatin with a 

range of granular enzymes, myeloperoxidase and other NSP. This forms a complex net-

like structure of cellular aggregates and NETs debris. This process results in a form of 

necroptotic neutrophil death, termed as NETosis. NETosis amplify the immune system 

response, as NETs components are detected as DAMPs, driving the release of 

inflammatory cytokines (96) (Figure 4).  
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FIGURE 4. The inflammatory process in the self-limited acute gouty flare. MSU crystals are deposited in 
the joint cavity, stimulating synovial resident macrophages that release IL-1β.  This cytokine is 
recognized by IL-1R on synoviocytes and vessel endothelial cells, which express chemotactic and 
adhesion factors. Neutrophils are then recruited, boosting the inflammatory response. Monocytes also 
infiltrate into the injury site, exacerbating tissue damage. MSU crystals clearance and negative 
regulators of inflammation promote the resolution of the inflammatory process. CCL2: C-C motif ligand 
2; CXCL-12: C-X-C motif chemokine 12; IL: interleukin; IL-1R: interleukin-1 receptor; IL-1RA: interleukin-1 
receptor antagonist; miRNA: microRNA; MPO: myeloperoxidase; NETs: neutrophil extracellular traps; 
NSP: neutrophil serine proteases; TGF-β: tumor growth factor-β, TNF-α: tumor necrosis factor α. 

Resolution phase 

Acute gouty flares are characterized by its spontaneous self-limiting nature. Innate 

immunity plays a pivotal role exerting a negative counter-regulation of the 

inflammatory process. The launch of different anti-inflammatory mechanisms is time 

dependent and the dynamic interaction between them is essential to exert an effective 

limitation of the inflammatory response (74) (Figure 4).  

MSU crystals themselves are involved in the resolution process. MSU crystals may 

solubilize if UA concentration in the synovium diminishes, and consequently does the 

inflammatory input.  Also it has been proposed that lipoproteins ApoB and ApoE are 

able to coat crystals by electrostatic forces, concealing the crystals to immune cells 
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(114). But also MSU crystals can actively drive the resolution phase. Detection of the 

microcrystals by specific surface receptors of different innate immune cells can also 

induce the turn-down of the inflammatory response, for instance, activating inhibitory 

C-type lectin receptors (115,116). Direct down-regulation of inflammasome activity is 

also an important auto-limiting procedure. While some negative regulators of TLR 

signaling prevent the first priming signal of inflammasome activation (117), many 

intracellular mechanisms can affect inflammasome activation. For example, 

mitochondrial autophagy and the consequent ROS clearance can counterbalance 

inflammasome activity (118). 

Moreover, anti-inflammatory cytokines released by leukocytes, such as IL-10, TGF-

β1 and IL-1Ra are critical regulators of inflammation. IL-1Ra is an antagonist of the IL-1 

receptor being a potent competitive inhibitor of IL-1β pathway (119).  IL-1Ra 

production, mainly from macrophages and neutrophils, can be promoted by 

expression of TGF-β (120).  TGF-β can also induce the synthesis of IL-37 in monocytes, 

which attenuates pro-inflammatory cytokines levels (121). It has been observed that 

IL-10 can mediate down-regulation of pro-inflammatory cytokines, such as TNF-α 

produced by macrophages. Intracellular signal transducer and activator of 

transcription (STAT), cytokine-inducible SH2-containing protein (CIS), and suppressors 

of cytokine signaling (SOCS) are outstanding mediators in the resolution phase of 

inflammation. In acute arthritic flares, CIS and SOCS3 expression prevents IL-1β and 

TNF-α production and induces STAT-3-mediated transcription of TGF-β in macrophages 

(119,122). The clearance of apoptotic cells and debris by macrophages also limits the 

inflammatory response. As it has been described before, enhanced phagocytic capacity 

is attributed to M2 macrophage subsets (123).  

Neutrophils can mediate resolution of inflammation through different mechanisms. 

Phosphatidylserine from neutrophils inhibits macrophage NLRP3 inflammasome 

activity and enhances TGF-β production. On the other hand, aggregation of NETs 

sequestrates MSU crystals and drives the proteolysis and degradation of pro-

inflammatory mediators by the neutrophil proteases present among this fibrotic 

network (96,124).  
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Current treatments and future perspectives 

The American College of Rheumatology (ACR) in 2012, and the European League 

Against Rheumatism (EULAR) in 2016 have established four general reference 

approaches to treat gout patients. It is important to take into account that gout 

management should be individualized based on lifestyle habits, associated 

comorbidity, the use of other medications, the state of the disease and the age of the 

patient (125). 

The first principle recommends the use of drugs to address inflammation after a 

gout flare, such as non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, 

colchicine or IL-1 inhibitors. The second principle implies the use of urate serum 

lowering therapies. This approach is necessary to control long-term symptomatology, 

when gout has been diagnosed and the patient suffer at least frequent flares, tophi 

deposition, past urolithiasis or mild chronic kidney disease. The third principle of gout 

management consists on the application of anti-inflammatory prophylaxis with urate-

lowering therapy, as dissolution of tophi can induce short-term painful arthritic flares. 

Lastly, comorbid disorders such as cardiovascular diseases, type 2 diabetes mellitus, 

chronic kidney disease or obesity associated to metabolic syndrome must be taken 

into account. These disorders have been associated with increased death risk, and so 

the medication must be carefully managed (126). 

A large percentage of gout patients are elderly, being considered a risk group with 

greater comorbidity and usually poly-medicated, which further limit the use of the 

previously described drugs.  Gout is a really painful, incapacitating disease that has a 

deep impact in the quality of life. For this reason it is essential to investigate 

alternatives to the usual pharmacological arsenal, which in many cases does not offer 

therapeutic options. 



 

 

Principles of gout 

management 

Indications Risks/ side effects/ disadvantages 

1. Treatment of acute 

gouty flare 

NSAIDs, corticosteroids or 

colchicine 

Gastrointestinal, cardiovascular and renal side effects. 

Contraindicated in patients with chronic renal disease and receiving anti-coagulants. Not 

recommended in polymedicated and comorbid patients, especially in the elderly (127). 

Corticosteroids Systemic risk due to their effects on the endocrine system. Weight gain, hypertension and 

glycemic alterations (127). 

Colchicine Gastric alterations: vomiting, diarrhea, and gastrointestinal colic. Not recommended in 

patients with renal dysfunction (127). 

Biological therapies: i.e. IL-1β 

antagonist: anakinra or 

canakinumab 

High cost limits their use. Lack of evidence of safety in elder patients and side effects (126). 

May involve susceptibility to infections (128). 

2. Urate serum lowering 

therapies 

Xanthine oxidase inhibitors: 

allopurinol or febuxostat 

Allopurinol: contraindicated in patients with kidney disease, may cause allopurinol 

hypersensitivity syndrome.  

Febuxostat: contraindicated in patients with cardiovascular diseases (127). 

Uricosuric drugs: Benzbromarone 

Or Lesinurad 

Benzbromarone: May imply hepatic damage 

Lesinurad: might promote kidney toxicity (74). 

Recombinant pegylateduricase Restricted to patients with severe gout and whom other options are not possible.  

Extremely high cost.  

Infusion reactions and loss of efficacy related to the production of host antibodies (74). 

3. Anti-inflammatory 

prophylaxis with urate-

lowering therapy 

Low-dose NSAIDS, colchicines, 

corticosteroids 

Similar to the first and second principle. 

IL-inhibitors are not approved (74). 

4. Comorbid disorders Depending on the patient 

comorbidity 

Usually polymedicated patients (74). 

TABLE 2. Summary of drawbacks of current treatments indicated in the general principles of gout management. IL-1β: interleukin-1β; NSAID: Non-steroidal anti-
inflammatory drugs.  
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OBJECTIVES 

Global conceptual objective 

We aimed to study the anti-inflammatory effect of human adipose tissue-derived 

MSC in acute joint inflammation employing a model of MSU crystal-induced arthritis in 

rabbits, and to investigate the mechanisms of action involved.  

Therefore, this thesis has been structured in the following specific objectives: 

1. To validate musculoskeletal ultrasound (MSK-US) imaging for the sequential 

evaluation of acute synovitis in MSU crystal-induced arthritis in rabbit knees. 

2. To study whether the administration of MSC has an anti-inflammatory effect on 

the acute MSU crystal-induced arthritis model. 

3. To analyze different doses and routes of administration, and the distribution of 

MSC in the MSU-induced arthritis model. 

a. To compare the efficacy of different doses of intra-articularly administered MSC 

into the arthritic knee joint versus the systemic intra-arterial delivery of MSC 

through the auricular artery. 

b. To determine the therapeutic outcome of the systemic administration of MSC 

through the right femoral artery in both knees, in order to compare the effect 

of a direct arrival of MSC to the inflamed synovium (in the right knee) versus 

MSC reaching the inflamed synovium after the circulatory cycle (in the left 

knee), when the majority of them could be trapped in different organs. 

c. To evaluate the biodistribution of MSC after their infusion through the right 

femoral artery in different rabbit organs and tissues. 

4. To investigate whether MSC sustain a protective effect upon an acute arthritis 

relapse in the MSU-induced arthritis model. 
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5. To explore the cellular and molecular mechanisms associated to the effect of MSC 

administration on synovial inflammation, both in the acute arthritis model in 

rabbits and conducting in vitro experiments. 



  

 

 

 

 

 

 
METHODS 

 “Good tests kill flawed theories; we remain alive to guess again” 

- Karl Raimund Popper 
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METHODS 

In vivo studies 

All experimental procedures employing animal models were performed in 

accordance with the Spanish regulation and the Guidelines for the Care and Use of 

Laboratory Animals, drawn up by the National Institutes of Health (Bethesda, MS, USA) 

and complied with the animal care protocols established in the Animal Research 

Reporting of In Vivo Experiments (ARRIVE) guidelines (129). Experimental protocols 

were approved by the Institutional Ethics and Welfare Committee of Jiménez Díaz 

Foundation University and Research Institute (Ref. 2013/10). 

Three-month old New Zealand white male rabbits weighting between 2.5-3.0 kg 

(Granja San Bernardo, Spain) were housed in individual cages (0.50 m of cage height 

and 0.6 m2 of floor space), were fed with an ad libitum diet of commercial chow 

(Panlab, Barcelona, Spain) had free access to water and  were exposed to a 12-hour 

light/dark cycle. Body weight was measured weekly along the study.  After 2 weeks of 

adaptation to the hospital animal facilities, rabbits were randomly distributed into 

different groups according to the experimental study, as will be explained later. 

Induction of acute arthritic flare 

In order to produce an acute gouty attack, MSU crystals were injected into both 

rabbit knee joints as formerly reported (130). MSU crystals were synthetized in our 

laboratory as previously described, with some modifications.  

Briefly, 0.03 M NaOH was heated to 80-90ºC on a magnetic stirrer. UA (Sigma-

Aldrich, St Louis, Missouri, USA) was added at 5 mg/ml and immediately was allowed 

to cool overnight under agitation at RT. The resulting solution was filtered, dried and 

sterilized through UV light exposure. MSU crystals were observed under polarized light 

to check needle shape (filiform), birefringent properties and size, that ranged between 

2-20 µm long (131).  
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The final product was resuspended in sterile phosphate buffer (PBS 1X) at 50 

mg/ml, and 1 ml of the solution was injected into each rabbit knee for the arthritis 

induction (Figure 5). Healthy control animals received an equal volume of vehicle (PBS) 

into both knees instead of the MSU crystals.  

For the relapse arthritis model, the same dose of MSU crystals or vehicle (PBS) was 

re-injected in each knee 15 days after the first one (Figure 5). 

The procedure was carried out with rabbits under general anesthesia, induced by 5 

ml of intra-muscular injection of 20 mg/ml xylazine (Rompun, Bayer, Kiel, Germany) 

and 50 mg/ml ketamine (Ketolar, Pfizer, Hameln, Germany) in a 2:1 ratio, under 

aseptic conditions in an operating room. 

MSK-US evaluation 

Both rabbit knee joints were blindly assessed by B-mode and power Doppler (PD) 

US at 24 and 72 hours after MSU injection by Dr. Naredo, who is a rheumatology 

specialist in US imaging. The examinations were performed using a real-time scanner 

(LOGIQ e R7, GE Medical Systems, Jiangsu, China) provided with a 22-MHz linear 

transducer. Equipment settings were standardized with B-mode gain of 47 dB, dynamic 

range of 72 dB, Doppler frequency of 14.3 MHz, Doppler gain of 28 dB, low-wall filters 

and pulse repetition frequency of 700 Hz. 

For the experimental procedure, rabbits were anesthetized and accommodated in 

supine position with knees flexed in a 10º to 20º angle. Both longitudinal and 

transverse evaluations of the lateral recesses of the right and left knees were 

performed and blindly scored by the same specialist. The parameters evaluated were 

based on definitions stated on the Outcome Measures in Rheumatology (OMERACT) 

(132) US for synovitis components with some modifications: B-mode global distension 

(GD), synovial fluid (SF), synovial thickening (STh) and intra-synovial PD signal (PD). SF 

described hypo- or anechoic elements within the synovial recess subjected to 

displacement by the compression with the US probe. STh refers to anomalous hypo-

echoic tissue within the synovial recess that is not displaceable and poorly 

compressible with the US probe. GD refers to global distension of the joint recess and 
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includes both SF and STh components. PD mode detects blood flow signal within the 

synovial thickening. Images were saved for subsequent scoring. The parameters were 

semi-quantitatively scored on a scale of 0 to 3 (0 = absence, 1 = mild, 2 = moderate; 3 = 

marked) as previously described (133). A score ≥ 2 for GD and SF and a score ≥ 1 were 

considered pathologic for STh and PD. Other features characteristic of acute gouty 

flares that can be considered material of MSU crystals deposition present in synovial 

fluid were considered (134), as iso-echoic sand-like material (SLM); and hyper-echoic 

aggregates (AG) and bright foci (BF) within the sand-like material. These parameters 

were scored as present = 1 and no presence = 0. 

MSC generation and characterization 

MSC were isolated from human healthy donor’s lipoaspirates. Informed consent 

was obtained according to institutional guidelines for the site of sample procurement 

(Hospital Fundación Jiménez Díaz, Madrid). Human adipose aspirates were processed 

and MSC were isolated, expanded and characterized at Centro de Investigaciones 

Energéticas, Medioambientales y Tecnológicas (CIEMAT) cleanroom facilities by Dr. 

Yáñez and Dr. Fernández-García, from the Hematopoietic Innovative Therapies Division 

from CIEMAT, headed by Dr. Bueren, as already described (135).  

MSC administration 

In order to obtain MSC for rabbit injections, MSC were cultured for a week at 37°C 

and 5% CO2  in α-MEM supplemented with GlutaMAXTM (Thermo Fisher Scientific), 50 

units/ml penicillin-streptomycin and 5% human platelet lysate (Cook Regentec, USA) at 

a density of 4 x 103 cells/cm2. Then, cells at passage 3 were harvested, counted and 

resuspended in cooled PBS for immediate injection. 

Route of administration and doses: 

MSC were always administered 1 hour after the injection of MSU crystals in aseptic 

conditions, in an operating room and with animals under general anesthesia (Figure 5). 

Different routes and cell doses were administered:  
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 Intra-articular (IA) application: Rabbits in supine position were injected with a 

single dose of one of the following doses in each knee: 

 1 x 106 MSC/kg in 200 µl of cooled PBS (MSC IA-HIGH). 

 2.5 x 105 MSC/kg in 200 µl of cooled PBS (MSC IA-LOW). 

The same volume of PBS was intra-articularly injected as vehicle in selected animals.   

 Infusion through the auricular artery (AUR): Rabbits were placed in prone position 

and 2 x 106 MSC/kg re-suspended in 2 ml of cooled PBS was infused in a single dose 

(MSC AUR). Control rabbits received PBS as vehicle following the same procedure. 

 Administration through the femoral artery (FEM):  Animals were placed in supine 

position and a vertical incision was performed over the right femoral artery 

extending above inguinal ligament level to approximately 3 cm below. Then, a 

deeper incision was carried out through the Scarpa’s facia in a vertical approach to 

the artery and a sling was slide under the artery avoiding the femoral vein and 

nerve. Finally, the sling was lift up; exposing the femoral artery and a small 

dissection was performed along the artery.  Subsequently, the artery was 

cannulated with a 24 G gauge needle (Abbocath, Venisystems, Spain). Rabbits were 

administered with a single dose of 2 x 106 MSC/kg resuspended in 2 ml of cooled 

PBS through the cannula (MSU+MSC FEM group). On the other side, control injured 

rabbits received an equal volume of cooled vehicle. This administration route 

allows the evaluation of the effect of the treatment in the right knee, which receive 

the cells directly after its vascular administration, compared to the contralateral 

joint, which receive the cells after its biodistribution throughout the organism.  

Joint swelling assessment  

For the acute arthritis model, a tape measure was used to determine the perimeter 

of knee joints at different consecutive time points: before IA injection (time 0), and 6, 

18, 24, 48 and 72 hours after MSU crystals administration. For the relapse model 

(Figure 5), the perimeter was additionally measured at days 15, 16, 17, 18 after the 

first MSU crystal injection. 
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FIGURE 5. Experimental design for the studies carried out with MSC in vivo. AUR: auricular artery; d: 
days; h: hours; FEM: femoral artery; MSC: mesenchymal stromal cells; MSU: monosodium urate.  
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All rabbit limbs were shaved before measurement. To obtain the knee perimeter 

measures without anesthesia, animals were completely immobilized in supine position 

and limbs were completely stretched, in a 180º angle to the body. At each time point, 

joint perimeter measurements were taken twice by the same observer after animal 

reposition, to avoid biases. The final measure for each time point was the mean of the 

two measures.  

Blood sample collection 

Serum for cytokine analyses was extracted from 10 ml total blood collected from 

the central auricular artery 24 and 72 hours after MSU crystals administration. 

Additionally, blood was collected at days 16 and 18 from animals belonging to the 

relapse model (Figure 5). Rabbits were immobilized without anesthesia using a special 

cage, and the central auricular artery was cannulated for blood extraction. After blood 

clotting, tubes were centrifuged at 4ºC 2500 rpm for 30 minutes. Serum was stored at -

80ºC for further studies. 

Tissue sample collection 

Animals were euthanatized, after overnight fasting, 72 hours (acute model) or 18 

days (relapse model) after MSU crystal injection through intra-cardiac injection of 

Tiobarbital (tiopental, Braun Medical SA, Barcelona, Spain). Immediately after 

euthanasia, the different samples were collected for further studies (Figure 5). Synovial 

fluid was extracted after knee cavity lavages with 1 ml of saline (0.9% NaCl, Braun 

Medical, Barcelona, Spain) IA injection. The knee joints were massaged before incision 

with a surgical blade to collect the synovial fluid. A sample of synovial fluid was 

employed for total cell count, while a small drop was smeared on a microscopic slide 

for differential cell count, as explained later. 

Subsequently, both synovial membranes were collected. Using a surgical blade, the 

capsule was ripped out uncovering the synovial membrane. The upper part of the 

tissue was immersed in formalin 10% for 24 hours, and then embedded in paraffin for 
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histological studies. The inferior section was immediately frozen in liquid nitrogen for 

molecular biology studies. 

A small group of arthritic rabbits were euthanatized 24 hours after MSU crystal 

injection for the assessment of MSC distribution in the organism after its systemic 

administration through the femoral artery. Lung, liver and spleen samples and both 

the right and the left synovial membranes were harvested for human DNA detection. 

Additionally, synovial fluid was collected for cell count studies.  

Histological evaluation 

Inflammation of the synovium was evaluated in 3 µm thick paraffin sections stained 

with hematoxylin-eosin. Then, tissues were microscopically evaluated by three blinded 

observers who were unaware of the group of the study the sample belonged to. 

Histological damage was scored by consensus employing the Krenn score (136) with 

minor modifications to adapt the evaluation to acute arthritis damage. Briefly, a semi-

quantitative subscale graded from 0 to 3 points was used to independently assess 

tissue lining hyperplasia, leukocyte infiltration in the synovium and sublining layer 

alterations. The final score was calculated summing the grades up to a maximum of 9 

points (Table 3). Samples without a defined lining were not evaluated. 

Synovial fluid cell count 

Total cell count 

Firstly, total number of leukocytes present in the synovial fluid of each joint were 

stained with Türk’s solution (Sigma-Aldrich, St Louis, Missouri, USA) and counted by 

LUNA-II™ Automated Cell Counter (Logos Biosystems, Gyeonggi-do, South Korea). 

Hemorrhagic samples were discarded to avoid biases in cell count. 

Differential cell count 

Secondly, leukocyte differential count was performed for each synovial fluid 

sample.  Smears were fixed in methanol at RT and subsequently stained with May-

Grünwald-Giemsa (Sigma-Aldrich, St Louis, Missouri, USA) staining. Ten different 
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pictures in each sample were obtained with a Leica DM 6000 LED instrument (Leica, 

Microsystems, Inc. Buffalo Grove, IL, USA) to calculate the percentage of 

polymorphonuclear (PMN) and mononuclear (MN) cells present in each joint.  

TABLE 3. Morphological features of the Krenn score adjusted to acute arthritis (Adapted from Krenn et 
al. 2006). MC: mononuclear; PMN: polymorphonuclear. 

Serum C-reactive protein (CRP) measurement 

Rabbit serum CRP levels were determined at 24 and 72 hours after MSU crystal 

injections using a commercial Enzyme-Linked Immunosorbent Assay (ELISA kit) 

(ab157726, Abcam, Cambridge, UK) as described in manufacturer’s instruction manual. 

 Morphological feature Score 

A. Hyperplasia of synovial lining cell layer  

  Absent. 0 

  Slight enlargement (one to two cell layers). 1 

  Moderate enlargement (three to four cell layers). 2 

  Strong enlargement (more than four cell layers). 3 

B. Inflammatory infiltration  

  Absent 0 

  Slight inflammatory infiltration (diffusely located single cells and small 

perivascular aggregates of MC and PMN leukocytes). 

1 

  Moderate inflammatory infiltration (perivascular and superficial diffused 

aggregates of MC and PMN leukocytes). 

2 

  Strong inflammatory infiltration (confluent aggregates of MC and PMN 

leukocytes). 

3 

C. Activation of synovial stroma  

  Absent. 0 

  Slight synovial stroma activation (low cellularity with slight edema, slight 

fibrosis). 

1 

  Moderate synovial stroma activation (moderate cellularity with a moderate 

density of fibroblasts, vascularity and apoptotic adipocytes). 

2 

  Strong synovial stroma activation (high cellularity with important fibrosis, 

vascularity, and apoptotic adipocytes. 

3 

Maximum possible score for grading 9 



METHODS 

 

 

 
77 

 

Immunohistochemistry 

Three µm sections of synovial tissue embedded in paraffin blocks were rehydrated 

in ethanol series after deparaffination.  Absolute methanol and 3% H2O2 at 1:1 ratio 

was used to inhibit endogenous peroxidase after 30 minutes incubation at RT. 

Macrophage populations were identified employing specific antibodies against RAM11 

(rabbit macrophage protein), CD163 and arginase-1 antigens, while vascularization in 

the synovium was marked through endothelial CD31 antigen. The procedures followed 

to test these antibodies are detailed below. 

Macrophage population 

RAM11, CD163 and arginase-1 antigen retrieval was performed employing citrate 

buffer (10 mM, pH 6, 85ºC for 30 minutes). Slides were incubated with blocking 

solution (PBS 6% sheep serum, 4% BSA) 30 minutes at RT. Synovial membrane 

macrophages were marked using monoclonal anti-rabbit macrophage RAM11 antibody 

(Dako, Glostrup, Denmark; 1/100 dilution) (137), the monoclonal anti-human CD163 

antibody (Serotec, Raleigh, NC, USA; clone EDhu-1, 1/500 dilution) (138) and a goat 

polyclonal anti-Liver Arginase (Abcam, Cambridge, UK; 1/500 dilution) antibody (139). 

Tissue sections were incubated with primary antibodies in blocking solution (PBS 6% 

sheep serum, 4% BSA), overnight at 4ºC. As secondary antibody, biotinylated goat anti-

mouse IgG (Amersham, Arlington Heights, IL, USA; 1/800 dilution) was used, followed 

by incubation with horseradish peroxidase ABComplex (Dako, Golstrup, Denmark)  and 

3,3 diaminobenzidine tetra-hydrochloride as chromogen (Dako, Golstrup, Denmark) to 

visualize the antigen expression. Tissue specimens were counterstained with 

hematoxylin staining, dehydrated in a series of ethanol and mounted with DPX 

medium (VWR International, Leuven, Belgium).  

Five random microphotographs along lining area were taken at 40X magnification 

for RAM11 and CD163 analysis, while 20X images were applied for arginase-1 study. 

Pictures were obtained with a Leica DM 6000 LED instrument (Leica, Microsystems, 

Inc. Buffalo Grove, IL, USA). Every image was analyzed using the Color Deconvolution 

plugin of ImageJ software (NIH, Bethesda, MD, USA) so as to calculate the percentage 
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of positive staining relative to the total tissue area. In order to obtain the value of 

positive staining for each sample, the mean of the different pictures of each sample 

was calculated for each synovial membrane (140,141). 

Vascularization  

CD31 was exposed through proteinase-K (0.1%) in TE buffer (50 mM Tris Base, 1 

mM EDTA, 0,5% Triton-X-100, pH 8, 37ºC for 30 minutes). Slides were incubated with 

blocking solution (PBS 3% sheep serum, 4% BSA) 30 minutes at RT. Synovial vessels 

were evaluated using monoclonal anti-CD31 antibody (Abcam, Cambridge, UK; clone 

JC/70A; 1/20 dilution). Samples were incubated with primary antibodies in blocking 

solution (PBS 3% sheep serum, 4% BSA), overnight at 4ºC. As secondary antibody, 

biotinylated goat anti-mouse IgG (Amersham, Arlington Heights, IL, USA; 1/800 

dilution) was used, followed by incubation with horseradish peroxidase ABComplex 

(Dako, Golstrup, Denmark)  and 3,3 diaminobenzidine tetra-hydrochloride as 

chromogen (Dako, Golstrup, Denmark) to visualize the antigen expression. Tissue 

samples were counterstained with hematoxylin staining, dehydrated in ethanol series 

and mounted with DPX medium (VWR International, Leuven, Belgium).  

Finally, pictures were taken in 10 randomly selected areas of synovial membrane 

per slide to perform CD31+ staining analysis (20X magnification). Pictures were 

obtained with a Leica DM 6000 LED instrument (Leica, Microsystems, Inc. Buffalo 

Grove, IL, USA). Each image was analyzed using the Color Deconvolution plugin of 

ImageJ software (NIH, Bethesda, MD, USA) to calculate the percentage of positive 

staining relative to the total tissue area. The value of positive staining for each sample 

was obtained calculating the mean of the different pictures for each synovial 

membrane (140,141). 

NF-κB activation assay  

An ELISA-based TransAM NF-κB p65 kit (Active Motif, CA, USA) was used to study 

activation of NF-κB, in accordance to manufacturer’s protocol. Firstly, total nuclear 

proteins were isolated from cell protein extracts and incubated with NF-κB consensus 
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segments attached to the plate. Then, hybridization was detected by a colorimetric 

reaction, and quantified by absorbance measurement.  

Detection of Human DNA in rabbit tissues 

The right and the left knee synovial membranes, as well as the lung, liver and spleen 

of rabbits were obtained for DNA analysis. Following the manufacturer’s instructions, 

DNA was extracted by an automated DNA extractor (BioRobotEZ1; QIAGEN, Hilden, 

Germany).  

PCR were performed to detect presence of human DNA in Rabbit tissue samples. In 

order to analyze human DNA, a primer pair (forward: TATTGCAGCCCTAGCAGCACTCCA 

and reverse: AGAATGAGGAGGTCTGCGGC) specific for human mitochondrial 

cytochrome b (MT-CYB) gene (ENST00000361789.2) (142), was used to amplify a 441-

bp amplicon. To check reliability of the test, rabbit mitochondrial DNA was analyzed 

using rabbit 12S rRNA (ENSOCUT00000033107.1) primer pairs, which amplify a 771-bp 

DNA sequence. A touch-down PCR strategy was followed to amplify 200 ng of DNA 

samples in 25 μL of PCR mix. DNA isolated from cultured MSC was used as positive 

control. Amplicons were checked in a 2% agarose gel and a semi-quantitative analysis 

of the PCR bands was performed using the Fragment Analyzer Auto Capillary 

Electrophoresis System (Advanced Analytical Technologies, Inc. Ankeny, IA, USA). 

Preparation of protein extracts 

Preparation of total extracts from tissue 

Frozen tissues samples were pulverized in liquid nitrogen, and 50 mg were 

homogenized for protein extraction in 15 mM HEPES, 10% glycerol, 0.5% NP-40, 250 

mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mMNaF, 1 mM β-glycerophosphate, 1 mM 

Na3VO4 and protease-inhibitor cocktail (Sigma-Aldrich, St. Louis, Missouri, USA). 

Resulting extracts were centrifuged (16.000 x g at 4°C for 15 minutes) and 

supernatants were stored at -80ºC. Protein concentration was determined with the 

BCA Protein Assay Kit (Pierce, Rockford, Illinois, USA).  
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Preparation of nuclear extracts from tissue 

Frozen, minced synovial membranes were pulverized in liquid nitrogen. Nuclear 

extracts were isolated from 50 mg of each sample, after homogenization in 20 mM 

HEPES, 5 nM NaF, 10μM Na2MoO4, 0.1 mM EDTA, 0.01% NP-40, 1 M DTT and a 

phosphatase- and protease-inhibitor cocktail (Sigma-Aldrich, St. Louis, Missouri, USA). 

The resulting extracts were centrifuged 850 x g at 4ºC for 10 minutes. Pellets were 

subsequently incubated in hypotonic buffer for 15 minutes at 4ºC, and centrifuged 

(4°C, 21900 x g, 30 seconds). Finally, the resulting nuclear pellets were suspended in 50 

μl of Complete Lysis Buffer (Active Motif, La Hulpe, Belgium), incubated for 30 minutes 

on ice on a rocking platform and centrifuged at 4°C, 219,00 x g for 10 minutes). Protein 

concentration present in the supernatant was evaluated by the Bradford’s method 

(Biorad, Madrid, Spain). 

Western-blotting 

Extraction of total proteins for each synovial membrane was performed (141), and 

30 µg were ran on SDS-PAGE gels. Proteins were transferred to nitrocellulose 

membranes in a semi-dry Trans-Blot device (Bio-Rad, Madrid, Spain) for 40 minutes at 

25 V. Membranes were subsequently incubated in blocking solution (5% skimmed 

milk) for 1 hour at RT.  

The primary antibodies listed in the table below were applied by incubating at 4°C 

overnight (Table 4). For detection of antibody binding, membranes were incubated for 

1 hour at RT with peroxidase-linked species-specific secondary antibodies: anti-guinea 

pig (Abcam, Cambridge, UK; 1:1000) or anti-goat (Merck Millipore, Darmstadt, 

Germany; 1:5000), or anti-mouse (GE Healthcare Life Sciences Piscataway, New Jersey, 

USA). Control of total proteins transferred to the membranes was performed staining 

gels with EZ Blue reagent (Sigma-Aldrich, St Louis, Missouri, USA) (143). 
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TABLE 4. Primary antibodies employed in western blot studies. COX-2: ciclooxygenase-2; IL: 
interleukin; NLRP3: NLR family pyrin domain containing 3; TGF-β: tumor growth factor-β, TNF-α: tumor 
necrosis factor-α. 

In vitro experiments 

Culture of THP-1 cells 

THP-1 monocyte cells (passage 6 to 11) (ATCC, Manassas, Virginia, USA) were grown 

at 37°C and 5% CO2 in RPMI 1640 (Gibco BRL, Grand Island, NY) supplemented with 

10% heat-inactivated fetal bovine serum (FBS), 50 units/ml penicillin-streptomycin and 

2 mM L-Glutamine (Gibco BRL, Grand Island, NY). THP-1 monocytes were 

differentiated into macrophages in the presence of 0.5 µM Phorbol 12-myristate 13-

acetate (PMA, Sigma-Aldrich, St Louis, Missouri, USA) for 3 hours. Cells were 

centrifuged at 350 x g, washed in PBS and 1 x 106 Thp-1 cells per well were plated in 6 

well plates. Cells were incubated overnight at 37°C and 5% CO2 in RPMI 1640, 2% FBS, 

50 units/ml penicillin-streptomycin and 2 mM L-Glutamine. 

MSC culture 

MSC were cultured at 37°C and 5% CO2 in α-MEM supplemented with GlutaMAXTM 

(Thermo Fisher Scientific), 50 units/ml penicillin-streptomycin and 5% human platelet 

lysate (Cook Regentec, USA) at a density of 4 x 103 cells/cm2 and were grown, reaching 

Target Concentration 

of use (μg/ml) 

Supplier Product 

reference 

Caspase-1 0.5 µg/ml Thermo Fisher Scientific, IL, USA 14F468 

COX-2 0.4 µg/ml Santa Cruz Biotechnology, Dallas TX, USA  sc-1745 

IL-10 2  µg/ml Cloud-Clone Corp, Houston TX, USA PAA056Rb51 

IL-18 0.1 µg/ml Cloud-Clone Corp, Houston TX, USA PAA064Rb51 

IL-1β 1.3 µg/ml Cloud-Clone Corp, Houston TX, USA PAA563Rb51 

IL-6 1 µg/ml Cloud-Clone Corp, Houston TX, USA PAA079Rb51 

NLRP3 1 µg/ml AdipoGen, Liestal, Switzerland AG-20B-0014 

TGF-β 1.3 µg/ml Cloud-Clone Corp, Houston TX, USA PAA124Rb51 

TNF-α 1 µg/ml Cloud-Clone Corp, Houston TX, USA PAA133Rb51 
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80-90% of confluence. Then, cells between passages 3 to 4 were employed for 

subsequent experiments.  

 

FIGURE 6. Schematic illustration of in vitro experimental designs. MSU: monosodium urate crystals; 
MSC: mesenchymal stromal cells; PMA: phorbol 12-myristate 13-acetate. 

Transwell experiments 

For Transwell experiments, 2.5 x 105 MSC were seeded into polycarbonate 

Transwell inserts of 24 mm and 0.4 µm membrane pore size (Corning, New York, USA) 

and cultured overnight at 37°C and 5% CO2  in RPMI 1640, 2% FBS, 50 units/ml 

penicillin-streptomycin and 2 mM L-Glutamine. PMA-differentiated THP-1 

macrophages were stimulated with 300 µg MSU crystals (Invivogen, San Diego, USA) or 
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vehicle for 24 hours. One hour after stimuli, empty or MSC-Transwell inserts were 

placed over THP-1 cells, as explained in Figure 6. 

Direct co-culture experiments 

MSC were incubated overnight in RPMI 1640, 2% FBS, 50 units/ml penicillin-

streptomycin and 2 mM L-Glutamine. PMA-differentiated THP-1 macrophages were 

stimulated with 300 µg MSU crystals (Invivogen, San Diego, USA) or vehicle (PBS) for 

24 hours. One hour after the addition of the stimuli, MSC were harvested and 2.5 x 105 

cells were seeded into 6 well plates, as explained in Figure 6.  

RNA isolation and RT-PCR  

RNA was isolated from in vitro experiments using TRIzol reagent (Roche Diagnostics, 

Barcelona, Spain) following manufacturer’s instructions and dissolved in nuclease-free 

water and quantified with a NanoDrop ND1000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA).  

TABLE 5. Commercial TaqMan® gene expression assays used for quantitative PCR studies. Reference 
sequence refers to nucleotide GenBank ID code (NIH, USA). Product reference alludes to item number in 
Applied Biosystems assay library. COX-2: ciclooxygenase-2; HPRT: hypoxanthine-guanine phosphoribosyl 
transferase; IDO: indoleamine 2,3-dioxygenase; IL: interleukin; NLRP3: NLR family pyrin domain 
containing 3; TGF-β: tumor growth factor-β, TNF-α: tumor necrosis factor-α; TSG-6: TNFα-stimulated 
gene-6. 

 

Gene Reference sequence Product reference Amplicon length 

Caspase-1 NM_001223.4 Hs00354836_m1 76 

COX-2 NM_000963.3 Hs00153133_m1     75 

HPRT NM_000194.2 Hs99999909_m1 100 

IDO NM_002164.5 Hs00984148_m1 66 

IL-10 NM_000572.2 Hs00961622_m1 74 

IL-1β NM_000576.2 Hs00174097_m1 94 

NLRP3 NM_001079821.2 HS00918082_m1 84 

TGF-β NM_000660.5 Hs00998133_m1 57 

TNF-α NM_000594.3 Hs00174128_m1   80 

TSG-6 NM_007115.3 Hs00200180_m1 60 
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A High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, San Francisco, 

California, USA) was used to reverse-transcript a total of 0.8 µg RNA. RNA expression was 

determined by single-reporter real-time PCR using the Step One Plus Detection system 

(Applied Biosystems, Foster City, CA). Commercial TaqMan® primers and probes were used to 

analyze expression of the genes listed in the table above (Table 5). RNA expression levels were 

quantified with the ΔΔCt method using the housekeeping gene hypoxanthine-guanine 

phosphoribosyltransferase (HPRT) as endogenous control. 

Statistics 

Sample size for each experiment was calculated based on reported 

recommendations in animal research guidelines (129).  Shapiro-Wilks test for sample 

size inferior to 50 demonstrated non-normal data distribution. Graphpad Prism 

package (Version 5.0 for Windows) and the SPSS package (Version 11.0 for Windows) 

were used for statistical analyses. Quantitative data are shown as the mean ± standard 

deviation (SD) for descriptive statistics; or as the mean ± standard error of the mean 

(SEM), while categorical variables are shown as absolute frequencies and percentages. 

US clinical parameters were correlated with joint swelling and histopathological 

scores using Spearman’s correlation coefficient. Fisher’s exact test was applied to 

assess differences for categorical variables.  

Intra-observer reliability was checked with weighted Cohen’s κ for GD, STh and PD 

scoring results and unweighted Cohen’s κ for deposit features. 0–0.20 κ values were 

considered poor, > 0.20– 0.40 fair, > 0.40–0.60 moderate, > 0.60–0.80 good and > 

0.80–1 excellent. 

When indicated, the right and the left knee joints were analyzed separately to 

compare direct vs. indirect effect of the treatment administration. To evaluate 

differences between quantitative variables, multiple comparisons analysis for more 

than three groups was performed using Kruskal-Wallis non-parametric test with post-

hoc Dunn test. Mann-Whitney U test was used for the comparison of pairwise groups. 

The evolution of joint edema between the different groups was compared using two-
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way analysis of variance ANOVA (two-way ANOVA), followed by Bonferroni post hoc 

correction for each group. P values <0.05 were considered to indicate significance.  

 



 

 

 

 

 

 

 

RESULTS 

“Our empirical criterion for a series of theories is that it should 
produce new facts. The idea of growth and the concept of 

empirical character are soldered into one” 

-  Imre Lakatos 
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RESULTS 

Performance and validity of MSK-US for the assessment of 

synovial inflammation in rabbit acute gouty arthritis 

Firstly, we tested whether MSK-US was a reliable technique for the evaluation of 

the inflammatory course of the knee synovium of rabbits with acute MSU crystal-

induced arthritis, in view of using this approach for the evaluation of the effect of MSC 

treatment in future experiments. 

Measure of joint perimeter 

After IA injections of MSU crystals or PBS in both rabbit knees, joint inflammation 

was followed up by measuring the knee swelling as it is described in the Methods 

section. We decided to study perimeter increment of each knee at two time points: 24 

and 72 hours post injury induction. Arthritic animals displayed greater swelling 

compared to controls at both time points; 24 h: 1.04 ± 0.71 vs. 0.35 ± 0.48 cm, 

p=0.011; 72 h: 1.02 ± 0.60 vs. 0.44 ± 0.34, p=0.048).  

MSK-US features 

MSK-US features of synovitis and crystal-related findings were evaluated at two 

time points of the study, 24 and 72 hours after MSU or PBS injections. As shown in 

Table 6, clear differences can be distinguished in both the frequency and the semi-

quantitative score mean of MSK-US inflammation components between healthy and 

arthritic knee joints at both time points. Only PD score was not statistically significant 

between MSU and control at 72 hours (Table 6). Representative US images (Figure 7 A-

C, 7 E-F) of the lateral recess of the knee joint show characteristic phenomena 

associated to MSU crystal-induced inflammation and crystal deposition. The lateral 

recess of a healthy knee joint is also represented (Figure 7 D). Both STh and PD signals, 

which were mostly present in arthritic joints compared to healthy knees (Table 6), 
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were principally located in the outer border of the joint cavities (Figure 7 A-F). 

However, discrimination of crystal-related features (Figure 7 A-C) was only possible at 

24 hours (Table 6) after injections. 

FIGURE 7. Ultrasound images of the lateral recess of rabbit knee joints. (A-C) Monosodium urate 

crystal-injected rabbit knees (A) Increased synovial fluid (+), synovial thickening (thin arrow), sand-like 

material (*) and a bright focus (thick arrow). (B) Bright foci (thick arrows) inside sand-like material. (C) 

Increased synovial fluid (+), synovial thickening (thin arrow), sand-like material (*) and a hyperechoic 

aggregate (thick arrow). (D) Lateral recess of a healthy control rabbit knee (arrows). (E, F) Power 

Doppler-flow signal of an arthritic synovial tissue. Lfc = lateral femoral condyle. 
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As shown in Table 6, 15 out of 20 MSU-injected knees exhibited different crystal 

related findings such as SLM, BF or AG at 24 hours, while only 8 of 20 showed those 

features at 72 hours in the MSU group.  

 MSU  

Freq. n (%) 

Control  

Freq. n (%) 

MSU 

Mean ± SD 

Control 

Mean ± SD 

M
SK

-U
S 

fe
at

u
re

s 
2

4
 h

 

GD  19 (95)* 0 (0) 2.5 ± 0.6* 1 ± 0 

SF  19 (95)* 0 (0) 2.4 ± 0.6* 1 ± 0 

STH 14 (70)* 0 (0) 1 ± 0.8* 0 ± 0 

PD 11 (55)* 0 (0) 1.2 ± 1.3* 0 ± 0 

SM 11 (55)* 0 (0)   

AG 7 (35)* 0 (0)   

BF 11 (55)* 0 (0)   

SLM  15 (75)* 0 (0)   

M
SK

-U
S 

fe
at

u
re

s 
7

2
 h

 

GD  19 (95)* 1 (16.67) 2.0 ± 0.7* 1.2 ± 0.4 

SF  15 (75)* 1 (16.67) 2.0 ± 0.7* 1.2 ± 0.4 

STh 12 (60)* 0 (0) 1.1 ± 0.8* 0 ± 0 

PD 9 (45)* 0 (0) 1.0 ± 1.1 0 ± 0 

SM 8 (40) 0 (0)   

AG 1 (5) 0 (0)   

BF 2 (10) 0 (0)   

SLM  8 (40)* 0 (0)   

TABLE 6. Prevalence and scores of MSK-US pathologic findings in MSU crystal-injected knees and 
control knees 24 and 72 hours after MSU injection. Values are expressed as the number (and the 
percentage, %) or as the mean ± SD (n = 6 for control, n = 20 for MSU knees). Fisher’s exact test, *p<0.05 
vs. Control group. AG: hyperechoic aggregates; BF: bright foci; Freq.: frequency; GD: global distension; 
MSK-US: musculoskeletal ultrasound; MSU: monosodium urate; PD: synovial power Doppler signal; SF: 
synovial fluid; SLM: sand-like material; STh: synovial thickening. 

An important clearance of crystals-related presence was observed from 24 to 72 

hours. No crystal-related findings were detected in healthy animals at any time point 

(Table 6). Additionally, in contrast to healthy knees, it was possible to observe an 
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important decrease of inflammatory GD and SF scores from 24 to 72 hours in arthritic 

knees, while STh and PD did not show a significant variation (Table 7). 

Intra-observer reliability (κ value) of US assessment was excellent for most findings. 

At 24 hours, κ values were 0.82 for GD, 0.81 for SF, 0.82 for STh, 0.84 for PD, 0.92 for 

SLM, 1 for AG and 0.92 for BF. At 72 hours, κ values were 0.62 for GD, 0.62 for SF, 1 for 

STh, 0.96 for PD, 1 for SLM and 1 for AG. It was not possible to calculate the κ value for 

BF at 72 hours because this measure was considered constant for both readings. 

 24 h Score, 

mean ± SD 

72 h Score, 

mean ± SD 

M
SK

-U
S 

fe
at

u
re

s 

M
SU

  

GD 2.5 ± 0.6* 2.0 ± 0.7 

SF 2.4 ± 0.6* 2.0 ± 0.7 

STh 1.0 ± 0.8 1.0 ± 0.8 

PD 1.2 ± 1.3 1.0 ± 1.1 

M
SK

-U
S 

fe
at

u
re

s 

C
o

n
tr

o
l 

DS 1 ± 0 1.2 ± 0.4 

SF 1 ± 0 1.2 ± 0.4 

STh 0 ± 0 0 ± 0 

PD 0 ± 0 0 ± 0 

TABLE 7. Comparison of MSK-US scores of the inflammation findings between 24 and 72 h in the MSU 
crystal-injected and control groups. Values are expressed as mean ± SD (n = 6 for control, n = 20 for 
MSU knees). Fisher’s exact test, *p<0.05 vs. 72 h. MSK-US: musculoskeletal ultrasound; GD: global 
distension; h: hours; MSU: monosodium urate; PD: synovial power Doppler signal; SF: synovial fluid; STh: 
synovial thickening.  

Association between MSK-US features and knee joint swelling 

We then studied the correlation of the increase observed in the knee perimeter 

with the GD score measured by MSK-US at both 24 and 72 hours for each rabbit. A 

statistically significant association was observed with the data obtained 24 hours after 

MSU crystal injection (Spearman’s correlation coefficient r=0.60, p=0.002) (Figure 8 A). 

However, at 72 hours the measures did not significantly correlated (Spearman’s 

correlation coefficient r=0.03, p=0.9) (Figure 8 B).  
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FIGURE 8. Spearman correlation between increase in knee perimeter and GD measurement by MSK-
US at 24 h (A) and 72 h (B) after intra-articular injections of MSU crystals. GD: global distension; h: 
hours; MSK-US: musculoskeletal ultrasound; MSU: monosodium urate.  

Association of MSK-US features with synovial histopathology  

Rabbits that received MSU crystal injections were sacrificed 72 hours after this 

aggression, and synovial membranes were then isolated to analyze the histological 

injury in paraffin embedded sections. In these tissues, we observed significant 

histological lesions, consisting in lining hyperplasia, stromal activation characterized by 

altered adipocyte structure and viability, increased vascularization and fibrosis, 

together with wide spread leukocyte infiltration. The measurement of synovitis using 

the Krenn score (Figure 9 C) showed a 4-fold increase in this parameter in MSU 

injected rabbits, in comparison to healthy controls (p<0.001) (Figure 9 A, B). STh score 

measured by MSK-US at 72 hours was significantly associated with global 

histopathological score (Spearman’s correlation coefficient r=0.47, p=0.019) (Figure 9 

D). 

Association of US-PD signal with synovial vascularization 

The presence of vessels was studied by the immunohistochemical localization of 

CD31 antigens in the synovial membrane as described in the Methods section. Arthritic 

animals displayed twice higher vascularization nearby the hyperplasic lining and sub-

lining than the healthy synovium (p<0.001) (Figure 10 A, B). 
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FIGURE 9. Histopathological evaluation of rabbit synovial membranes. (A, B) Representative images of 
healthy control (A) and MSU injected (B) rabbit synovium stained with hematoxylin and eosin, 72 h after 
the intra-articular injection. Bars = 50 µm. (C) Bars show histopathological scores for control and MSU-
injected joints and expressed as the mean and SEM (n = 6 for control, n = 20 for MSU knees). Mann-
Whitney test, *p<0.05 vs. MSU group. (D) Spearman correlation between musculoskeletal synovial 
thickening and the global histopathological score. h: hours; MSU: monosodium urate. 

Increased vascularization in MSU injected knees was demonstrated quantifying the 

percentage of CD31 positive staining, in comparison to that measured in healthy 

control animals (Figure 10 C). Furthermore, a statistically significant association was 

observed between the intensity of intra-synovial PD signal and CD31-positive staining, 

both measured 72 hours after MSU injection (r=0.46, p=0.017) (Figure 10 D). 
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FIGURE 10. Analysis of rabbit synovial vascularization. (A, B) Representative pictures of CD31 
immunohistochemical staining in the synovial membrane of control (A) and arthritic (B) knee joints. Bar 
= 50 µm. (C) Semi-quantitative analysis of CD31-positive vascularization in the synovium of animals in 
each group. Bars represent the mean and SEM (n = 6 for control, n = 20 for MSU knees). Mann-Whitney 
test, *p<0.05 vs. MSU group. (D) Spearman correlation between the percentage of CD31-positive 
staining and power Doppler score in the synovium of rabbits 72 h after the intra-articular MSU crystal 
injections. h: hours; MSU: monosodium urate. 

Association of MSK-US features with IL-1β concentration at synovial 

membranes 

Western blot analysis showed that the level of the pro-inflammatory cytokine IL-1β 

was increased in the synovial tissue of the MSU group compared to healthy samples 

(Figure 11 A). GD score, measured by MSK-US 72 hours after MSU injections, was 

significantly associated with the concentration of pro-IL-1β (r=0.52, p=0.007) in the 

rabbits’ synovium (Figure 11 B). 
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FIGURE 11. Evaluation of IL-1β synthesis in rabbit synovial membranes. (A) Representative Western 
blot of IL-1β protein levels in the knee synovium of each group. EZ blue staining was employed as 
protein loading control. (B) Spearman correlation between global distension score and pro-IL-1β protein 
synthesis in the synovial membrane. IL-1β: interleukin-1β; MSU: monosodium urate. 

Study of the anti-inflammatory effects and pharmacokinetics of 

MSC in experimental acute gouty arthritis 

Comparison of the therapeutic outcome between local administration 

and systemic infusion of MSC in acute arthritic rabbits 

In order to explore whether MSC administration produced any improvement of 

inflammation after the MSU crystal injection, and to select the most effective 

administration route, we firstly evaluated the effect of a systemic infusion through the 

auricular artery and a local IA application into both rabbit knees, using the same total 

dose per animal (2.5 x 106 MSC/kg). As expected, IA injections of MSU crystals boosted 

an inflammatory response in a few hours, as it is reflected in the increment of knee 

perimeter (p<0.001 vs. Control, Figure 12 A), which reached a 1 cm peak on the day 

after injury. Additionally, serum CRP levels, a measurement of systemic inflammation, 

(p<0.001 vs. Control), increased up to 750 µg/ml in serum of MSU group (Figure 12 B) 

24 hours after MSU injection.  



RESULTS 

 

 

97 
 

 

FIGURE 12. Systemic administration of MSC through the right auricular artery, but not local injection 
into the arthritic knee attenuates knee synovitis. A, joint swelling evolution of each limb during 72 h 
after MSU crystal injection, comparing different administration routes and doses. Bars show the mean 
and SEM (n = 10 for control, n = 22 for MSU, n = 18 for MSU+MSC AUR group, n = 6 for MSU+MSC IA-
HIGH group, n = 16 for MSU+MSC IA-LOW group). Two-way ANOVA for the comparison between groups, 
*p<0.05 vs. Control, #p<0.05 vs. MSU. B, serum CRP concentration levels of each rabbit at 24 h and 72 h 
of study. Bars show the mean and SEM (n = 5 for control, n = 10 for MSU, n = 9 for MSU+MSC AUR group, 
n = 3 for MSU+MSC IA-HIGH group, n = 8 for MSU+MSC IA-LOW group). Mann-Whitney test, *p<0.05 vs. 
Control, #p<0.05 vs. MSU. AUR: auricular artery; CRP: C-reactive protein; h: hours; IA: intra-articular; 
MSC: mesenchymal stromal cells; MSU: monosodium urate.  

Arthritic animals treated with MSC through systemic administration (MSU+MSC 

AUR) showed a significantly milder inflammatory response compared to MSU rabbits. 

The time course of joint swelling was significantly different in MSU+MSC AUR rabbits in 
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comparison to MSU animals (p=0.026). However, local administration of MSC did not 

seem to induce any significant change in the joint swelling during this acute phase of 

the disease. As it can be observed in Figure 12 A, the administration of the same total 

dose of MSC to that systemically inoculated, did not significantly modify joint 

perimeter in MSU+MSC IA-HIGH group, in comparison to MSU group measurements 

(p=0.065).  

Since local administration of MSC has been proposed as a method to reduce the 

number of MSC to be administered in order to reach a significant improvement in 

tissue inflammation, we also tested the effect of a lower dose: 5 x 105 MSC/kg. 

MSU+MSC IA LOW knees showed a similar joint swelling evolution to that observed in 

the MSU vehicle group (p=0.9 vs. MSU) (Figure 12 A).  

Additionally, 24 hours after the MSU crystal injection, concentration of serum CRP 

levels in the MSU+MSC AUR group were significantly lower than those measured in the 

MSU (p=0.02), as shown in Figure 12 B. Local administration of the same total dose 

evoked an increase in CRP serum levels, almost reaching 1300 µg/ml (p=0.028, 

MSU+MSC IA-HIGH vs. MSU). On the other hand, a lower dose of locally injected MSC 

(MSC IA-LOW) produced a similar increment of systemic CRP levels to that observed in 

the MSU group (p=0.76) 24 hours after injury (Figure 12 B). The increase in circulating 

CRP persisted 72 hours after MSU injection in the MSU group, in comparison to control 

(p=0.02), while none of the MSC-treated groups showed significant differences in these 

levels neither vs. MSU group, nor vs. Control animals (Figure 12 B).  

Effect of systemic administration of MSC through the right femoral 

artery  

After we demonstrated that local injection of the therapy resulted in no better 

outcome than infusing MSC through the auricular artery, we proceeded to further 

study the anti-inflammatory effects of a systemic administration of these cells. Hence, 

we decided to test the intra-femoral delivery of MSC instead of intra-auricular route, 

to test whether MSC reaching the arthritic synovium directly from the blood stream 

exerted an improved therapeutic effect compared to MSC that reached the inflamed 
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tissue through distant infusion. Subsequently, MSC were infused along the right 

femoral artery 1 cm below the aortic bifurcation. According to this approach, the right 

synovial membrane received the cells directly through the right femoral artery, while 

the left synovial membrane received the cells after its vascular distribution through the 

organism.   

So, firstly we aimed to compare the effect of MSC infusion through the right 

femoral artery between both the right and left knee joints. Likewise, as previously 

observed, MSU crystals triggered a substantial increase in the knee perimeter after 

injections (p<0.001 vs. Control). Additionally, the therapeutic effect achieved injecting 

MSC through the femoral route was comparable to the auricular one. The increase of 

knee perimeter in the right knee of MSC-treated animals was not significantly different 

to that observed in the untreated MSU group (p=0.29). Similar results were observed 

in the left knee of MSU+MSC FEM animals when compared to the untreated group 

(p=0.16) (Figure 13 A). However, it is important to note that both the right and left 

limbs of the MSC-treated group were independently analyzed, and the sample sizes of 

these groups were probably lower than those needed to obtain statistically significant 

results. Nevertheless, the main goal of this study was to compare the right vs. the left 

knee of MSU+MSC FEM rabbits. As it can be observed in Figure 13 A, no differences 

were found in the increase of knee joint swelling between both limbs that received 

MSC (p>0.99). Synovial membranes from MSU+MSC FEM rabbits had reduced 

pathological features, such as softer stromal activation, less number of infiltrating cells 

and a slightly thinner lining layer, in contrast with non-treated arthritic synovium, in 

both the right (p=0.047 vs. MSU) and left (p=0.021 vs. MSU) knees. Histopathological 

score also showed that right and left synovial membranes were likewise damaged at 

72 hours after MSU injection (p=0.48, Figure 13 B-F).  

In order to better describe the effect of MSC on the pathological features of the 

arthritic synovium, we studied tissue vascularization, analyzing the percentage of 

endothelial CD31+ antigens marked by immunohistochemistry, as explained in the 

Methods section (Figure 14 A-D). 
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FIGURE 13. Systemic administration of MSC through the right femoral artery produces the same effect 
in rabbit knees injected with MSU crystals. A-B, joint swelling evolution of each limb during 72 h after 
MSU crystal injection. Bars show the mean and SEM (n = 7 for controls, n = 16 for MSU, n = 7 for 
MSU+MSC FEM (R) group and n = 7 for MSU+MSC FEM (L) group). Two-way ANOVA for the comparison 
between groups, *p<0.05 vs. Control, #p<0.05 vs. MSU. C-D, global histopathology score according to 
Krenn scale; C, Bars show the mean and SEM (n = 7 for controls, n = 16 for MSU, n = 7 for MSU+MSC 
FEM (R) group and n = 7 for MSU+MSC FEM (L) group); E-H, Representative sections of hematoxylin and 
eosin staining of the synovium. Control (E), MSU (F), MSU+MSC FEM (R) (G), MSU+MSC FEM (L) (H). 
Scale bar = 50 µm. Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. FEM: femoral artery; h: 
hours; L: left; MSC: mesenchymal stromal cells; MSU: monosodium urate; R: right. 
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FIGURE 14. Systemic infusion of MSC through the right femoral artery produces the same effect in 
both right and left arthritic synovial membranes. (A-D) Representative images of CD31 immunostaining 
in the synovial membranes of control (A), MSU (B), MSU+MSC FEM (R) (C) and MSU+MSC FEM (L) (D) 
groups at 72 h, scale bar = 50 μm. Arrows point out some blood vessels. E, densitometric assessment of 
the percentage of CD31+ cells in the synovial membrane of each group of animals. Bars show the mean 
and SEM (n = 7 for controls, n = 16 for MSU, n = 7 for MSU+MSC FEM (R) and n = 7 for MSU+MSC FEM 
(L). Mann-Whitney test, *p<0.05 vs. Control, # p<0.05 vs. MSU. FEM: femoral artery; h: hours; MSC: 
mesenchymal stromal cells; MSU: monosodium urate. 
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Synovial membranes from the MSU group presented an intensified CD31 staining 

(p=0.0016) in comparison to control animals. However, there was a non-statistically 

significant reduction of synovial blood vessels in the right (p=0.077 vs. MSU) and left 

(p=0.12 vs. MSU) knee joints. Remarkably, no differences were found between MSC-

treated arthritic right and left paws (p>0.99) (Figure 14). 

Biodistribution of human MSC in rabbit tissues after systemic 

administration 

We then proceed to investigate whether the intra-femoral administration of MSC 

resulted in a different distribution into both the right and left arthritic synovial 

membranes, and whether these cells were entrapped in different rabbit tissues. Thus, 

we harvested different organs 24 hours after injury. We studied the presence of 

human xenogeneic DNA analyzing human mitochondrial cytochrome C gene in rabbit 

synovial membranes, lung, liver and spleen tissues.  

 

FIGURE 15. Biodistribution of MSC in different arthritic rabbit tissues. Representative touch-down PCR 
of human cytochrome C (441bp) in different arthritic rabbit tissues 24 hours after human MSC systemic 
administration. Left panel: Tissue from rabbits that received human MSC through the femoral artery; 
Middle panel: Tissue from rabbits that no received human MSC. NT: non-treated rabbits; MT-CYC: 
mitochondrial cytochrome C gene; SM: synovial membrane; C+: positive control. 

In contrast to non-treated animals, PCR amplicons of human genetic material were 

detected on arthritic animals that received FEM administration of MSC (Figure 15). 

Human mitochondrial DNA was detected in every lung and liver (4 out of 4), and in the 
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75% of spleens (3 out of 4) of the MSC-treated rabbits assayed (Table 8). Human DNA 

material was also found in the arthritic synovium of the treated rabbits, although in a 

much lesser quantity than those observed in the rabbit lung, liver or spleen tissues 

accordingly to band intensity. In fact, we were able to detect human DNA in 38% 

(37.5%) of the synovial tissues in the treated animals (Table 8). According to our data, 

the percentage of synovial membranes where we were able to detect human DNA was 

similar between the left and right synovial membranes (p=0.5). 

 

 MSU+MSC FEM MSU 

Tissue Lung Spleen Liver Right SM Left SM Lung Right SM Left SM 

FR
EQ

U
EN

C
Y

 

4/4 

100% 

3/4 

100% 

4/4 

100% 

2/8 

25% 

4/8 

50% 

0% 0% 0% 

6/16 

37,5% 

TABLE 8. Biodistribution frequencies of MSC in rabbit tissues of treated (MSU+MSC FEM) and non-
treated (MSU) arthritic animals. FEM: femoral artery; MSC: mesenchymal stromal cells; MSU: 
monosodium urate; SM: synovial membrane. 

Study of the therapeutic outcome of MSC on rabbits after an 

acute arthritis relapse 

We then decided to investigate whether, besides its effect on acute inflammation 

72 hours after MSU administration, MSC were able to exert a protective effect after 

the induction of a second arthritic flare. For this purpose, we employed a group of 

rabbits in which MSU crystals were re-injected into both injured knees 15 days after 

the first insult (Figure 16).  

As expected, MSU and MSU+MSC FEM rabbits showed a significant joint swelling 

after the first MSU crystal injection (p<0.001 vs. Control respectively). This was clearly 

diminished by MSC systemic administration (p=0.021 vs. MSU, Figure 16 A).  
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FIGURE 16. Systemic administration of MSC through the right femoral artery does not protect against 
a second arthritic flare. A, joint swelling evolution of each limb during 72 h after MSU crystal injection 
and during 72 h after the second MSU crystal injection. Bars show the mean and SEM. (n = 6 for controls, 
n = 22 for MSU, n = 24 for MSU+MSC FEM group). Two-way ANOVA for the comparison between groups, 
*p<0.05 vs. Control, #p<0.05 vs. MSU. B, global histopathology score according to Krenn scale; (n = 6 for 
controls, n = 20 for MSU, n = 22 for MSU+MSC FEM group). C-E, Representative sections of synovium. 
Control (C), MSU (D), MSU+MSC FEM (E). Scale bar = 50 µm. F, serum C-Reactive protein concentration 
levels. Bars show the mean and SEM (n = 6 rabbits for controls, n = 10 for MSU and n = 12 for MSU+MSC 
FEM group at 24 and 72 h of study; n = 4 for both MSU and MSU+MSC FEM groups at day 16 and 18 of 
study). Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. FEM: femoral artery; h: hours; MSC: 
mesenchymal stromal cells; MSU: monosodium urate. 
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After a second injection of MSU crystals was administered 15 days apart into the 

same joints, MSU and MSU+MSC FEM groups developed an increase in joint perimeter 

comparable to that observed after the first MSU administration (p<0.001, and p=0.014 

vs. Control, respectively). However, there were no statistically significant differences in 

the joint swelling between arthritic MSC-treated and non-treated groups (p=0.074, 

Figure 16 A). 

Serum CRP levels in MSU group were very much alike to those observed previously 

24 hours after the first MSU crystals-induced flare, increasing up to 650 µg/ml 

(p<0.001) (Figure 16 F). Consistently with previous findings, MSC therapy was able to 

accelerate the reduction of CRP levels (p=0.027 vs. MSU). At 72 hours, differences 

between MSU and MSU+MSC FEM group were not so evident (p=0.09) (Figure 16 F).  

On the other hand, 1 day after the re-aggression, CRP concentration levels reached 

350 µg/ml in MSU group (p<0.001 vs. Control). Nevertheless, in this case, no 

differences were found between MSU and MSU+MSC animals (p=0.68 24 hours after 

the second injury). Three days day following the second crystal injection, circulating 

CRP levels of arthritic animals were normalized (p=0.053 MSU vs. Control). As 

expected, at this time point CRP concentration of treated and non-treated animals was 

similar (p=0.2) (Figure 16 F). 

We also evaluated joint inflammation by MSK-US evaluation in the animals studied 

24 and 72 hours after the second MUS administration. US inflammatory features GD 

(p<0.001 at 24 h, p=0.006 at 72 h), STh (p=0.003 at 24 h, p=0.002 at 72 h), and PD 

(p=0.003 at 24 h), were able to discriminate between the healthy controls and the 

MSU group. PD at 72 hours approached significance (p=0.056 vs. Control). However, no 

differences were found between the MSU and MSU+MSC FEM groups, either at 24 or 

at 72 hours after the first MSU injections (GD p=0.5 at 24 h, p=0.6 at 72 h; STh p=0.9 at 

24 h, p=0.98 at 72 h; PD p=0.9 at 24 h, p=0.39 at 72 h, Figure 17). 

Three days after the MSU crystals re-aggression, MSK-US was capable to 

differentiate GD, STh and PD of MSU from Control synovial membranes (p=0.016, 

p=0.008, p=0.015 respectively). In line with the above described, this technique did not 

reveal meaningful differences between the MSU and MSU+MSC FEM animals 3 days 
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after the induction of the second arthritic flare (GD p=0.49; STh p=0.65; PD p=0.56, vs. 

MSU, Figure 17). 

 

FIGURE 17. MSK-US inflammatory features 24 h, 72 h and 18 days after the first MSU crystal flare. Bars 
show the mean and SEM (n = 6 for controls, n = 18 – 14  for MSU, n = 19 – 18 for MSU+MSC FEM group). 
Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. FEM: femoral artery; h: hours; MSC: 
mesenchymal stromal cells; MSU: monosodium urate. 

Interestingly enough, histopathological evaluation revealed that 72 hours after the 

second MSU administration, synovial membranes presented severe pathological 

features likewise to those observed 72 hours after the first MSU injection, depicted in 

Figure 16 B. However, a unique dose of MSC administered 1 hour after the first MSU 



RESULTS 

 

 

107 
 

injection was not capable of significantly attenuating the histopathological score 3 

days after the second MSU-induced injury (p=0.08 MSU+MSC FEM vs. MSU) (Figure 16 

B), although a downward tendency was observed.  

Study of MSC effects on inflammatory mechanisms in the acute 

arthritis model after their intra-femoral administration 

We previously observed that not only MSC exerted the same beneficial effect in 

both the right and left limbs, but also they distributed equally into both synovial 

membranes. We then decided to go deeper into the molecular mechanisms triggered 

by MSC on the MSU crystal-induced synovitis. In order to diminish the number of 

animals employed for this purpose, we considered that both the right and the left 

synovial membranes of MSU arthritic rabbits that systemically received MSC through 

their right femoral arteries were independent samples. Hence, data from both 

membranes were gathered for the subsequent analyses, allowing decreasing the 

number of animals employed for these studies.  

Resulting data indicated that MSC clearly ameliorated joint swelling (p=0.042 vs. 

MSU), which was noticeable from 24 to 72 hours after MSU injections (Figure 18 A). 

Additionally, MSC-treated synovial membranes presented milder pathological findings 

72 hours after injury, as mentioned before (Figure 18 C-E); being evidenced in the 

histopathological score (p=0.009 vs. MSU, Figure 18 F).  In line with these data, MSC-

treated animals exhibited less new forming vessels (p=0.03 vs. MSU, Figure 19).  

Regarding the systemic effects, the injection of MSU crystals into the joints induced 

a time-dependent increase in rabbit serum CRP levels (p<0.001 vs. Control) similarly to 

preceding results. Also in this case, MSC had a marked effect on systemic inflammation 

evoked by MSU injection, especially 24 hours after injury (p=0.004, Figure 18 B), while 

at 72 hours this difference was not so pronounced.   
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FIGURE 18. Systemic administration of MSC through the right femoral artery attenuates synovitis in 
both rabbit knees injected with MSU crystals. A, joint swelling evolution of each limb during 72 h after 
MSU crystal injection. Bars show the mean and SEM. A (n = 7 for controls, n = 16 for MSU and n = 14 for 
MSU+MSC FEM group). Two-way ANOVA for the comparison between groups, *p<0.05 vs. Control, 
#p<0.05 vs. MSU. B, serum CRP concentration levels at 24 h and 72 h of study. Bars show the mean and 
SEM (n = 4 for controls, n = 8 for MSU and n = 7 for MSU+MSC FEM group). Representative sections of 
synovium hematoxylin and eosin staining. Control (C), MSU (D), MSU+MSC FEM (E). Scale bar = 50 µm. F, 
global histopathology score according to Krenn scale. Bars show the mean and SEM (n = 7 for controls, n 
= 15 for MSU and n = 12 for MSU+MSC FEM group). Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. 
MSU. CRP: C-reactive protein; FEM: femoral artery; h: hours; MSC: mesenchymal stromal cells; MSU: 
monosodium urate. 
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FIGURE 19, Systemic administration of MSC through the right femoral artery reduces vascularization 
of rabbit-arthritic synovium. (A-C) Representative sections of immunohistochemical staining of CD31 in 
the synovium of control (A), MSU and (B) and MSU+MSC FEM (C) groups at 72 h, scale bar = 50 μm. 
Arrows point out blood vessels. D, shows densitometric analysis of CD31 staining percentage in the 
synovial membrane of each group of animals. Bars show the mean and SEM (n = 7 for controls, n = 16 
for MSU and n = 14 for MSU+MSC FEM). Mann-Whitney test, *p<0.05 vs. Control, # p<0.05 vs. MSU. 
FEM: femoral artery; MSC: mesenchymal stromal cells; MSU: monosodium urate. 

Leukocyte presence in synovial fluid of rabbit knees  

We next performed a sequential study of leukocyte infiltrate in the synovial fluid of 

each rabbit knee at 24 and 72 hours after MSU crystal injections. Total leukocyte 

number was dramatically increased in the synovial fluid of MSU and MSU+MSC FEM 

animals compared to controls (p<0.001 vs. Control) 24 hours after injury. No significant 

differences were found between both groups at this time point (p=0.29, Figure 20 A). 

Interestingly, a 10-fold drop of cellularity from 24 to 72 hours was observed (Figure 20 

A). At 72 hours, arthritic animals also showed a marked increment of total leukocyte 

number in comparison to controls (p<0.001 MSU vs. Control). Meaningfully, at this 

time point MSC administration decreased the number of inflammatory cells in the 
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synovial fluid of inflamed knees, compared with untreated ones (p=0.018, Figure 20 A), 

reducing the mean of total leukocyte number from 5 x 106 to 2 x 106 leukocytes/ml. 

 

FIGURE 20. Systemic administration of MSC through the right femoral artery reduces total leukocyte 
population at 72 h but do not alter percentage of PMN-MN cells.  A, leukocyte count in synovial fluid at 
24 h and 72 h. Mann-Whitney test, * p<0.05 vs. Control, # p<0.05 vs. MSU at their respective time. B, 
differential leukocyte count at 24 h and 72 h. Mann-Whitney test, * p<0.05 vs. PMN at 24 h, # p<0.05 vs. 
PMN at 24 h, $ p<0.05 vs. MN at 24 h. Bars show the mean and SEM (n = 7 for controls, n = 8 for MSU 
and n = 8 for MSU+MSC FEM group at 24 h; n = 15 for MSU and n = 12 for MSU+MSC FEM group at 72 h). 
C, representative images of synovial fluid samples of MSU and MSU+MSC FEM groups stained with May-
Grünwald Giemsa at 24 h and 72 h. Scale bar = 50 µm. FEM: femoral artery; h: hours; MN: mononuclear; 
MSC: mesenchymal stromal cells; MSU: monosodium urate; PMN: polymorphonuclear.  

Concerning the percentage of PMN and MN cells present in each sample 24 hours 

after MSU-induced arthritis, the synovial fluid from both MSU and MSU+MSC FEM 

animals was essentially infiltrated by PMN, reaching approximately 90% of the total 

leukocyte population (p<0.001 MN vs. PMN). No meaningful differences in the 
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distribution of leukocyte types, PMN (p=0.54) and MN (p=0.54) cells percentage, were 

found between MSU and MSU+MSC FEM groups (Figure 20 B).  

Differential cell count results showed that, 72 hours after MSU crystal injury, the 

distribution of leukocyte types changed, in comparison to the distribution observed at 

24 hours. Interestingly enough, PMN presence drastically diminished from 24 to 72 

hours in both arthritic groups (p<0.001), while MN cells were highly increased 

(p<0.001, Figure 20 B). At 72 hours, synovial fluid was populated by a similar 

percentage of PMN and MN cells in both MSU (43% and 57% respectively); and 

MSU+MSC FEM knees (47% and 53%, respectively). Alike to that occurring at 24 hours, 

no important differences of PMN (p=0.58) and MN (p=0.58) percentage were found 

between these animals (Figure 20 B). Differential staining of leukocyte population in 

synovial fluid of both MSC-treated and non-treated arthritic animals at both time 

points studied after the injection of MSU crystals into the joints can be observed in 

Figure 20 C. 

Study of MSC treatment on total macrophage synovial infiltration, and 

M1 and M2 macrophage polarization 

Extensive macrophage infiltration is characteristic of MSU crystal-induced arthritis. 

We evaluated whether the treatment with MSC was able to alter the balance of 

different macrophage subsets towards an anti-inflammatory phenotype in the arthritic 

synovial membrane. In order to study the presence and disposition of rabbit 

macrophages, we immune-stained synovial samples with both a RAM11 antibody, 

which detects rabbit macrophages in all their different phenotypes; and an anti-CD163, 

a cell marker of monocyte and macrophage lineage that has been reported to be 

overexpressed in anti-inflammatory M2a macrophages (46,144).  

Our results indicated that RAM11 positive cells were mostly distributed along the 

synovial lining cell layer of synovial membranes (Figure 21 A-C). Additionally, in some 

joints injected with MSU crystals, macrophages aggregations were observed 

surrounding adipocytes arranging in “crown-like” structures nearby sub-lining vessels. 
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FIGURE 21. Immunohistochemical analysis of macrophage population within synovial membranes at 
72 hours after insult. Representative sections of RAM11 antigen staining (A-C) in the synovium of 
control (A), MSU and (B) and MSU+MSC FEM (C) groups;  CD163 staining (D-F)  in control (D), MSU and 
(E) and MSU+MSC FEM (F) groups; and  arginase-1 staining (G-I)  in control (G), MSU and (H) and 
MSU+MSC FEM (I) groups, scale bars = 50 μm. Densitometric analysis of RAM11 (J), CD163 (K), Arginase-
1 (M) staining percentage in the synovium of each group. L, ratio of CD163 to RAM11 positive staining. 
Bars show the mean and SEM (n = 7 – 8 for controls, n = 14 for MSU and n = 9 – 12 for MSU+MSC FEM 
group). Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. Arg-1: arginase-1; FEM: femoral 
artery; MSC: mesenchymal stromal cells; MSU: monosodium urate. 
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RAM11 positive cell number was significantly incremented in MSU rabbits 

compared to healthy animals (p=0.027 vs. Control, Figure 21 J). In MSU+MSC FEM 

treated group, no statistically significant decrease was observed in RAM11 positive 

staining compared to the MSU group (p=0.14). 

We also examined CD163 along the synovial lining layer, where RAM11 staining 

predominates (Figure 21 D-F). In this case, CD163+ cells were statistically significantly 

increased in both MSU treated (p=0.003) and MSU+MSC FEM groups (p=0.03) when 

compared to healthy samples. However, no significant differences were found 

between these two groups (p=0.1, Figure 21 K). Notwithstanding, to evaluate a 

putative change in the polarization of the infiltrated macrophages population between 

the arthritic groups, we analyzed the ratio of the anti-inflammatory M2 marker 

presence (CD163+ macrophages) and the total macrophage presence (RAM11+ 

macrophages) for each synovial membrane sample (145). Noteworthy, this 

CD163/RAM11 ratio showed a clear increase in the MSU+MSC FEM group in 

comparison to MSU animals (p=0.037 vs. MSU), as shown in Figure 21 L.  

Thereafter, in order to support this result, we performed the analysis of arginase-1, 

which has been employed as a marker of M2 polarization (146). We observed an 

increased amount of arginase-1 along the lining layer of MSU injected groups, where 

most of macrophages were distributed (Figure 21 G-I). Positive staining quantification 

revealed that MSU+MSC FEM rabbits showed an increased presence of arginase-1 in 

comparison to untreated rabbits, that was very close to reach statistical significance 

(p=0.063 vs. MSU, Figure 21 M). 

The effect of MSC on the synthesis of different pro- and anti-

inflammatory mediators in arthritic rabbit synovium 

As expected, MSU rabbits showed increased levels of pro-inflammatory cytokines in 

the synovial membrane 72 hours after MSU crystal injections. COX-2 (p=0.012) and 

TNF-α (p=0.031) synthesis were increased in MSU rabbits when compared to healthy 

synovial membranes, while no differences were observed in IL-6 levels (p=0.4) (Figure 

22 A-C). However, the systemic infusion of MSC induced a substantial reduction in the 
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synthesis of COX-2 (p=0.040 vs. MSU) and TNF-α (p=0.014 vs. MSU) in the arthritic 

synovial membranes of MSU+MSC FEM rabbits (Figure 22 A-B). 

 

FIGURE 22. MSC modulates pro- and anti-inflammatory cytokine profile in synovial membranes of 
arthritic rabbits. Western blot analysis and representative cropped blots of COX-2 (A), TNF-α (B), IL-6 (C) 
IL-10 (D), and TGF-β (E) protein levels in rabbit synovial membranes. EZ blue staining was used as 
protein loading control and to normalize the results, which are expressed as a fold-change of the control 
group. Bars show the mean and SEM (n =7 for controls, n = 16 for MSU and n = 14 for MSU+MSC FEM 
group). Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. COX-2: ciclooxygenase-2; FEM: 
femoral artery; IL: interleukin; MSC: mesenchymal stromal cells; MSU: monosodium urate; TGF-β: tumor 
growth factor-β, TNF-α: tumor necrosis factor α. 
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IL-10 and TGF-β are considered important mediators in the resolution of acute 

inflammation resolution. No differences were observed in the presence of these 

mediators between healthy controls and MSU group (for IL-10, p=0.5; for TGF-β, 

p=0.070) at the time of study (Figure 22 D, E).  Nonetheless, a statistically significant 

increment in the anti-inflammatory cytokines IL-10 (p=0.004 vs. MSU) and TGF-β 

(p=0.001 vs. MSU) protein levels was detected in the synovial membranes of 

MSU+MSC FEM animals compared to MSU ones (Figure 22 D, E). 

Protein expression of inflammasome components in the synovial 

membranes of arthritic rabbits treated with MSC 

NLRP3 inflammasome activation is essential in gouty arthritis pathogenesis. In order 

to determine whether the treatment with MSC was able to decrease inflammasome 

activation in MSU crystal-injected rabbit synovium, we analyzed the levels of different 

protein components and mediators associated to the activation of this system in the 

synovial membrane.  

Our results showed that local synthesis of inflammasome components NLRP3 

(p=0.015 vs. Control), pro-caspase-1 (p=0.004 vs. Control), and pro-IL-1β (p=0.004 vs. 

Control) proteins were significantly increased in the arthritic synovial rabbits, 

especially in the MSU group. However, IL-18 synthesis levels did not vary compared to 

healthy animals (Figure 23 A-D). Our results indicated that the arterial administration 

of MSC halved the synthesis levels of NLRP3 (p=0.049), caspase-1 (p=0.009), and 

produced an important inhibition of the master inflammatory cytokine pro-IL-1β 

(p=0.05), compared to the un-treated arthritic group (Figure 23 A-D). 

Furthermore, the nuclear transcription factor NF-κB, which is a downstream 

effector of the inflammasome pathway, was also active in the MSU crystal-injected 

synovial membranes of rabbits (p=0.001 vs. Control), while a reduction of 33% of 

activity was observed in arthritic animals treated with MSC (p=0.006 vs. MSU, Figure 

23 E). 
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FIGURE 23. Inflammasome components are modulated in arthritic rabbits treated with MSC. Protein 
levels of NLRP3 (A), pro-caspase-1 (B), IL-1β (C), and IL-18 (D) were assessed by western blot. EZ blue 
staining was used as protein loading control. Results are normalized by EZ blue staining and expressed 
as a fold-change of the control group. Representative cropped blots of each group are shown. E, NF-kB 
p65 was analyzed by TransAM kit assay. Results are expressed in optical density (OD) units. Bars show 
the mean and SEM (n =7 for controls, n = 16 for MSU and n = 14 for MSU+MSC FEM group). Mann-
Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. FEM: femoral artery; IL: interleukin; NLRP3: NLR 
family pyrin domain containing 3; MSU: monosodium urate; MSC: mesenchymal stromal cells. 



RESULTS 

 

 

117 
 

Analysis of the interaction between MSC and THP-1 cells in presence of 

MSU crystals in different in vitro systems 

Our previous results showed that MSC induced changes in synovial macrophage 

population of rabbits with acute arthritis. Therefore, we next researched on the 

mechanisms by which MSC are able to modulate the inflammatory activity of 

macrophages stimulated by MSU crystals in different in vitro assays.  

On the one hand, we tested MSC ability to regulate the inflammatory profile of 

macrophages releasing paracrine mediators through Transwell co-culture system. In 

this design, macrophages and MSC are cultured in the same culture media, although a 

direct cell to cell contact is not allowed. Thus, cells interact only through the release of 

different mediators to the shared culture media. According to this design, the analysis 

of the response of the two different cells can be analyzed separately. THP-1 

differentiated macrophages were stimulated with MSU crystals, triggering a robust 

inflammatory response, as observed in NLRP3 (p=0.029), caspase-1 (p=0.029), IL-1β 

(p=0.029), TNF-α (p=0.029) and COX-2 (p=0.029) gene expression increase, when 

compared to vehicle expression 24 hours post-stimuli. IL-10 and TGF-β were also over-

expressed (p=0.029) at this time point. In order to reproduce the in vivo settings in our 

experimental model, MSC were transferred into THP-1 wells 1 hour after MSU 

stimulation. It was interesting to note, as observed in Figure 24 A, the increase on the 

levels of cytokines expressed by MSU crystals-activated THP-1 co-cultured with MSC, in 

comparison to vehicle-stimulated cells. However, the presence of MSC (p=0.029) 

significantly inhibited the gene expression of these mediators in comparison to MSU 

crystals stimulated cells (p=0.029 MSU+MSU+MSC vs. MSU). Notably, NLRP3 (p=0.029) 

but not caspase-1 (p=0.34) expression was also inhibited in MSU+MSC-treated 

macrophages stimulated with MSU crystal (Figure 24 A).  

We also investigated different mediators synthesized by MSC that could modulate 

THP-1 macrophage activation. We observed that COX-2, TSG-6 and IDO (p=0.029 vs. 

THP-1+Vehicle respectively) were up-regulated in MSC 24 hours after the stimulation 

of macrophages with MSU crystals (Figure 24 B). 
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FIGURE 24. MSC block MSU crystal-stimulated THP-1 cells activity in Transwell co-culture system. 
Gene expression of NLRP3, caspase-1, IL-1β, TNF-α, COX-2, IL-10 and TGF-β in THP-1 macrophages (A), 
and of COX-2, IDO and TSG-6 in MSC (B), 24 hours after THP-1 stimulation with MSU crystals. Gene 
expression of each gene is normalized to endogenous control. Each MSU-induced gene is expressed as 
fold change relative to its respective control. Bars show the mean and SEM (n = 4 independent 
experiments). Mann-Whitney test, a: p<0.05 vs. V alone, b: p<0.05 vs. MSU alone, c: p<0.05 vs. V+MSC 
(A), and *p<0.05 vs. THP-1 + V group. COX-2: ciclooxygenase-2; IDO: indoleamine 2,3-dioxygenase; IL: 
interleukin; MSC: mesenchymal stromal cells; MSU: monosodium urate; NLRP3: NLR family pyrin domain 
containing 3; TGF-β: tumor growth factor-β; TNF-α: tumor necrosis factor α; TSG-6: TNFα-stimulated 
gene-6; V: vehicle.  
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FIGURE 25. MSC block MSU crystal-stimulated THP-1 cells activity in direct co-culture systems. Gene 
expression of NLRP3, caspase-1, IL-1β, TNF-α, COX-2, IL-10 and TGF-β in THP-1 cells 24 hours after 
stimuli. Gene expression of each gene is normalized to endogenous control. Each MSU-induced gene is 
expressed as fold change relative to its respective control. Bars show the mean and SEM (n = 4 
independent experiments). Mann-Whitney test, a: p<0.05 vs. V alone, b: p<0.05 vs. MSU alone, c: p<0.05 
vs. V+MSC. COX-2: ciclooxygenase-2; IL: interleukin; NLRP3: NLR family pyrin domain containing 3; MSC: 
mesenchymal stromal cells; MSU: monosodium urate; TGF-β: tumor growth factor-β; TNF-α: tumor 
necrosis factor α; V: vehicle. 

On the other hand, direct co-culture system allowed us to study the direct 

interaction between MSC and THP-1-derived macrophages, both being in contact with 

MSU crystals. Similarly to the Transwell co-culture system design, MSC were added 

into the THP-1 wells 1 hour after stimuli. MSC prevented the increase in the gene 

expression of different mediators, in a similar extent to those experiments in Transwell 

experiments. A curious difference between these two designs was observed regarding 
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TGF-β expression levels: while in direct contact, MSU+MSC condition was not 

significantly different to MSU condition, the Transwell design resulted in a significant 

decrease in the TGF-β gene expression in MSU+MSC vs. MSU condition. Concerning 

inflammasome components, both NLRP3 (p=0.029) and caspase-1 (p=0.029) gene 

expression were significantly attenuated after MSC addition vs. MSU condition (Figure 

25). 



 

 

 

 

 

 

 

DISCUSSION 
“In science novelty emerges only with difficulty, manifested by 

resistance, against a background provided by expectation” 

- Thomas Samuel Kuhn 
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DISCUSSION 

During this thesis work, we have been delving deeper into the mechanisms by 

which MSC could regulate inflammatory pathways associated to the activation of the 

innate immune response. Despite initial promising preclinical results in the treatment 

of autoimmune diseases with MSC, and in the early phases of clinical trials in different 

human diseases, its success has not yet been further confirmed in most high standard, 

large-scale clinical trials. This could indicate that experimental models likely do not 

accurately reproduce human diseases; or that the beneficial effect of MSC is a 

consequence of the inhibition of pathways that are not well represented in these 

models. Up-to-date, most studies have focused on chronic diseases, in which the 

adaptive and the innate immune responses are integrated, coexisting a continuum of 

induction and resolution processes occurring during the chronic condition. This 

complex network of interactions makes it difficult to detect the mechanisms of action 

involved in the improvement of these chronic conditions. Therefore, in order to find 

out whether MSC can act specifically on the innate immune mechanisms, it is 

necessary to resort to models of acute, self-limited inflammation, where the innate 

immunity plays the unique role.  

MSC therapy has been successfully applied in different models of acute sterile 

inflammation. In a rhabdomyolysis-induced acute kidney injury model, MSC improved 

tubular injury and renal function shortly after their administration (147). Likewise, in 

rats with acute corneal injury, systemic administered human MSC diminished the 

corneal opacity and ameliorated leukocyte infiltration 72 hours after insult (148). NaT-

induced acute pancreatitis was promptly alleviated after intra-venous (IV) application 

of human MSC, improving histological alterations (71).  However, some harming 

etiologic agents that induce the acute lesion in these models do not entirely reproduce 

human clinical processes. On the other hand, the injured tissues in some of those 

models are difficult to be sequentially and directly assessed. This complexity hinders 

the study of MSC effect in specific acute conditions and its translation into the clinic. 
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Besides, these models reproduce infrequent acute conditions given in the general 

population making the translation of MSC results from pre-clinical to clinical studies 

difficult. Accordingly, we developed an acute auto-limited gouty arthritis model, which 

is the paradigm of acute joint disease mediated by innate immune system without any 

contribution of adaptive response. 

In Western countries, prevalence of gout increases up to 9% in adults over 60 years 

of age in the USA (93). Older adults are susceptible of suffering comorbidities, so the 

use of traditional drugs for the treatment of gout flares could cause adverse effects. 

Currently, the use of NSAIDs and colchicine are the most common treatments in the 

first 24 hours after flare, but they can produce severe gastrointestinal adverse effects 

or dyspepsia. Urate-lowering strategies may also imply serious contraindications 

effects (127).  IL-1β inhibitors such as anakinra and canakinumab are a high cost 

therapy and their use is not recommended for patients with high infection risk 

(126,128). Therefore, the development of alternative therapies is urgently required  

In light of this thesis work, we have provided original data about the therapeutic 

outcome that MSC produce in a self-limited inflammatory flare in the rabbit joint, 

employing different methodological approaches. First, we proceeded to validate the 

US technique as a promising tool for the assessment of acute synovitis in rabbits’ 

knees. Then, we went into investigating the anti-inflammatory effects of MSC on acute 

arthritis flare. To accomplish this, we tested different routes of MSC administration. 

Once we had selected the systemic one, which resulted in a better therapeutic 

outcome, we assessed whether systemically-administered MSC arriving into the 

arthritic joint directly from the blood stream exerted a better therapeutic effect 

compared to the contralateral inflamed synovium, which received MSC after its 

vascular distribution through the organism. As MSC alleviated inflammation evenly in 

both the right and left knee joints, we next studied whether MSC kept a protective 

effect after an acute arthritis relapse. Finally, we examined the molecular mechanisms 

underlying the therapeutic outcome both in vivo and in vitro.  

Different experimental models have been employed to reproduce a human gouty 

arthritis break out. MSU crystal injection into the joint cavity is the most commonly 
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used method (124), as it directly triggers joint inflammation and swelling. Therefore, 

several models of MSU injection in mice and rat joints have been developed (149–

154).  However, given the challenging injection into small rodent joints and the 

difficulties that entails collecting synovial fluid, MSU crystals are usually applied in 

extra-articular locations (97,155–162). These models are characterized by the 

production of large volumes of inflammatory exudates. However, these experimental 

gout models cannot exactly reproduce the intricate relationship between the 

hyperuricaemic metabolic status and inflammation given in gout patients. Hence, 

different approaches have been used to evoke hyperuricemia in some of these models 

(151,163–165). In our case, we just aimed to focus on the inflammatory response 

triggered by MSU crystals, so we avoided the induction of the hyperuricaemic status. 

Previous works point out that MSU crystals induce a pronounced inflammatory 

response in the rabbit joint (130,166,167). Not only does this model faithfully 

reproduces the pathophysiology of human knee response to an acute arthritic flare, 

but also, compared to other pure inflammation models, the knee joint size and the 

amount of exudate produced facilitate its follow-up through a direct observational 

measurement of joint swelling (130,131,166). In addition, this model allows 

performing diagnostic investigations similarly applied in patients, such as visualization 

of MSU crystals in synovial fluid, the use of imaging techniques as CT and 

ultrasonography (76), and the possibility to perform synovial biopsies with sequential 

histological and molecular studies. What is more, our model can be easily reproduced, 

displaying a homogeneous clinical outcome. Therefore, MSU crystal-induced acute 

arthritis in rabbit is a reliable model to study the pathophysiology of acute 

inflammatory processes in vivo, as well as the efficacy and mechanisms of action of 

novel therapeutic options. 

Performance and validity of MSK-US for the assessment of 

synovial inflammation in rabbit acute gouty arthritis 

Our first aim was to assess that US was a reliable technique for the evaluation of 

inflammation in the knee of rabbits in the acute gouty arthritis model. In patients, 
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MSK-US is being used as a diagnosis tool for detection of MSU crystal deposits and 

different inflammatory features (168,169). In our study, we demonstrated that by 

using commercial US equipment we were able to differentiate MSU crystal features 

and inflammatory signs between healthy and arthritic knees during the inflammatory 

course of a rabbit gouty flare. Additionally, both GD and SF inflammatory scores, and 

MSU crystal-related features improved within days, in accordance to the self-limiting 

nature of a gouty flare. Finally, we were able to correlate inflammatory findings with 

joint swelling, synovial histopathology, vascularization and the presence of IL-1β, a key 

pro-inflammatory mediator, in this disease. This new data supports previous studies in 

which MSK-US has been employed to evaluate gout features in experimental models 

and in patients (130,168).  

Among the different inflammatory findings, GD correlated with knee perimeter 

increase 24 hours after injury induction. This increment of joint edema is similar to 

that occurring in patients, in whom the inflammatory peak occurs between 24-48 

hours from the onset (170). Nevertheless, at 72 hours after MSU injection, when the 

inflammation in the rabbit knee is considerably lower, the correlation is lost. One 

possible explanation is that comparison of a sensitive continuous variable with a semi-

quantitative measure cannot discriminate small alterations in the same degree. 

Additionally, it is important to take into account that joint swelling is measured by 

calculating the increment of the knee joint perimeter. Thus, it reflects not only intra-

articular variations, but also peri-articular changes that occur during the inflammatory 

course. It is possible that the swelling in the peri-articular tissue fades while 

inflammation in the joint cavity is still active. 

The evaluation of histological synovitis is the gold standard method to evaluate 

tissue inflammation during arthritis (171). This Krenn score was adapted to grade acute 

synovitis, where tissue damage is not as severe as other joint diseases such as RA. 

Based on the Krenn’s evaluation, we took into account the enlargement of the lining 

cell layer, inflammatory infiltrate and synovial stroma alterations such as density of 

resident cells, fibrosis and vascularization. Additionally, alterations in synovial 

adipocyte size and morphology have been previously correlated with inflammatory 
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status (141). Thus, we also considered sub-lining adipocyte tissue structure as a 

feature of stromal activation. Remarkably, global histopathological damage correlated 

with MSK-US STh at time of sacrifice. In RA models, it has already been reported that 

US scores correlate with analogous histopathological scores (172,173). In our acute 

arthritis model, STh evaluation reflects the grade of damage and inflammatory 

characteristics of synovitis, such as hyperplasia and other pathologic structural 

alterations. It is important to note that Krenn score also evaluates cell proliferation in 

the lining and stroma, infiltrating cells and fibrotic events during arthritis. So, MSK-US 

assessment of acute synovitis can be a valid technique to evaluate the degree of 

inflammation in the rabbit model. Of note, the synovial region examined by MSK-US 

and the one evaluated under histopathologic study do not coincide, which indicates 

that inflammation is evenly spread throughout the synovial membrane. 

Vasodilation, increased vascular permeability, and angiogenesis are promoted by 

the inflammatory microenvironment (174). Therefore, vascular density reflects the 

inflammatory status of the tissue. CD31 is a well-known marker of endothelial cells 

forming blood vessel wall, being involved in leukocyte transmigration (175). 

Accordingly, this antigen has been considered a marker of disease activity (176–178). 

On the other hand, US PD detects blood flow signals, and its quantification in synovial 

tissue correlated with vascularity and expression of angiogenic factors in early RA 

patients (179). In our model, synovial vessels were located in tissue sections employing 

an anti-CD31 antibody. Interestingly enough, vascularity within the synovial membrane 

correlated with PD mode 72 hours after MSU injection. Thus, MSK-US allows the study 

of vascularity related to the inflammatory state in an experimental acute gouty 

arthritis. 

In gouty arthritis, IL-1β is considered a key inflammatory cytokine that promotes a 

strong inflammatory storm (180). Thus, concentration of IL-1β present in arthritic 

synovial membranes can reflect the severity of the inflammatory response. Circulating 

IL-1β levels have been directly related with disease severity in RA patients (181).  US 

GD was associated with synthesis levels of pro-IL-1β, which suggest that GD could be a 

reliable parameter to measure inflammatory status.  
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A major weakness of this study is the small sample size employed, which did not 

allow us to explore histopathology, vascularization and molecular biology at 24 hours. 

Furthermore, despite MSK-US was able to discriminate between healthy and arthritic 

conditions, we have not empirically demonstrated its ability to evaluate a therapeutic 

outcome. Our results showed that 72 hours after the injection, when there is a lower 

degree of inflammation, the association of GD with joint swelling was lost, while 

significant differences of some inflammatory findings between 24 and 72 hours were 

lost as well. This could indicate that the discriminatory power of this technique 

decreases at 72 hours, suggesting that MSK-US could not be sensitive enough to detect 

variations in low degree synovial inflammation. Its application for the evaluation of 

MSC therapeutic effect is discussed below. Overall, MSK-US is a promising effective 

diagnosis tool, although further studies are needed. 

Study of the anti-inflammatory effects and pharmacokinetics of 

MSC in experimental acute gouty arthritis 

In this study, we demonstrated for the first time that a single dose of systemically 

administered xenogeneic MSC was able to shorten the intensity and duration of severe 

acute arthritis induced by injection of MSU crystals in the rabbit knee.   

In order to obtain an effective therapeutic result with MSC, different treatment 

aspects shall be taken into account, such as the immune compatibility, source, dose 

and route of administration (65). We employed human MSC in an animal model. 

Xenogeneic models have been widely used to test the immunosuppressive potential of 

human MSC (182). Indeed, some comparative studies, such as those performed in an 

acute cerebral infarct in rat, have shown that MSC from different sources displayed 

similar efficacy and safety profiles (183). Additionally, it seems relevant to employ MSC 

from human origin to understand the mechanisms underlying their potential 

functional outcome in patients. Recently, MSC have been considered “immune-

evasive” rather than “immune-privileged” (184): despite MSC express few constitutive 

MHCI molecules, some inflammatory cytokines can induce MHCII expression, being 

recognized by the host adaptive immune system, which may frustrate MSC action 
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(185). Thus, it should be considered taking advantage of MSC fast action in diseases 

where a rapid, short term effect is critical for the therapeutic outcome, such as is the 

case of acute injuries (65). 

On the other side, we employed MSC derived from adipose tissue (Ad-MSC), which 

can entail certain advantages over other common tissue sources. To give an example, 

some published studies explain that Ad-MSC are easily isolated without invasive 

surgery, and exhibit comparable immunomodulatory capacities to BM-MSC from the 

same donor (135). By contrast, other works have revealed that Ad-MSC are 

metabolically more active than BM-MSC, which could imply proliferative and 

immunomodulatory advantages over BM-MSC (186,187). 

Dosing is also a questionable issue, as MSC concentration depends on application 

route and animal species. Therefore, we decided to assess the anti-inflammatory effect 

of MSC comparing local injection into the knee joint vs. systemic infusion through the 

auricular artery. Both procedures have been tested in chronic inflammatory diseases, 

such as systemic lupus erythematosus, RA or OA  (188,189). Although there still is a 

lack of direct comparative studies between both routes, suggestive results have been 

described for both local or systemic transfusion through both vascular and 

extravascular locations in acute models of inflammation (148,190).  

For most clinical trials, the amount of cells injected through IV administration  

ranges from 1-2 x 106 MSC/kg (100-150 x 106 total MSC) (191). Accordingly, we 

proposed to adjust MSC dosage to body weight comparable to a clinical situation. 

Additionally, rabbits have been given systemic doses ranging between 2- 4 x 106 

MSC/kg in different disease models showing good results (192–194). By contrast, the 

IA injection dose of MSC in clinical studies usually approximates 50 × 106 cells, which is 

substantially a lower dose compared to IV one (189), probably indicating that local 

administration could allow a lower cell dose.  

Therefore, for the IA administration route, we decided to test two different doses. 

On the one hand, we applied the same dose employed per animal in the systemic 
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approach: 106 MSC/kg (2.5 x 106 MSC each knee). On the other hand, we also tested a 

lower dose consisting in 2.5 x 105 MSC/kg (6.5 x 105 each knee). 

In order to test the effect of local vs. systemic MSC administration, we assessed 

both articular, through the measurement of knee swelling, and systemic inflammation, 

by the measurement of serum CRP levels, as previously described (131,166). 

Remarkably, our results showed that systemically administered MSC substantially 

improved knee swelling during the MSU crystals-induced arthritis, and normalized 

serum CRP concentration in a short interval of time. On the contrary, IA MSC 

administration did not significantly alter these parameters in comparison to untreated 

animals. Systemic infusion of MSC halved joint swelling 72 hours after aggression, and 

reduced CRP levels 24 hours after injury. The pronounced drop of CRP levels at 72 

hours could be a consequence of the steady binding of serum CRP to MSU crystals 

(195).  By contrast, a plausible unfavorable effect was observed when a higher dose of 

MSC was applied locally into the joint, as reflected in an increase in joint perimeter and 

in CRP levels over the ones observed in the MSU group. Although MSC are considered 

clinically safe and few side effects have been reported, many adverse effects occurring 

in preclinical models are probably poorly described (20). It is important to take into 

account that MSC can exert pro-inflammatory actions given their immune-regulatory 

plasticity. In this scenario, a previous work reported negative outcomes after MSC 

transplant into a corneal allograft in rabbits (196). Interestingly enough, this possible 

negative effect was not observed with a lower IA dose, but no beneficial effect was 

accomplished either. All these data indicate that local injection of MSC into the 

arthritic joint does not improve inflammatory condition in the acute MSU-induced 

arthritis in rabbit knees. However, MSC infused into the vascular system alleviate 

inflammation in this model, suggesting that the MSC administration route has to be 

carefully assessed in other human rheumatic diseases. 

Thus, in the subsequent study we decided to employ the intra-femoral delivery of 

MSC instead of an intra-auricular route. It is well-known that MSC are easily trapped in 

the lung capillaries after their intravascular administration, and it seems plausible that 

it can undermine MSC action (30,197). So, it has been suggested that infusing the cells 
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through the artery that irrigate the injured tissue would favor their arrival to the target 

tissue and that the beneficial effects could be enhanced, avoiding cell entrapment in 

distant organs (198). Previous findings in rabbits have demonstrated that infusion of 

5×106 MSC through the superior mesenteric artery promoted MSC retention in the 

targeted digestive organ, in contrast to IV administration, as it bypassed pulmonary 

circulation (199). Therefore, we tested the effect of MSC administration through the 

femoral artery to study whether MSC reaching the arthritic synovium directly from the 

femoral artery produced an improved anti-inflammatory action compared to the 

contra-lateral synovium, which received the cells after its vascular distribution 

throughout the organism.  Our results revealed that the administration of MSC 

through the right femoral artery was able to decrease joint swelling and the 

histopathological alterations observed in the synovial tissue. No significant differences 

were observed when we compared the effects observed in the right vs. the left 

synovial membrane. According to this data, we decided to test whether MSC homing 

into both synovial membranes was different when the cells were applied through the 

right femoral artery. 

In our model, MSC effect was already evident 24 hours after the inflammatory 

boost, so we explored their fate and distribution in different rabbit organs and tissues 

at that time point. Different strategies have been employed to track MSC in different 

species, as the amplification of xenogeneic DNA sequences one of the most common 

procedures (200). In line with published reports (198), all MSC injected rabbits showed 

evident accumulation of human DNA in lungs, spleen and liver. However, we were 

unable to detect human genomic DNA in every right synovial membrane. Furthermore, 

we detect human DNA in a similar percentage of the left synovial membranes of the 

treated rabbits. Therefore, this detection method did not allowed us to accurately 

measure the presence of human MSC in the rabbits’ synovial membranes at the time 

point studied (24 hours after administration). This method was not sensitive enough to 

compare whether a different amount of MSC reached each membrane. Similar 

limitations have previously been described in different animals (201,202). It should be 

considered that at this time point, MSC that reached the synovial membranes had 
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already been cleared by host immune cells in most of animals. It is known that MSC are 

short-lived after infusion (32), and in fact, their actions have been referred to as a “hit 

and run” effect, to explain a rapid and short-term interaction with host cells. This could 

imply a low rate of engraftment but a long-term benefit (30).  

Our data has shown that femoral administration of MSC elicited similar effects in 

both rabbit membranes. These results contrast with the observations of Arnberg et al. 

(199), probably because at this time point of study arthritic synovial membranes are 

not as irrigated as other tissues are, and the cell entrapment in this target tissue is less 

efficient. Alternatively, it is possible that the therapeutic effect would be more 

dependent on the intensity of the inflammation present in the tissue, rather than in 

the availability of cells in the nearby bloodstream. Although it has been reported that 

MSC survival and number of cells that migrate into the knee in RA and OA mouse 

models is independent of the presence or intensity of inflammation, it is also possible 

that the number of cells these mice received was too high to discriminate between 

different degrees of inflammation (202). 

Study of the therapeutic outcome of MSC on rabbit after an 

acute arthritis relapse 

As we formerly evinced that MSC were able to accelerate the recovery of rabbits 

from an acute MSU crystal-induced aggression, and recurrent acute flares characterize 

gouty arthritis, we then inquired whether MSC were able to keep a protective effect 

after a second flare-up. In gouty arthritis, recurrent flares are common, becoming even 

a chronic state in most cases (74). For this reason, the recurrent gouty outbreak model 

has previously been developed in rabbits (203).  

The resolution of acute inflammation brings a second influx of monocytes-derived 

macrophages and dendritic cells, and myeloid derived suppressor cells into the 

damaged tissue. This post-resolution phase produces an optimum tissue 

microenvironment for the induction of adaptive immunity (204). On the other hand, 

MSC are rapidly cleared from the organism. 111In-oxine-labeled human decidual SC 

rapidly drop 30 hours after systemic administration into rabbits (199). Therefore, 
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assuming that MSC were likewise removed in our model, we hypothesized that MSC 

signature left in damaged tissue would protect against recurrent arthritis flares. 

However, our data indicates that a unique MSC injection was not able to prevent a 

relapse occurring 15 days after the first aggression.  

In this study, we included MSK-US examination at different time points to evaluate 

inflammatory status of synovial membranes. Differences between healthy controls and 

MSU rabbits were evident, showing that the relapse model was able to induce a 

significant inflammation in the knees that received two injections of MSU 15 days 

apart. Furthermore, it seems to be a trend of improvement in the MSC-treated group, 

in comparison to MSU rabbits. Disappointingly, remission of inflammation in the MSC-

treated group was not statistically significant in any of the US evaluated features. This 

design would probably require a bigger sample size so as to adequately assess the 

effect of MSC in the relapse model. Although we did not explore it, the role that 

adaptive immunity in this experimental model of joint damage would be probably 

more pronounced than in the acute model. 

Study of MSC effects on inflammatory mechanisms in the acute 

arthritis model after their intra-femoral administration 

Finally, our objective was to gain insight into the anti-inflammatory mechanisms 

displayed by MSC in the acute arthritis model. As no differences between the right and 

left MSC-treated arthritic synovial membranes were observed in the rabbits that 

received the cells through the femoral artery, we employed both synovial membranes 

from these animals, without further discrimination, so as to determine the cellular 

mechanisms modulated by the treatment.   

We observed that a single dose of xenogeneic MSC was able to ameliorate a severe 

acute arthritis induced by a MSU crystal injection in the rabbit knee. Molecular studies 

showed that MSC inhibited synthesis of NLRP3 inflammasome components, reducing 

NF-κB activation and pro-IL-1β secretion in synovial tissue. Likely, these mechanisms 

could be responsible, at least partially, of an increase in synovial macrophage 
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polarization towards M2 phenotype observed in the MSC-treated rabbits, along with 

an increased expression of anti-inflammatory cytokines. 

Histological studies confirmed that synovial membranes from MSC-treated animals 

presented less pathological features compared to the MSU group. The synovium of the 

former group showed a thinner lining layer and less altered stromal structure, which 

included less apoptotic adipocytes, reduced fibrosis, and diminished synovial 

vascularization (205). The reduction of vascular network in treated synovial 

membranes could be a result of an improved inflammatory condition. Synovial fluid 

examination revealed that total leukocyte number per ml was similar between treated 

and non-treated groups 24 hours after injury, while two days later, treated joints 

showed 65% less cellularity than non-treated joints. At the former time point, PMN 

cells covered 90% of total population, whereas at 72 hours, the number of 

mononuclear phagocytes rose, comprising almost 55-60% of total leukocytes, in both 

groups. Thus, MSC promoted total cell clearance from 24 to 72 hours. Accordingly, 

these data suggest that MSC do not exert a direct or specific effect on PMN clearance 

in our model. The modification of the ratio PMN/mononuclear cells during the 

evolution of the inflammatory response agrees with other acute inflammation models. 

In a mouse peritonitis model, the total number of infiltrated cells decreased a few 

hours after the human MSC peritoneal application, and monocyte number rose 

followed by PMN clearance (73). In our model, MSC reduced about 65% of joint 

swelling 72 hours after injury. Noteworthy, although caution should be taken when 

comparing treatment efficacy, the size effect achieved by MSC was similar to that 

observed when using COX-2 inhibitors. Both salidroside and celecoxib halved ankle 

swelling, cell count and histologic scores 24 hours after MSU induced injury in rat and 

rabbit models (206). On the other hand, IL-1 blockade slightly limited ankle swelling for 

4 days in MSU arthritic mice (207). In a randomized, double-blind clinical trial using 

anakinra in gout patients, joint swelling score diminished about 50% in three days. 

Additionally, the short half-life (46 hours) of this drug requires daily administration. All 

these data indicate that a single dose of MSC in our model display at least comparable 
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effects to those observed after the administration of IL-1 inhibitor in different MSU 

models and in a clinical trial. 

NF-κB, which is responsible for the up-regulation of the synthesis of inflammasome 

components and other pro-inflammatory proteins (208–210), was active in arthritic 

animals 72 hours post crystals injection. In line with previously published findings, MSC 

diminished NF-κB activation (71,73,211); and NLRP3, caspase-1 and IL-1β levels were 

decreased in treated arthritic synovial membranes. Inhibition of NLRP3 inflammasome 

by MSC in sterile acute inflammatory disease models has been scarcely investigated in 

vivo. In a Na-T induced severe acute pancreatitis in mice (71), NLRP3 inflammasome 

activity and NF-κB activation was down-regulated in acinar cells after MSC treatment. 

Secretome from perivascular SC (precursors of MSC) was also able to attenuate MSU 

crystal-induced peritonitis in mice, inhibiting expression of NLRP3 inflammasome 

proteins in cultured macrophages (212). Although pro-IL-1β and pro-caspase-1 

proteins were detected, the signal of their mature forms was faded, perhaps due to a 

rapid degradation in the tissue. On the other side, IL-18 remained invariable among 

healthy and arthritic groups probably because at this time course of the pathogenic 

process, this cytokine is not induced. In a MSU air-pouch model in mice, there was no 

increase of exudate IL-18 levels (213).  Similarly, IL-6 levels were not importantly 

modulated. This fact could be in contradiction with a study of the inflammatory profile 

in gouty patients, in which both cytokines correlated with inflammatory activity (214). 

Notwithstanding, this study was performed in peripheral blood leukocytes, and in 

patients who were already diagnosed with gout, exhibiting a chronic condition. What is 

more, the evolution of inflammatory profile in a peritoneal model of MSU induced-

arthritis indicates that different cytokines may be overexpressed while others could 

have returned to normal levels, given the self-limiting nature of gouty arthritis (157). In 

agreement with previous data, COX-2 and TNF-α levels, which were increased in MSU 

synovial membranes, were reduced in the synovium of MSC-treated animals. 

In vitro studies were designed to shed some light into the specific effect of MSC on 

macrophages in the control of MSU crystal-induced inflammation. MSC presence 

abrogated macrophage activation, inhibiting NLRP3 and cytokine expression 24 hours 
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after MSU stimulation in both Transwell and direct co-culture systems. Pro-caspase-1 

expression was suppressed in direct but not in the Transwell system. This difference 

might be explained because in direct co-culture experiments the gene expression of 

both cell populations was analyzed, while in the Transwell system, only THP-1 cells 

were targeted. Probably, a larger sample size would be required to find out bigger 

differences between MSC-treated and non-treated THP-1 macrophages.  

Our results suggest that the effect of MSC could be both mediated by the release of 

paracrine and juxtacrine/cell-cell factors. We found that COX-2, TSG-6 and IDO were 

up-regulated in MSC sharing the same culture media with THP-1-derived macrophages 

stimulated with MSU crystals. Previous data describe that NLRP3, COX-2 and pro-IL-1β 

synthesis was triggered in THP-1 cells by MSC, while IL-1β and IL-18 secretion was 

inhibited. This process was mediated by PGE2 and induced macrophage skewing 

towards M2 phenotype (84). On the other hand, expression of IDO by stimulated MSC 

catabolizes tryptophan to kynurenic acid, which binds to the aryl hydrocarbon receptor 

(AhR), activating TSG-6 synthesis (215). The immunosuppressive role of MSC-derived 

TSG-6 in macrophages has also been described in vitro (216). Therefore, these 

molecules could be interesting candidates involved in the mediation of the accelerated 

resolution of inflammation in our model. Additionally, previous data showed that MSC 

are able to secrete the anti-apoptotic protein stanniocalcin-1 in response to activated 

macrophages in vitro, suppressing the production of ROS and subsequently inhibiting 

NLRP3 inflammasome action (217). MSC were also able to prevent pyroptotic cell 

death dependent of NLRP3 inflammasome activity in macrophages triggered by 

endocytosis of MSU crystals (218). These mechanisms will be further investigated in 

order to find out the molecular pathways through which MSC inhibit the activity of 

THP-1-derived macrophages.  

It has been established that the spontaneous shutdown of the gouty inflammation 

process is curtailed by several mechanisms, which includes clearance of apoptotic cells 

and induction of anti-inflammatory cytokines, such as TGF-β and IL-10, by M2 

macrophages (122,157,160). Although the assessment of the macrophage population 

within tissues is a controverted issue due to their wide phenotypic plasticity (219), it 
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has been widely described that in the M2 subset, expression of NLRP3 inflammasome 

components is suppressed (220), while both TGF-β and IL-10 cytokines are up-

regulated (221). Interestingly, CD163 expression was also triggered in macrophages 

isolated from synovial fluid of gouty patients, and this was related to enhanced anti-

inflammatory activity (222). Additionally, both CD163 and arginase-1 were up-

regulated in M2 macrophage phenotype in different animal models, including rabbits 

(223–227). In fact, in our case we observed a higher number of M2 macrophage 

together with an increase of TGF-β and IL-10 proteins in MSC-treated synovium. These 

results would support the enhanced clearance of the total leukocyte population in 

synovial fluid of MSC-treated animals. It has already been described that MSC can 

favor its polarization toward an alternative M2 macrophage phenotype. MSC tested in 

an asthma model in mice induced the expression of TGF-β and IL-10 in lung 

macrophages (228). It has also been depicted in different models of acute colitis and 

corneal injury that MSC could hinder frequency of total infiltrated macrophages and 

induce their anti-inflammatory phenotype (84,85,229). Furthermore, it has been 

described that MSC enhance macrophage accumulation into damaged tissue favoring 

their differentiation into M2 subsets (70,83,147,190). Conventional anti-inflammatory 

treatments in gout can produce similar results. As an example, it has been reported 

that colchicine can promote macrophage M2 polarization (230), inhibit activation of 

NLRP3 inflammasome and increase the level of TGF-β (231).  

We observed that, in our model, most MSC accumulated in peripheral organs, 

implying that leukocyte modulation could be produced from distant sites by the 

release of soluble factors. Nevertheless, we cannot exclude that the small fraction of 

MSC localized at damaged synovium could take part in the therapeutic process (232). 

MSC could be directly promoting monocyte polarization towards the M2 subset, 

favoring their presence in arthritic synovial membranes.  It is known that MSC-derived 

TSG-6 promote macrophage phenotype switch from the M1 to the anti-inflammatory 

M2 (85). Some studies specify that during the polarization of macrophages towards M2 

phenotype, NLRP3 expression is suppressed, and so is IL-1β secretion (220). This 

process could be mediated through a diminished NF-kB activity (233).  On the other 
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hand, several MSC-derived soluble factors have been described to inhibit NLRP3 

activity (84,217,234). Hence, suppression of NLRP3 activity could alter macrophage 

phenotype into the M2 subset, limiting the inflammatory response. Up-regulation of 

COX-2 in MSC directly inhibited NLRP3 inflammasome activity in macrophages through 

PGE2 synthesis, in response to IL-1β (235,236). Furthermore, MSC-derived PGE2 

induced IL-10 production in macrophages (83,237). Lastly, it has also been reported 

that MSC-derived TSG-6 inhibited TLR2-mediated nuclear translocation of NF-kB, 

suppressing the transcription of pro-inflammatory cytokines (73). Additionally, TSG-6 

was proposed to inhibit NF-kB activity and synthesis of NLRP3 inflammasome 

components (71). Thus, MSC targeting NF-kB activity could lead to inhibition of pro-

inflammatory cytokines and NLRP3 inflammasome components, favoring the M2 

macrophage phenotype. 

Altogether, we have demonstrated that MSC are able to diminish the intensity and 

the duration of the inflammatory flare in an acute model of gouty arthritis in rabbits. 

This model has allowed us to create an active inflammatory environment, where MSC 

administration regulates the innate immune response, accelerating the restoration of 

tissue homeostasis. Thus, this thesis work provides a robust background in order to 

study the mechanisms of closure of inflammation, which could involve specialized pro-

resolving mediators, peptides or other molecules. Conspicuously, this study promotes 

the design of studies with gouty patients using MSC as a therapeutic option to alleviate 

acute gout flares, especially in older adults, poly-medicated or poly-morbid patients, in 

which the use of conventional treatments could cause adverse effects in them. In our 

model, MSC reduced joint inflammation without completely inhibiting IL-1β synthesis. 

Therefore, MSC therapy could emerge as a potential, save alternative to the use IL-1β 

inhibitors such as anakinra or canakinumab. 



 

 

 

 

 

 

 
CONCLUSIONS 

“Science is not a heartless pursuit of objective information. It is a 
creative human activity, its geniuses acting more as artists 

than as information processors”.  

- Stephen Jay Gould 
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CONCLUSIONS 

Validation of MSK-US for the sequential assessment of synovial inflammation in 

rabbit acute gouty arthritis 

1. MSK-US is able to discriminate between healthy and inflamed knees, but is not 

sensitive enough to detect low degree variations in synovial inflammation. 

However, as it correlates with pathological and molecular features, it can be 

considered a reliable technique for the sequential evaluation of acute synovitis 

in rabbit knees.  

Study of the anti-inflammatory effects of MSC in acute gouty arthritis 

2. Systemic administration of human adipose tissue-derived MSC is able to 

decrease joint swelling and serum CRP concentration, substantially decreasing 

the duration and intensity of the acute flare in MSU crystal-induced arthritis in 

rabbit.   

Pharmacokinetics of different routes of administration, doses and distribution of 

MSC in MSU-induced arthritis model 

3. The anti-inflammatory effect of the systemic administration of MSC through 

the auricular artery is not reproduced after their intra-articular injection, 

indicating that the local MSC administration has to be carefully evaluated in 

other human joint diseases. 

4.  The application of MSC through the right femoral artery produces similar 

effects on inflammation to those observed after auricular artery infusion, 

decreasing inflammation 72 hours after insult. Furthermore, MSC do not 

display an improved anti-inflammatory effect on the right arthritic knee 

compared to its contralateral knee, despite the direct arrival of MSC from the 

femoral artery to the right synovium.   
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5. Systemically delivered MSC principally accumulate in the lungs, liver and 

spleen, while a small fraction could reach inflamed synovial membranes.  

Study of the therapeutic outcome of MSC on rabbit after an acute arthritis relapse 

6. A single, systemic administration of MSC is not able to maintain the anti-

inflammatory effect after a second MSU crystal-induced injury in rabbit knees. 

Study of MSC effects on inflammatory mechanisms in the MSU-induced acute 

arthritis model  

7. MSC reduce the synthesis of NLRP3 inflammasome components in arthritic 

joints, simultaneously inhibiting the NF-κB pathway. 

8. MSC down-regulate the expression of pro-inflammatory cytokines in the 

arthritic synovium, and induce the synthesis of anti-inflammatory cytokines 

earlier than that observed in the non-treated joints. In addition, MSC promotes 

the presence of M2 macrophages in the arthritic synovium.  

9. In vitro studies confirm that MSC block the expression of NLRP3 inflammasome 

components and the expression of different cytokines in THP-1-derived 

macrophages stimulated by MSU crystals, probably through the release of 

anti-inflammatory soluble factors. 

10. Altogether, we have demonstrated that MSC are capable of reducing joint 

inflammation of an acute arthritis flare-up induced with MSU crystals in 

rabbits.  

a. MSC could be considered a novel therapy for treating acute gouty flares 

in patients, in which the use of traditional drugs is contraindicated.  

b. Additionally, this experimental model provides an excellent model to 

study the mechanisms of resolution of innate immune-mediated 

inflammation. 
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CONCLUSIONES 

Validación de la ecografía musculo-esquelética para la evaluación de la inflamación 

sinovial en la artritis gotosa aguda en conejo 

1. La ecografía musculo-esquelética puede discriminar entre rodillas sanas e 

inflamadas, pero no es lo suficientemente sensible para detectar pequeñas 

variaciones en la inflamación sinovial. Sin embargo, dado que se correlaciona 

con características patológicas y moleculares, puede considerarse una técnica 

fiable para la evaluación secuencial de la sinovitis aguda en las rodillas de 

conejo. 

Estudio de los efectos anti-inflamatorios de la CEM en la artritis gotosa aguda 

2. Las administración sistémica de CEM derivadas de tejido adiposo humano es 

capaz de disminuir la hinchazón articular y la concentración en suero de 

proteína C-reactiva, disminuyendo sustancialmente la duración y la intensidad 

del brote agudo de artritis inducido por cristales de UMS en conejo. 

Farmacocinética de diferentes vías de administración, dosis y distribución de CEM en 

el modelo de artritis inducida por UMS. 

3. El efecto antiinflamatorio de la administración sistémica de CEM a través de la 

arteria auricular no se reproduce cuando la inyección es intraarticular, lo que 

indica que la administración local de CEM debe de ser evaluada 

cuidadosamente en otras enfermedades articulares humanas. 

4. La aplicación de CEM a través de la arteria femoral derecha produce efectos 

similares a los observados después de la administración por la arteria auricular, 

disminuyendo la inflamación 72 horas después de la agresión. Además, las 

CEM no muestran un mejor efecto antiinflamatorio en la rodilla artrítica 

derecha en comparación con su contralateral, a pesar de la llegada directa de 

CEM desde la arteria femoral a la sinovial derecha. 
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5. Las CEM administradas sistémicamente se acumulan principalmente en los 

pulmones, el hígado y el bazo, mientras que una pequeña fracción podría 

llegar a las membranas sinoviales inflamadas. 

Estudio del resultado terapéutico de la administración de CEM en conejo después de 

una recidiva de artritis aguda 

6. Una sola administración sistémica de CEM no mantiene el efecto 

antiinflamatorio después de una segunda agresión inducida por cristales UMS 

en las rodillas de conejo. 

Estudio de los efectos de las CEM sobre los mecanismos inflamatorios en el modelo 

de artritis aguda 

7. Las CEM reducen la síntesis de los componentes del inflamasoma NLRP3 en las 

articulaciones artríticas, inhibiendo simultáneamente la vía NF-κB. 

8. Las CEM disminuyen la expresión de citoquinas proinflamatorias en la sinovial 

artrítica, e inducen la síntesis de citoquinas antiinflamatorias de forma precoz, 

en comparación con la observada en las articulaciones no tratadas. Además, 

las CEM promueven la presencia de macrófagos M2 en la sinovial  artrítica.  

9. Los estudios in vitro confirman que las CEM bloquean la expresión de los 

componentes del inflamasoma NLRP3 y la expresión de diferentes citoquinas 

en macrófagos derivados de THP-1 estimulados por cristales de UMS, 

probablemente a través de la liberación de factores solubles antiinflamatorios. 

10. En conjunto, hemos demostrado que las CEM son capaces de disminuir la 

inflamación articular en un brote de artritis aguda inducida por cristales de 

MSU en conejos. 

a. Las CEM podrían considerarse una terapia novedosa para tratar los 

brotes de gota aguda en pacientes en los que está contraindicado el 

uso de fármacos tradicionales. 

b. Además, este modelo experimental proporciona un modelo excelente 

para estudiar los mecanismos de resolución de la inflamación mediada 

por la inmunidad innata. 
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Abstract—The objective of this study was to validate musculoskeletal ultrasound (US) in a rabbit model of acute
gout. Acute gout was induced by intra-articular injection of monosodium urate (MSU) crystals in 10 rabbits; the
3 controls received vehicle. Rabbit knees were assessed by B-mode and power Doppler (PD) US 24 and 72 h after
injections. After 72 h, all rabbits were euthanized. US discriminated between the MSU-injected and control groups
with respect to the different inflammatory findings at both at 24 and 72 h and for MSU crystal-related findings
after 24 h of injection. US synovial thickening, intra-synovial power Doppler signal and global joint distension
significantly correlated with the synovial global histopathological score (r = 0.47, p = 0.0188), tissue vasculariza-
tion measured by CD31 immunohistochemical-positive staining (r = 0.46, p = 0.0172) and tissue levels of interleukin-
1β (r = 0.53, p = 0.0078), respectively. US is a valid method for assessment of synovial inflammation in experimental
gouty arthritis in rabbits. (E-mail: gherrero@fjd.es) © 2018 World Federation for Ultrasound in Medicine &
Biology. All rights reserved.

Key Words: Musculoskeletal ultrasound, Animal model, Experimental gout, Gout, Synovial inflammation, Syno-
vial vascularization, Monosodium urate crystals.

INTRODUCTION

Musculoskeletal ultrasound (MSKUS) has become an ac-
curate imaging tool in rheumatic diseases (Keen et al.
2014). In gout, MSKUS is increasingly used as a diag-
nostic tool (Filippucci et al. 2009; Grassi et al. 2006; Naredo
et al. 2014; Neogi et al. 2015; Ogdie et al. 2017; Ottaviani
et al. 2012; Thiele and Schlesinger 2007; Wright et al.
2007), based on its proven capability to detect monoso-
dium urate (MSU) crystal deposits in joints (i.e., double-
contour sign in the articular cartilage or intra- and peri-
articular tophi) compared with microscopic identification
of MSU crystal in aspirated synovial fluid or tophi (Naredo
et al. 2014; Perez-Ruiz et al. 2007). In addition, the pres-
ence of MSKUS-detected joint inflammation (i.e., joint
effusion, synovial thickening and synovial Doppler signal)
has been widely described in human gout, both in chronic

arthritis and in acute episodes of arthritis (Grassi et al. 2006;
Stewart et al. 2017; Thiele and Schlesinger 2007).

Animal models provide essential information on the
pathogenesis of joint diseases, as well as a research setting
for testing potential therapeutic agents. Animal models of
gout are induced mainly by MSU injection because of the
difficulty of inducing chronic hyperuricemia associated with
increased synthesis (Schett et al. 2015). Acute gout models
have a rapid resolution, within days, hampering the anal-
ysis of gout pathophysiology and therapeutic response
(Schett et al. 2015). A non-invasive technique such as
MSKUS would more easily allow in vivo sequential
analysis. Despite its potential for assessing synovial in-
flammation, the validity of MSKUS has been only scarcely
investigated in animal models of joint inflammation, in-
cluding gout (Bouta et al. 2015; Chen et al. 2016; Clavel
et al. 2008; Pineda et al. 2015).

The objective of this experimental study was to
determine whether MSKUS features can be used as an
outcome measure in rabbit gouty arthritis for the evalu-
ation of synovial inflammation. MSKUS features were
compared with clinical, histologic and molecular stan-
dard measurements of tissue inflammation.
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METHODS

Experimental model
Thirteen white adult male New Zealand rabbits weigh-

ing 3 to 3.5 kg (Granja San Bernardo, Navarra, Spain) were
used for the experimental procedures. Animal handling and
experimentation were performed in accordance with na-
tional regulations and the Guidelines for the Care and Use
of Laboratory Animals drawn up by the National Insti-
tutes of Health (Bethesda, MD, USA). The experimental
protocol was approved by the institutional ethics committee.

The experimental model was induced as previously
described with minor modifications (Miguélez et al. 1996).
In brief, after 1 wk of adaptation to our facilities, 10 rabbits
received an intra-articular injections of 1 mL of MSU crys-
tals (50 mg/mL) into both knees (MSU group), and 3
rabbits received 1 mL of phosphate-buffered saline (as
vehicle, control group). Ten rabbits (20 knees) were in-
cluded in the MSU group, to diminish possible differences
in the crystal injection response among different knees,
based on recently published data in which ultrasound was
found to have a great capacity to discriminate between
MSU-injected and control knees with respect to features
of MSU crystal deposition and synovial inflammation
(Pineda et al. 2015). To minimize the number of animals
employed, 3 rabbits (6 knees) were included to assess
healthy rabbits, because of the more homogeneous fea-
tures observed in these rabbits than in the MSU-injected
rabbits. The degree of joint swelling was determined 24
and 72 h after injections by measuring knee perimeter with
a digital caliper. All animals were euthanized 72 h after
intra-articular injections with an overdose of pentobarbi-
tal (Braun Medical SA, Barcelona, Spain). Rabbit knees
were dissected, and infrapatellar synovial membranes were
cut into two pieces: one was fixed in 4% buffered paraform-
aldehyde, dehydrated and embedded in paraffin for
histologic evaluation; the other was immediately frozen
and employed for protein extraction studies (López-Armada
et al. 2002).

MSKUS assessment
Rabbits underwent B-mode and power Doppler (PD)

US assessment of both knees at two times, 24 and 72 h
after injections, by a rheumatologist highly experienced
in MSKUS who was blinded to the injection type and clin-
ical data. All US examinations were carried out with a
commercially available real-time scanner (LOGIQ e R7,
GE Medical Systems, Jiangsu, China) equipped with a 22-
MHz linear transducer.

B-Mode and PD machine settings were optimized
before the study and standardized for the whole study as
follows: B-mode gain of 47 dB, dynamic range of 72 dB,
Doppler frequency of 14.3 MHz, Doppler gain of 28 dB,
low-wall filters and pulse repetition frequency of 700 Hz.

After being anesthetized, rabbits were placed in the
supine position with their knees flexed 10° to 20°. The US
assessment consisted of systematic longitudinal and trans-
verse B-mode and PD examination of the suprapatellar,
lateral and medial recesses of the knee joint. Given its more
superficial anatomic location, we selected the lateral recess
for scoring MSKUS findings.

The MSKUS inflammatory findings investigated were
B-mode recess global distension (GD), synovial fluid (SF)
and synovial thickening (STh) and intra-synovial PD signal
(PD). We used the Outcome Measures in Rheumatology
(OMERACT) US definition for synovitis components in
inflammatory arthritis (Wakefield et al. 2005) modified as
follows. SF was defined as hypo-echoic or anechoic ma-
terial within the synovial recess that was displaceable by
compression with the US probe. STh was defined as ab-
normal hypo-echoic thickening of the tissue located
between the outer recess boundary and the synovial space
that was not displaceable and poorly compressible by
compression with the US probe. GD, SF, STh and PD
were scored semi-quantitatively on a scale of 0–3 (i.e.,
0 = absence, 1 = mild, 2 = moderate; 3 = marked) as de-
scribed elsewhere (D’Agostino et al. 2017; Szkudlarek et al.
2003). A score ≥2 was considered pathologic for GD and
SF, and a score ≥1 was considered pathologic for STh and
PD. STh and PD scores were correlated with synovial his-
topathological damage and synovial tissue vascularization.

The following MSKUS findings previously de-
scribed in acute gout (Grassi et al. 2006) were also
investigated as features of MSU crystal deposition within
the lateral recess of the rabbit knees: (i) iso-echoic sand-
like material (SM) floating in the synovial fluid and
displaceable when compressed with the US probe; (ii)
hyper-echoic aggregates (AG) within the sand-like mate-
rial; and (iii) bright foci (BF) within the sand-like material.

Intra-observer reliability of the MSKUS assess-
ment was evaluated by recording representative images
from the examinations of all rabbit knees at 24 and 72 h.
The stored images were scored for inflammatory and MSU
crystal findings under blinded conditions by the same
ultrasonographer investigator a minimum of 3 mo later.

Histologic assessment
Synovial histopathology was evaluated in hematoxy-

lin and eosin (HE)-stained sections by two blinded
observers, according to the Krenn scale, as previously de-
scribed (Alvarez-Soria et al. 2006; Krenn et al. 2002;
Prieto-Potín et al. 2013). Briefly, lining hyperplasia, fi-
brovascular alterations at the interstitium and tissue cell
infiltration were independently evaluated using 0- to 3-point
subscales, where 0 = absent, 1 = mild, 2 = intermediate and
3 = strong. The total score was the sum of partial grades
with a maximum total score of 9 (Krenn et al. 2002).
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Immunohistochemistry
In the synovial membrane, we identified vascular

endothelial cells using a monoclonal anti-CD31 anti-
body (Abcam, Cambridge, UK), according to protocol
(Prieto-Potín et al. 2013). The antibody was detected with
a biotinylated goat anti-mouse IgG (1:200; Amersham, Ar-
lington Heights, IL, USA) visualized with a horseradish
peroxidase/avidin–biotin (AB) complex using 3,3-
diaminobenzidine tetrahydrochloride as the chromogen
(Dako, Camarillo, CA, USA). The tissues were counter-
stained with hematoxylin and mounted in DPX medium
(VWR International, Leuven, Belgium). Synovium sample
slides were scanned in the Coreo Iscan Au scanner (Ventana
Medical Systems, Tucson, AZ, USA), and then total cells,
CD31- positive cells and the entire sample area were as-
sessed with Virtuoso Image management software (Ventana
Medical Systems, Tucson, AZ, USA). The results were ex-
pressed as the ratio of CD31 positive cells to area in square
millimeters (Prieto-Potín et al. 2013).

Western blot analysis
Synovial membranes were homogenized in liquid nitro-

gen, and total proteins were extracted employing an extraction
buffer containing 15 mM HEPES ((4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), 10% glycerol, 0.5% Nonidet
P-40, 250 mM NaCl, 1 mM ethylenediaminetetraacetic acid,
1:1000 phenylmethanesulfonyl fluoride and a protease inhib-
itor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Protein
concentration was determined as previously described
(Alvarez-Soria et al. 2006; Prieto-Potín et al. 2013), and sub-
sequently, 20 µg of total protein from each tissue was resolved
on 15% acrylamide–sodium dodecyl sulfate gels. After trans-
fer to polyvinylidene difluoride membranes (Millipore,
Molsheim, France), membranes were blocked in 5% skimmed
milk in phosphate-buffered saline–Tween 20 for 1 h at room
temperature and incubated overnight at 4 °C with an anti-
rabbit interleukin-1β (IL-1β) antibody (Cloud-Clone Corp,
Houston TX, USA). Antibody binding was detected by en-
hanced chemoluminescence using peroxidase-labeled secondary
antibodies, and the results were expressed as arbitrary densi-
tometric units (AU).Aloading control was performed on 15%
acrylamide–sodium dodecyl sulfate gels by employing EZBlue
gel staining reagent (Sigma-Aldrich).

Statistical analysis
Statistical analysis was performed using the GraphPad

Prism package (Version 5.0 for Windows) and the SPSS
package (Version 11.0 for Windows). Quantitative vari-
ables are presented as the mean ± standard deviation.
Categorical variables are presented as absolute frequen-
cies and percentages. To assess differences between healthy
and injured knees, categorical variables were analyzed using
Fisher’s exact test. Differences in quantitative variables
between healthy and injured knees were assessed with the

Mann–Whitney U-test. Correlation between MSKUS and
histopathological scores and clinical variables was analyzed
with Spearman’s correlation coefficient. p Values < 0.05
were considered to indicate significance.

Intra-observer reliability of MSKUS assessment was
evaluated with weighted Cohen’s κ for inflammatory find-
ings and unweighted Cohen’s κ for MSU crystal deposit
features. κ values of 0–0.20 were considered poor, >0.20–
0.40 fair, >0.40–0.60 moderate, >0.60–0.80 good and
>0.80–1 excellent.

RESULTS

Joint perimeter measurement
Monosodium urate injection induced a significant in-

crease in joint swelling. Knee perimeter was significantly
greater in the MSU group than in controls at the two times
studied: 24 h: 1.04 ± 0.71 vs. 0.35 ± 0.48 mm, p = 0.011;
72 h: 1.02 ± 0.60 vs. 0.44 ± 0.34, p = 0.048).

MSKUS features
Table 1 outlines the prevalence of each MSKUS

pathologic finding defined as described under Methods at
24 and 72 h after intra-articular injections. MSKUS was
able to discriminate between MSU and control groups with
respect to the different inflammatory findings at both 24
and 72 h (Table 1). Representative images of MSKUS in-
flammatory and MSU crystal-related findings, as well as

Table 1. Prevalence and scores of MSKUS pathologic
findings in MSU crystal-injected knees and control

knees 24 and 72 hours after MSU injection

MSKUS feature
MSU

frequency
Control

frequency MSU Control

At 24 h
GD 19 (95)* 0 (0) 2.5 ± 0.6* 1 ± 0
SF 19 (95)* 0 (0) 2.4 ± 0.6* 1 ± 0
STh 14 (70)* 0 (0) 1 ± 0.8* 0 ± 0
PD 11 (55)* 0 (0) 1.2 ± 1.3* 0 ± 0
SM 11 (55)* 0 (0)
AG 7 (35)* 0 (0)
BF 11 (55)* 0 (0)
SM or AG or BF 15 (75)* 0 (0)

At 72 h
GD 19 (95)* 1 (16.67) 2.0 ± 0.7* 1.2 ± 0.4
SF 15 (75)* 1 (16.67) 2.0 ± 0.7* 1.2 ± 0.4
STh 12 (60)* 0 (0) 1.1 ± 0.8* 0 ± 0
PD 9 (45)* 0 (0) 1.0 ± 1.1 0 ± 0
SM 8 (40) 0 (0)
AG 1 (5) 0 (0)
BF 2 (10) 0 (0)
SM or AG or BF 8 (40) 0 (0)

MSKUS = musculoskeletal ultrasound; MSU = monosodium urate; GD
= global distension; SF = synovial fluid; STh = synovial thickening; PD =
synovial power Doppler signal; SM = sand-like material; AG = hyper-
echoic aggregates; BF = bright foci.

* p < 0.05 versus control group.
Values are expressed as the number (%) or mean ± standard devia-

tion. n = 20 for MSU-injected knees. n = 6 for control knees.
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a normal US image of the lateral recess of the rabbit knee,
are provided in Figure 1a–1f. STh and PD signal were de-
tected only in MSU-injected knees (Table 1), mostly in
the outer boundary of the synovial cavity (Fig. 1e, 1f). MSU
crystal-related findings were detected both 24 and 72 h after
MSU injection (Fig. 1a–c). However, MSKUS discrimi-
nated MSU crystal-related findings only at 24 h after
intraarticular injections (Table 1). Nineteen of 20 MSU
knees exhibited inflammatory features at both time points,
whereas 15 of these 20 knees exhibited any MSU crystal-
related finding at 24 h. MSKUS assessment was able to
detect a clear decrease in the presence of MSU crystal-
related findings between 24 and 72 h in the MSU group.

Table 1 also lists MSKUS scores of the inflamma-
tory findings for the MSU and control groups at 24 and
72 h. MSKUS was able to indicate significant differ-
ences in the inflammatory scores between both groups at
both time points.

Table 2 outlines the ability of MSKUS to discrimi-
nate between inflammatory feature scores at 24 and 72 h
for each experimental group. MSKUS was able to detect
a significant improvement in GD and SF scores between
24 and 72 h in the MSU group, reflecting the expected auto-
limited inflammatory reaction described in this experimental
model. However, STh and PD did not significantly change
between 24 and 72 h.

Intra-observer concordance was excellent for most
of the MSKUS findings and good for some of these
findings. κ values for the MSKUS assessment at 24
were 0.82 for GD, 0.81 for SF, 0.82 for STh, 0.84 for
PD, 0.92 for SM, 1 for AG and 0.92 for BF. κ values for
the MSKUS assessment at 72 h were 0.62 for GD, 0.62
for SF, 1 for STh, 0.96 for PD, 1 for SM and 1 for AG.
The κ value for BF at 72 h was not obtained because
this finding was not detected in any rabbit knee in the
two readings.

Fig. 1. Ultrasound images of the lateral recess of a monosodium urate crystal-injected rabbit knee (a) Increased synovial fluid
(+), synovial thickening (thin arrow), sand-like material (*) and a bright focus (thick arrow). (b) Bright foci (thick arrows)
inside sand-like material. (c) Increased synovial fluid (+), synovial thickening (thin arrow), sand-like material (*) and a hyper-
echoic aggregate (thick arrow). (d) Normal ultrasound image of the lateral recess of the rabbit knee (arrows). (e, f) Power Doppler-

detected pathologic flow in the synovial tissue. Lfc = lateral femoral condyle.
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Correlation between joint swelling and MSKUS features
The increase in knee perimeter significantly corre-

lated with the GD score measured 24 h after intra-
articular injections (Spearman’s correlation coefficient
r = 0.60, p = 0.0019) (Fig. 2a). However, this correlation
was not statistically significant 72 h after the injections
(Spearman’s correlation coefficient r = 0.03, p = 0.9005)
(Fig. 2b).

Synovial histopathology and its correlation with
MSKUS features

The synovial membrane of MSU rabbits exhibited in-
creased lining hyperplasia, stromal alterations and a greater
presence of infiltrating cells, in comparison to control
samples (Fig. 3a, 3b). Thus, the synovitis score was sig-
nificantly increased in the MSU group in comparison to
control (Fig. 3c). The MSKUS STh score was statistically

significantly correlated with the synovitis histopathologi-
cal score, with a Spearman’s correlation coefficient r = 0.47
(p = 0.0188) (Fig. 3d).

Tissue vascularization and its correlation with PD
signal

The presence of vessels in the synovial tissue was
studied by immunohistochemical studies employing CD31
staining. As expected, in the MSU group, synovial mem-
branes exhibited an increased presence of vessels in the
lining and in the sublining, in comparison to controls
(Fig. 4a, 4b). Quantification of CD31-positive staining re-
vealed a significant increase in this marker in the MSU
group (Fig. 4c). Furthermore, there was a significant cor-
relation between intra-synovial PD signal after 72 h of MSU
injection and CD31-positive staining (r = 0.46, p = 0.0172)
(Fig. 4d).

Synovial IL-1β concentration and its correlation with
MSKUS features

As expected, the presence of the pro-inflammatory
cytokine IL-1β was significantly greater in MSU samples
than in control samples (Fig. 5a). Interestingly, IL-1β syn-
thesis significantly correlated with MSKUS GD score
(Fig. 5b).

DISCUSSION AND CONCLUSIONS

Musculoskeletal US was able to identify and quan-
tify inflammatory findings and monosodium urate crystal
features in the knee of a rabbit model of gout. MSKUS
measurements correlated with histologic inflammation and
vascularization of the synovium and molecular markers
of inflammation in an experimental model of gout in rabbits.
Our results encourage the use of MSKUS as a potential
endpoint in pre-clinical studies on the efficacy of system-
ic and local interventions for the treatment of gout.

Table 2. Comparison of MSKUS scores of the
inflammation findings between 24 and 72 h in the

MSU crystal-injected and control groups

MSKUS feature

MSKUS score
(mean ± standard

deviation)

24 h 72 h

MSU-injected (n = 20)
GD 2.5 ± 0.6* 2.0 ± 0.7
SF 2.4 ± 0.6* 2.0 ± 0.7
STh 1.0 ± 0.8 1.0 ± 0.8
PD 1.2 ± 1.3 1.0 ± 1.1

Control (n = 6)
GD 1 ± 0 1.2 ± 0.4
SF 1 ± 0 1.2 ± 0.4
STh 0 ± 0 0 ± 0
PD 0 ± 0 0 ± 0

MSKUS = musculoskeletal ultrasound; MSU = monosodium urate; GD
= global distension; SF = synovial fluid; STh = synovial thickening; PD =
synovial power Doppler signal.

* p < 0.05 versus 72 h.

Fig. 2. Correlation of global distension measured by musculoskeletal ultrasound with the increase in knee perimeter, 24 h (a)
and 72 h (b) after monosodium urate injections. Global distension was measured as described under Methods.
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Experimental gout models are widely used in
pre-clinical studies (Miguélez et al. 1996). Although ex-
perimental gout is essentially different from human gout,
primary pathologic features such as intra-articular MSU
crystal deposition and synovial inflammation are present
in both. Our study determined the performance and re-
producibility of a commercially available portable US
device in discriminating MSU crystal-injected knees from
control knees with respect to inflammatory findings and
MSU crystal features in a rabbit model of gout. In addi-
tion, MSKUS detected an improvement in MSU crystal-
related findings between the time points, which supports
its sensitivity to change in experimental gout.

Above all, our study found that MSKUS imaging mea-
surements correlate with joint swelling, histologic
inflammation and vascularization of the synovium in an

experimental model of gout in rabbits. Furthermore, GD
measured by MSKUS correlated with the level of IL-1β,
a pro-inflammatory cytokine involved in the pathogen-
esis of gout.

Although MSKUS has been reported to detect dif-
ferent pathologic findings in human and experimental gout
(Filippucci et al. 2009; Grassi et al. 2006; Naredo et al.
2014; Neogi et al. 2015; Ogdie et al. 2017; Ottaviani et al.
2012; Pineda et al. 2015; Stewart et al. 2017; Thiele and
Schlesinger 2007; Wright et al. 2007), the correlation
between the semi-quantitative B-mode and PD evalua-
tion of synovial histologic alterations and markers of tissue
inflammation has not been studied.

In this study, we found that GD correlated with joint
perimeter increase measured 24 h after intra-articular in-
jection, a measurement of joint swelling similar to that

Fig. 3. Histopathological features of the synovial membranes. (a, b) Representative sections of synovial membranes stained
with hematoxylin and eosin from control rabbit (A) and MSU-injected rabbit (B) 72 h after the intra-articular injection. Bars = 50 µm.
In (b), note the proliferation of the lining layer, accumulation of infiltrating cells and alterations in synovial stroma. (c) Bars
indicate synovium histopathological scores measured as described under Methods for control and MSU-injected knees and
expressed as the mean and standard error of the mean. (d) Correlation between musculoskeletal synovial thickening and the
global histopathological score measured as described under Methods. n = 19–20 for MSU. n = 6 for controls. MSU = mono-

sodium urate.
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Fig. 4. (a, b) Representative sections of immunohistochemical staining of CD31 in the synovial membrane of control (a) and
monosodium urate-injected (b) knees. Bar = 100 µm. (c) Semi-quantification of CD31-positive vascularization in the synovium
of each group of animals. Bars represent the mean and standard error of the mean (n = 7 to 9 rabbits per group). (d) Correla-
tion between the percentage of CD31-positive staining and power Doppler signal in the synovial membrane of rabbits 72 h

after the intra-articular injections. n = 19 or 20 for MSU. n = 6 for controls.

Fig. 5. (a) Representative Western blot of IL-1β protein levels expressed in the synovial membrane of the rabbits in each group.
EZ blue staining was used as the protein loading control. (b) Correlation between global distension measured by musculo-
skeletal ultrasound and IL-1β protein synthesis in the synovial membrane measured by Western blot studies. n = 20 for monosodium

urate and n = 6 for controls.
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observed in gouty patients, which allows the study of
disease progression and response to treatment. However,
this correlation was lost 72 h after injections, by which
time joint swelling was partially diminished in this model
of spontaneous resolution. Joint perimeter measurement
reflects not only intra-articular but also peri-articular in-
flammation, both expected in acute gout, whereas we
measured only joint recess distension (i.e., intra-articular
inflammation) with US. Is it possible that peri-articular
swelling improves earlier than intra-articular inflamma-
tion. The use of a semi-quantitative score for GD versus
a continuous variable for the knee perimeter can also
explain that the sensitivity to change was apparently greater
for the perimeter measurement.

We also found that STh score evaluated by MSKUS
exhibited a good correlation with the global synovitis score,
which was evaluated after 72 h of MSU injection. There-
fore, MSKUS evaluation was sensitive enough to detect
inflammatory changes compared with a simple physical
examination of joint swelling. The correlation between
MSKUS score and the corresponding histopathological
scores was consistent with those reported in animal
models of rheumatoid arthritis (Chen et al. 2016; Clavel
et al. 2008).

Synovial thickening assessed by US comprises a
number of synovial tissue elements, such as synovial lining
cells, infiltrating cells, interstitial fluid, subintimal con-
nective and fibrotic tissue and vascular tissue. All these
elements are evaluated in the histopathological Krenn score
that was employed for synovitis scoring (Krenn et al. 2002).
Synovial cell proliferation, subintimal architecture de-
struction and circulating cell infiltration are key events in
inflammatory arthritis. Matrix metalloproteinases synthe-
sized by these cells are responsible for cartilage degradation
and bone erosions (Villalvilla et al. 2014). Therefore,
MSKUS evaluation of inflammatory tissue could be an im-
portant element in the assessment of disease activity in
experimental gouty arthritis. However, a different syno-
vial localization was evaluated in MSKUS imaging and
histopathological studies, as described under Methods.
Therefore, our results indicate that synovial inflammation
would have similar characteristics in both localizations ex-
plored in this experimental model of gout.

Furthermore, our data indicated that synovial vascu-
lar density can be accurately evaluated by PD US in this
model of gout, allowing in vivo follow-up in this design.
CD31 is an endothelial cell marker, and thus an indicator
of tissue vascularization, in relation to synovial inflam-
mation. Synovial PD quantification has been also reported
to correlate with pro-angiogenic gene expression profile
in this tissue in early patients with early rheumatoid ar-
thritis (Kelly et al. 2015).

The main weaknesses of our study are the relative-
ly small number of rabbit knees and the failure to perform

histopathological evaluation at 24 h because of the limited
sample size. However, this was a pilot study on the ap-
plicability of MSKUS in an experimental model of gout.
In addition, our results cannot be directly extrapolated to
clinical studies as the time courses of US and histologic
synovial inflammation could differ; that is, clinical gout
exhibits greater variability than experimental models. In
this sense, further research is warranted. Nevertheless, our
main purpose was to validate MSKUS for pre-clinical in-
tervention studies.
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ABSTRACT 

Objective. The specific effect of Adipose-Derived Mesenchymal Stem Cells (Ad-MSCs) on 

acute joint inflammation, where the response mostly depends on innate immunity 

activation, remains elusive. The pathogenesis of gouty arthritis, characterized by the 

deposition of monosodium urate (MSU) crystals in the joints, associated to acute flares, 

has been associated to NLRP3 inflammasome activation and subsequent amplification of 

the inflammatory response. Our aim was to study the effect of human Ad-MSCs 

administration in the clinical inflammatory response, and the molecular mechanisms 

involved. 

Methods. Ad-MSCs were administered by intraarterial route shortly after intraarticular 

MSU crystal injections. Joint and systemic inflammation was sequentially studied, and the 

mechanisms involved in NLRP3 inflammasome activation, and the synthesis of 

inflammatory mediators were assessed in the synovial membranes 72h after insult. Ad-

MSCd and THP-1-derived macrophages stimulated with MSU were co-cultured in 

Transwell and direct contact experiment. 

Results. A single systemic dose of Ad-MSCs accelerated the resolution of local and 

systemic inflammatory response. In the synovial membrane, Ad-MSC promoted 

alternatively activated macrophage presence, inhibiting NLRP3 inflammasome and 

inducing the production of anti-inflammatory cytokines, such as IL-10 or TGF-β, and 

decreasing nuclear factor-κB activity.  Ad-MSC blocked the inflammatory activity of THP-1 

cells stimulated with MSU.  

Conclusion. Ad-MSCs are able to accelerate the auto-limited acute inflammatory response 

resolution by inhibiting NLRP3 inflammasome activation in an acute gouty arthritis model 

mainly mediated by the activation of innate immune response. Therefore, this therapeutic 

approach could be considered as a pharmacological alternative in patients with 

comorbidities that preclude conventional treatment. 



 
 

INTRODUCTION 

During the last decades, cell therapy has achieved little success in translating promising 

results from pre-clinical models into clinical practice in a wide range of diseases, including 

chronic joint, immune and inflammatory disorders (1). First studies employing MSCs arose 

from their regenerative potential, with the hypothesis that they could replace damaged 

cells in pathologies characterized by tissue destruction. However, further studies 

suggested that improvement of tissue injuries could be rather based on MSC immune-

regulatory properties. Most studies have mainly focused on the ability of MSCs to regulate 

the adaptive immune response, inhibiting the survival and activity of T-regulatory and T-

effector cells, as well as the activation, proliferation and differentiation of B lymphocytes 

(2,3). These effects are explained by the synthesis of regulating factors in an inflammatory  

mileu, such as  nitric oxide (NO), indoleamine 2,3 dioxygenase (IDO), prostaglandin E2 

(PGE2), or IL-10 and transforming growth factor (TGF)-β, well-known anti-inflammatory 

mediators secreted by MSCs (4).  Additionally, MSCs actively interact with various types of 

innate immune cells, such as dendritic cells, natural killers and macrophages (5). MSCs 

activated by inflamed tissue macrophages induce the synthesis of different mediators, 

such as PGE2 or TNF-stimulated gene (TSG)-6 (6). Through direct and indirect 

mechanisms, both MSC mediators would then inhibit macrophage activity, induce the M2 

anti-inflammatory polarization, or attenuate NF-κB activation (6–8). Recent in vitro data 

have revealed that MSCs inhibit the NOD-like receptor family, pyrin domain containing 3 

(NLRP3) inflammasome (9,10), although their effect on NLRP3 or macrophage 

polarization in vivo during acute joint inflammation remain poorly described. Both 

adaptive and innate immune mechanisms are integrated during chronic inflammation, 

coexisting at the same time the processes of induction and resolution of the phenomena 

associated with the chronicity of the process. This complex network of interactions makes 

difficult to dissect, in an in vivo scenario, the mechanisms purely associated to innate 

immune system activation and regulation by MSCs. Undoubtedly, to describe how MSCs 



 
 

act in the modulation of innate immune response, we should use models of acute 

inflammation, self-limited, in which these mechanisms can be adequately assessed.  

Acute gout is a prototype of innate immune response mediated joint disease. It is 

characterized by recurrent flares of articular and periarticular swelling, redness, stiffness 

and produce great pain, although it usually resolves spontaneously within a few days 

leaving minimal residual lesions, even without intervention. Gout is caused by deposition 

of monosodium urate (MSU) crystals into the joints, which induces a massive infiltration of 

neutrophils and monocytes (11). This early inflammatory phase is characterized by IL-1β 

production, that induces the release of different chemokines, cytokines, adhesion 

molecules which, in turn, increments cell infiltration. The release of IL-1β is driven by 

NRLP3 inflammasome activation induced by MSU crystals in myeloid cells (12,13). Upon 

sensing a priming signal, there is a robust increase in the gene transcription of NLRP3, 

pro-caspase-1, pro-IL-1β and pro-IL-18 via NF-κB activation, thus providing an abundance 

of protein for downstream processing. A second signal delivered by different ligand 

detected by NLRP3 unchains the assembly of the inflammasome complex (e.g. NLRP3, 

Apoptosis-associated Speck-like protein (ASC) and Caspase-1), which subsequently 

triggers the cleavage of pro-interleukin 1 and 18 and the release of the active cytokines. 

NLRP3 inflammasome is present in monocyte cells lineage responsible of the innate 

immune response in metabolic, autoimmune and auto-inflammatory diseases, and 

therefore targeting its activity could be an effective approach of reducing inflammatory 

response (14,15). Our previous work points out that MSU induced arthritis in rabbit knees 

show a pronounced inflammation in the joint, being more than a suitable animal model to 

reproduce an arthritic flare and to study inflamed synovial membranes (16). 

Therefore, the main goal of this work was to study the effect of human MSC in an in vivo 

model of a self-limited acute gouty arthritis in rabbits. Furthermore, we aim to study the 

effect of MSC administration on NLRP3 activation and macrophage polarization in vivo and 

in vitro. 



 
 

MATERIALS AND METHODS 

 MSCs generation and characterization.  

Adipose tissue derived human MSC (Ad-MSCs) were isolated from lipoaspirates from 

healthy donors, as previously described (17). In all cases, informed consent was 

previously obtained according to institutional guidelines. MSC were isolated, expanded 

and characterized as already described (18). Briefly, for immunophenotype analysis, 

Mesenchymal cell Kit (Immunostep, Spain) was used following manufacturer´s 

instructions. The flow cytometry analysis included CD29, CD44, CD73, CD90, CD105, 

CD166, CD14, CD19, CD34, CD45 and HLA-DR expression. Results were analyzed with 

FlowJo Analysis (Tree Star, USA). The osteogenic and adipogenic Ad-MSCs differentiation 

capacity was demonstrated using NH-OsteoDiff Medium and NH-AdipoDiff Medium 

(Miltenyi Biotec GmbH, Germany) respectively, according to the manufacturer’s 

instructions. Ad-MSCs clonogeneic capacity was assessed seeding 200 cells/well in 6 well-

plate, and cells were cultured with complete fresh medium for 10 days at 37ºC, 5% CO2. 

Then, fibroblast colony forming units (CFU-F) were fixed and stained with hematoxylin 

(Thermo Fisher Scientific, USA). 

To obtain Ad-MSCs for rabbit injections, Ad-MSCs were cultured for a week in α-MEM 

supplemented with GlutaMAXTM (Thermo Fisher Scientific) and 5% human platelet lysate 

(Cook Regentec, USA) at a density of 4x103 cells/cm2. Then, cells at passage 3 were 

harvested, counted and resuspended in cooled PBS for injection. 

Animal model  

For the in vivo study we employed three-month old New Zealand White male 

rabbits (2.5-3.0 kg body weight, Granja San Bernardo, Spain) that were housed in 

individual cages (0.50 m height, 0.6 m2 floor space) and exposed to a 12-hour light/dark 

cycle. After 2 weeks of adaptation to our facilities, an acute gout flare was induced in 24 

anesthetized rabbits by intraarticular injections of 50 mg MSU crystals resuspended in 



 
 

1ml of PBS into both knees, as previously described (16,19). Immediately after MSU 

injection, right femoral artery was dissected and cannulated with a 24G gauge needle 

(Abbocath, Venisystems, Spain). One hour after MSU injection, 12 of these rabbits received 

a single dose of 2x106 Ad-MSCs/Kg, resuspended in 2ml of cooled PBS through the right 

femoral artery (MSU+MSC group), while the other 12 rabbits received PBS through the 

same procedure (MSU group). We simultaneously followed 4 sex- and age-matched 

rabbits, which received intraarticular injections of 1ml PBS in both knees, and were 

employed as controls. All procedures were performed under aseptic conditions and 

general anesthesia (16,20). One rabbit from MSU+MSC died during the surgical procedure.   

Eight rabbits were euthanized 24 hours after MSU injections by intra-cardiac 

injection of pentobarbital (50 mg/kg, Braun Medical SA, Spain), and were employed for 

the differential cell count study. Synovial fluid (SF) from these animals was collected after 

knee joint lavage with 1 ml of PBS injected into each joint cavity. All the remaining animals 

were euthanized 72h after MSU administration. Then, the SF, and synovial membranes 

(SM) were collected, and processed for further studies. A piece of SM was fixed in 4% 

buffered formalin (Sigma) for 24h and then embedded in paraffin. Another SM piece from 

each knee was immediately frozen in liquid nitrogen (21). 

Knee joint swelling was measured using a digital caliper at different time points: 

just before intraarticular injection and 6, 18, 24, 48 and 72 h after MSU administration. 

Blood samples were collected from the auricular artery 24 and 72 h after MSU 

administration.  

All the experiments were performed in accordance with the Animal Research 

Reporting of In vivo Experiments (ARRIVE) guidelines and with the National regulation 

and the Guidelines for the Care and Use of Laboratory Animals, drawn up by the National 

Institutes of Health (Bethesda, MS, USA) (22). These procedures were approved by the 

Institutional Ethics and Animal Welfare Committee of IIS-FJD. 



 
 

Synovial fluid cell count.  

Total leukocyte number was calculated in each synovial fluid sample staining with 

Türk’s solution (Sigma-Aldrich, St Louis, Missouri, USA) and counting by LUNA-II™ 

Automated Cell Counter (Logos Biosystems, Gyeonggi-do, South Korea). Haemorrhagic 

synovial fluid samples were discarded (MSU n=1 paw and MSU-MSC n=2 paws). Leukocyte 

differential count was performed for synovial fluid (SF) from each knee joint cavity. SF 

smears were fixed in methanol and subsequently stained with May-Grünwald Giemsa 

(Sigma-Aldrich, St Louis, Missouri, USA) staining. Ten different pictures in each sample 

were obtained with a Leica DM 6000 LED instrument (Leica, Microsystems, Inc. Buffalo 

Grove, IL, USA) in order to calculate the percentage of polymorphonuclear (PMN) and 

mononuclear (MN) cells present in each sample. 

Serum C-Reactive Protein (C-RP)  

Serum C-RP levels at 24 and 72h after MSU administration were determined with a 

commercial ELISA kit (ab157726, Abcam, Cambridge, UK) (23). 

Histological evaluation.  

SM inflammation was evaluated in hematoxylin-eosin stained sections by three 

blinded observers, according to the Krenn score (16,24). Briefly, lining hyperplasia, tissue 

cell infiltration and stromal activation were independently evaluated using a subscale 

graded from 0 to 3 points. The total synovitis score was calculated summing partial 

grades, with a maximum of 9 points.  

Immunohistochemistry 

Vascularisation in the SM was evaluated using a monoclonal anti-CD31 antibody 

(Abcam, Cambridge, UK; clone JC/70A; 1/20 dilution). SM macrophages were stained 

employing amonoclonal anti-rabbit macrophage RAM11 antibody (Dako, Glostrup, 

Denmark; 1/100 dilution) and the monoclonal anti-human CD163 antibody (Serotec, 



 
 

Raleigh, NC, USA; clone EDhu-1, 1/500 dilution), as described (23,25). Arginase-1 

presence was examined using a goat polyclonal anti-Liver Arginase (Abcam, Cambridge, 

UK; 1/500 dilution) antibody (26). In brief, 3μm paraffin sections were rehydrated and 

incubated with blocking solution (PBS 6% sheep serum, 4% BSA). Sections were incubated 

with the primary antibodies in blocking solution, overnight at 4ºC. A biotinylated goat 

anti-mouse IgG (Amersham, Arlington Heights, IL, USA; 1/800 dilution) was employed as 

secondary antibody, which was visualized employing ABComplex (Dako, Camarillo, CA, 

USA). Tissue sections were counterstained with haematoxylin and mounted in DPX 

medium (VWR International, Leuven, Belgium). For CD31+ and Arginase-1+ analysis, 10 

microphotographs were randomly taken in each tissue sample (20X magnification), while 

5 random pictures along lining area were obtained at 40X magnification for macrophage 

analysis, using a Leica DM 6000 LED instrument (Leica, Microsystems, Inc. Buffalo Grove, 

IL, USA). Each image was analysed using the Color Deconvolution plugin of ImageJ 

software (NIH, Bethesda, MD, USA) to calculate the percentage of positive staining relative 

to the total tissue area. The means of positive area corresponding to each sample was then 

calculated for each group (21,27). 

Western-blotting.  

Total proteins were extracted from SM, resolved on SDS-PAGE gels and transferred 

to nitrocellulose membranes in a semi-dry Trans-Blot device (Bio-Rad, Madrid, Spain) as 

described (21,25). The following primary antibodies were applied overnight at 4°C: anti-

human COX-2 (Santa Cruz Biotechnology, Dallas TX, USA), anti-rabbit IL-6, anti-rabbit 

TNF, anti-rabbit IL-10, anti-rabbit TGF-β (all from Cloud-Clone Corp; 1/250 dilution); anti-

human NLRP3 (AdipoGen, Liestal, Switzerland; 1/1000 dilution); anti-human Caspase-1 

(Thermo Fisher Scientific, IL, USA; 1/500 dilution), anti-rabbit IL-18 and IL-1β antibodies 

(Cloud-Clone Corp, Houston TX, USA; 1/250 dilution). Protein loading control was 

performed employing EZBlue gel staining reagent (Sigma-Aldrich) (16,21).  



 
 

Nuclear factor-κB (NF-κB) activation assay  

NF-κB activation was assessed using an ELISA-based TransAM NF-κB p65 kit 

(Active Motif, CA, USA) in accordance to manufacturer’s protocol. Briefly, nuclear proteins 

were isolated from total protein extracts and incubated with NF-κB consensus sequences. 

Then, hybridization was detected by a colorimetric reaction, and quantified by absorbance 

measurement(28).  

In vitro experiments 

THP-1 monocyte cells (passage 6 to 11) (American Type Culture Collection, 

Manassas, Virginia, USA) were grown at 37°C and 5% CO2 in RPMI 1640 (Gibco BRL, 

Grand Island, NY) supplemented with 10% heat-inactivated FBS, 50 units/ml penicillin-

streptomycin and 2 mM L-Glutamine (Gibco BRL). THP-1 monocytes were differentiated to 

macrophages in the presence of 0.5 µM Phorbol 12-myristate 13-acetate (PMA, Sigma-

Aldrich) for 3 hours. Approximately, 1x105 Thp-1/cm2 were seeded in 6 well plates. Cells 

were incubated O/N at 37°C and 5% CO2 in RPMI 1640, 2% FBS, 50 units/ml penicillin-

streptomycin and 2 mM L-Glutamine. Ad-MSC (passage 3-4) were incubated O/N in RPMI 

1640, 2% FBS, 50 units/ml penicillin-streptomycin and 2 mM L-Glutamine. For Transwell 

experiments, 2.5x105 Ad-MSC were seeded into polycarbonate Transwell inserts of 24 mm 

and 0.4 µm membrane pore size (Corning, New York, USA) before being used in 

experiments. 

PMA-differentiated THP-1 macrophages were stimulated with 300 µg MSU crystals 

(Invivogen, San Diego, USA) or vehicle (PBS). One hour after the addition of the stimuli, 

MSC were harvested and 2.5x105 cells were seeded over THP-1 cells for direct co-culture 

experiments. One hour after the addition of the crystals, Transwell inserts were placed 

over THP-1 macrophages. Cells were co-cultured for 24 h after the addition of the stimuli. 

 



 
 

RNA isolation and RT-PCR  

RNA was isolated from cell culture experiments using TRIzol reagent (Roche 

Diagnostics, Barcelona, Spain), suspended in nuclease-free water and quantified with a 

NanoDrop ND1000 spectrophotometer (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). A High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, San Francisco, California, USA) was used to reverse-transcript 0.8 µg RNA 

following manufacter’s instructions. Step One Plus Detection system (Applied Biosystems, 

Foster City, CA) was employed to analyze RNA expression by single-reporter real-time 

PCR. Specific commercial TaqMan® probes were purchased from Applied Biosystems to 

assess the expression of human IL-1β, NLRP3, Caspase-1, Caspase-1, TNF-α, COX-2, TGF-β, 

IL-10. RNA expression levels were quantified using the ΔΔCt method, and hypoxanthine-

guanine phosphoribosyltransferase (HPRT) expression as endogenous control. 

Statistical analysis  

GraphPad Prism package (5.0 for Windows) was used for statistical analysis. 

Sample size for each experimental group was calculated based on reported 

recommendations (22).  To compare the evolution of joint edema between the different 

groups, two-way analysis of variance ANOVA was employed followed by Bonferroni 

correction. Mann-Whitney U-test was used for pairwise comparisons between two groups. 

Quantitative data was expressed as means ± SEM. P values less than 0.05 were considered 

significant.  

RESULTS 

Characterization Ad-MSC 

Cultured Ad-MSCs showed a fibroblast-like morphology and their inmunophenotype 

analysis confirmed that they fulfilled all the International Society of Cell Therapy criteria 

(29) (Figure Suppl. 1A) (supplementary data). Ad-MSCs differentiation capacity was also 



 
 

confirmed for their osteogenic and adipogenic differentiation (Figure Suppl. 1B) as well as 

their clonogenic capacity (Fig Suppl. 1C) through CFU-F assays (supplementary data).  

Effect of intraarterial administration of Ad-MSCs in joint and systemic inflammation 

We first analyzed whether Ad-MSC administration has any effect on joint swelling and SM 

inflammation in MSU crystal-induced arthritic rabbits. Our data showed that MSU induced 

a clear increase in knee perimeter, with a maximum after 48 h of injections (Fig. 1A). In the 

MSU group, SM inflammation was evident 72 h after MSU injection (Fig. 1B), and 

characterized by hyperplasia of lining layer, stromal activation with increased cellularity, 

irregular adipocytes and increased fibrotic component in the synovial stroma, and a boost 

of infiltrating cells, in comparison to control SM (Fig. 1D, 1E). We then specifically assessed 

synovial neo-angiogenesis by the analysis of %CD31+ by immunostaining in SM samples. 

In line with the synovitis score, we observed an increased presence of newly formed 

vessels in the SM of MSU rabbits, in comparison to controls (Fig. 1C, 1G, 1H). Furthermore, 

intraarticular MSU injection induced a time-dependent increase in serum CRP 

concentration, as a measurement of systemic inflammation (Fig. 1J). A single dose of Ad-

MSC evoked a significant decrease in knee perimeter both after 48 and 74 h of MSU 

injection, in comparison to untreated knees (Fig. 1A). A clear decrease in SM inflammation 

was also observed, with amelioration of synovial hypertrophy and in the accumulation of 

inflammatory cells (Fig 1B, 1E, 1F), while a significant reduction of vascularization was 

induced by Ad-MSC treatment (Fig. 1C, 1H, 1I). Furthermore, Ad-MSCs had an appreciable 

effect on the systemic inflammation evoked 24h after MSU injection, but not so evident 72 

h post injury (Fig. 1J).  

Effect of intraarterial administration of Ad-MSCs on leukocyte population in the 

synovial fluid of rabbit knees 

There was an increased presence of leukocytes in the synovial fluid of MSU 

injected rabbits 24 and 72 h after injury (Fig. 2A). Ad-MSC infusion decreased the number 



 
 

of inflammatory cells in the MSU-rabbit synovial fluid at 72 h, in comparison with the 

untreated animals (Fig. 1). Differential cell count revealed that, 24 h after MSU crystal 

injection, SF was mainly infiltrated by PMN cells, comprising almost the 90 % of total 

leukocytes present in both treated and non-treated knees. However, 72 h after injury, the 

percentage of PMN dropped under the 50% in the MSU and MSU+MSC groups (Fig 2B, 2C). 

Effect of Ad-MSC treatment in the synovial presence of infiltrated M1 and M2 

macrophages in arthritic rabbits  

Gouty arthritis is characterized by extensive macrophage infiltration. So, we then 

analyzed the presence of macrophages in different phenotypes in the rabbit SM employing 

RAM11 antibody, that recognizes rabbit macrophages in all different phenotypes; and 

anti-CD-163, a monocyte and macrophage marker which has been reported to be 

overexpressed in M2a macrophages (30,31). RAM 11 positive cells were mainly located in 

the SM lining layer of MSU rabbits, but also some accumulations were observed 

surrounding adipocytes forming “crown-like” structures close to the sublining vessels. 

Thus, macrophage presence was quantified in the SM lining layer. RAM11 positive staining 

was significantly incremented in MSU rabbits when compared to controls (Fig. 3B, 3G). 

Although a trend to a lesser presence of RAM11 positive cells was observed in the MSU-

MSC group when compared to the MSU group, no statistically significant effect was 

observed (Fig. 3C, 3G).However, both MSU and MSU+MSC samples showed an increased 

presence of CD163 positive cells in the lining layer, in comparison to control rabbits (Fig. 

3E, 3F, 3H), and no statistically significant differences were observed between these 

arthritic groups (Fig. 3H). In order to simultaneously evaluate the presence of these 

macrophage markers, we analyzed the ratio between CD163 and RAM11 staining as a 

marker of M2 to total macrophage presence in the SM of the rabbits. Figure 3I shows an 

increased ratio CD163/RAM11 in the MSU+MSC group in comparison to MSU animals, 

indicating an increased presence of M2a macrophages in the Ad-MSC treated animals (32). 



 
 

Additionally, it is considered that arginase-1 expression is induced in rabbit M2 

macrophages(33). Thus, we studied the presence of this marker in SM and observed that 

arthritic animals overexpressed this protein along the lining layer of SM, where a higher 

number of macrophages were found. Our results indicate that treated animals’ trend to an 

increased expression of arginase-1 compared to vehicles. 

Modulation of the synthesis of different pro- and anti-inflammatory 

mediators by Ad-MSC in the SM of arthritic rabbits.  

As expected, MSU rabbits showed an increased synthesis of pro-inflammatory 

cytokines in the SM at the time of sacrifice. COX-2 and TNF presence was increased in MSU 

rabbits, while no differences were observed in IL-6 presence, in comparison to control 

rabbits (Fig. 4A). Regarding some mediators that have been associated to inflammation 

inhibition in acute processes, such as IL-10 and TGF-β, no differences with control rabbits 

were observed in the SM of MSU group. The administration of Ad-MSC induced a 

statistically significant decrease in the presence of COX-2 and TNF in the SM of the rabbits, 

while a clear increase in the anti-inflammatory mediators IL-10 and TGF-β was observed 

in the SM of the treated rabbits (Figure 4B). 

Protein expression of NLRP3 inflammasome components in the SM of 

arthritic rabbits after Ad-MSC infusion. 

In order to determine whether Ad-MSC were able to decrease inflammasome 

activation in gouty arthritic rabbits, we assessed the presence of different mediators 

associated to the activation of this system in the SM. Our results indicate that NALP-3, pro-

Caspase-1 and pro-IL-1β protein presence was increased in the SM of MSU rabbits, while 

no differences were observed in the local synthesis of the mature form of IL-1β (data not 

shown) or in IL-18 synthesis, in comparison to control animals (Fig. 5).  The 

administration of Ad-MSC induced a significant decrease in the presence of these 

components if the NLRP3 inflammasome in comparison to untreated MSU group (Fig.5). 



 
 

The activation of the downstream nuclear factor of the inflammasome pathway, 

NF-κB was also increased in the SM of MSU arthritic rabbits, while a significant decrease 

was observed in these animals when treated with Ad-MSC (Figure 6). 

Ad-MSC effect on THP-1 cells stimulated with MSU crystals  

We next investigated whether Ad-MSC were able to modulate the inflammatory 

status of macrophages stimulated by MSU crystals through different in vitro approaches. 

On the one hand, we tested Ad-MSC paracrine capacity to regulate expression of 

inflammasome components and pro-inflammatory cytokines through Transwell co-culture 

system. THP-1 differentiated macrophages were stimulated with MSU crystals, triggering a 

robust inflammatory response, as observed in NLRP3, Caspase-1, IL-1β, TNF-α and COX-2 

compared to vehicle expression 24 hours post-stimuli. IL-10 and TGF-β were also over-

expressed at this time point. In order to reproduce in vivo settings, Ad-MSC were 

transferred into THP-1 wells 1 hour after stimuli. Interestingly, as observed in Fig. 8A, 

although the levels of cytokines expressed by MSU crystals-activated THP-1 cells slightly 

increased in presence of Ad-MSC, the difference of THP-1 cell expression levels between 

MSU and MSU+MSC groups was evident. Notably, NLRP3 but not Caspase-1 expression 

was also inhibited in Ad-MSC-treated macrophages (Figure 7A). On the other hand, direct 

co-culture system allowed us the study of the direct interaction between Ad-MSC and THP-

1-derived macrophages, both being in contact with MSU crystals. Surprisingly, Ad-MSC 

prevented macrophage activity in the same fashion to that observed previously (Fig. 7B). 

Regarding inflammasome components, NLRP3 and Caspase-1 expression was attenuated 

after Ad-MSC addition (Figure 7B). 

DISCUSSION 

We demonstrated that a single dose of xenogeneic Ad-MSC was able to shorten the 

intensity and duration of acute arthritis induced by MSU crystals injection in rabbit 

knee.  Molecular studies showed that Ad-MSC inhibited the synthesis of the NLRP3 



 
 

inflammasome components, reduced NF-κB activation and pro-IL-1β secretion in 

synovial tissue. In addition, we observed that MSC treatment induced a change in 

synovial macrophage polarization towards M2 phenotype in the synovium, along 

with a high expression of anti-inflammatory cytokines.  

Despite initial promising results of MSC application as an efficacious therapy in 

different preclinical studies of inflammatory and autoimmune diseases, and in the 

early phases of clinical trials in different human diseases, its success has not been 

further confirmed in most high-standard, large scale clinical trials. This could 

indicate that preclinical models could not accurately reproduce human diseases. 

Furthermore, it is plausible that the beneficial effect of MSC could be a 

consequence of the inhibition of pathways not quite well identified in these models 

and, therefore, not successfully translated to human pathology. Up to date, most 

studies have focused on chronic diseases, in which the adaptive and the innate 

immune responses are integrated, coexisting a continuum of induction and 

resolution processes. This complex network of interactions makes difficult to 

clearly dissect the mechanisms responsible for the improvement in the 

progression of these chronic conditions. Therefore, in order to find out whether 

MSCs can specifically modulate acute inflammatory response, where the activation 

of the innate immune response is the only mechanism responsible for the 

inflammatory flare, it is necessary to resort to experimental models of acute, self-

limited inflammation. Although currently there is no data describing the effect of 

MSC in acute models of sterile inflammation in joint diseases, MSCs have been 

employed in models reproducing acute conditions, such as acute kidney disease, 

corneal injury, severe skin burning, or acute pancreatitis, where tissue damage 

clearly decreased after treatment (34–37). However, some of the etiologic agents 



 
 

inducing tissue damage in these models do not entirely reproduce human clinical 

processes. Besides, these models reproduce infrequent acute conditions in general 

population. This complexity hinders the study of MSC effect in specific acute 

conditions and its translation into the clinic. 

We developed an acute auto-limited gouty arthritis model, which is the paradigm 

of an acute joint disease mediated by innate immune response, without any 

contribution of adaptive immunity. This experimental model accurately reproduce 

the pathophysiology of an acute gout flare in humans (16,19,38,39). Human gout is 

a microcrystal-induced arthritis, a prevalent joint disease with unmet therapeutic 

needs (5). In Western countries, prevalence of gout varies from 2% to 6%, 

increasing up to 9% in adults older than 60 years of age in USA. Many gout patients 

are unresponsive to, intolerant, or have contraindications to conventional 

treatments, especially elderly patients with comorbidities (40) IL-1β inhibitors 

such as anakinra and canakinumab are a high cost therapy and their use is not 

recommended for patients with high infection risk (41). Therefore, the 

development of alternative therapies is urgently required. Our previous work 

points out that exogenous administration of MSU crystals produce a pronounced 

inflammation in the rabbit joint (16,19). Not only this model accurately reproduce 

the pathophysiology of human knee response to an acute arthritic flare, but also, 

compared to other pure inflammation models, the knee joint size and the amount 

of exudate produced facilitates its follow up through a direct observational 

measurement of joint swelling (19,38,39). What is more, our model can be easily 

reproduced, displaying a homogeneous clinical outcome. Therefore, MSU crystal-

induced acute arthritis in rabbit is a reliable model to study in vivo the 



 
 

pathophysiology in acute inflammatory processes as well as the efficacy and 

mechanisms of action of novel therapeutic options. 

Our results show that a single dose of MSCs substantially improved a self-limited 

urate induced acute arthritis, and normalized serum C-RP in a short interval of 

time after their systemic administration. Histologic studies confirmed that synovial 

membranes from treated animals showed less pathological features compared to 

non-treated MSU group, with a 40% reduction of histologic score. Synovium  

showed a thinner lining layer and less altered stromal structure, including a 

maintenance of the adipocyte structure, reduced fibrosis, and diminished synovial 

neovascularization (21,25). Synovial fluid examination indicated that 24 h after 

injury, PMN covered nearly 90% of total leukocyte population, as described in the 

very early phase in gout patients (42). However, 72 h after MSU injection, the 

relative amount of mononuclear phagocytes increases, as described in human gout. 

In our study, mononuclear cells were the predominant WBC population 72 hours 

after MSU administration, comprising almost 60% of total leukocytes in MSU 

rabbits. The administration of MSC to arthritic rabbits did not alter total cell 

infiltration 24 hours after MSU administration, while it induced a relevant 

decrease in the total amount of WBC in the joint exudate without a significant 

change in the relative distribution of monocytes and neutrophils in the synovial 

fluid.   In line with previous data, 65 % of total WBC presence was reduced in 

synovial fluid of treated animals at the latter time point. Thus, MSC promoted total 

cell clearance from 24 h to 72 h. The modification of the ratio PMN/Total cells 

during the evolution of the inflammatory response agrees with other acute 

inflammation models. For example, in a mouse peritonitis model, total number of 

infiltrated cells decreased few hours after human MSC peritoneal application. In 



 
 

this model, monocyte number rise followed by PMNs clearance (8). Additionally, 

this fact coincides with the cellular events occurring in a rat MSU air‐pouch model 

(43). In our model, MSC reduced about 65% of joint swelling 72 h after injury. 

Remarkably, although cautious shall be taken when comparing efficacy of other 

treatment modalities assessed in different experimental models and animal 

species, the size effect achieved by MSC treatment is similar to that observed when 

using COX-2 inhibitors. Both salidroside and celecoxib halved ankle swelling, cell 

count and histologic scores 24 h after MSU induced injury in rat and rabbit 

models(44). A IL-1 trap slightly limited ankle swelling for 4 days in a MSU induced 

ankle arthritis in mice(45). Six hour after MSU injection, resveratrol reduce 20% 

foot thickness in a murine arthritis model, while 50% of total infiltrated cells were 

decreased in a MSU peritonitis model (46). In a randomized, double-blind clinical 

trial using anakinra, joint swelling score diminished about 50% in three days. 

Additionally, the short half-life (46 h) of this drug requires daily administration, in 

contrast to the single dose of MSC treatment.  

In our model, at 72 h post crystals injection, NF-κB, which is responsible of the up-

regulation of the synthesis of inflammasome components and other pro-

inflammatory proteins (47–49), was active in arthritic animals. In line with 

previously published findings, MSC diminished the activity of NF-κB (8,37,50); and 

as expected, NLRP3, Caspase-1 and Il-1β levels were decreased in treated arthritic 

synovial membranes. Inhibition of NLRP3 inflammasome by MSC in sterile acute 

inflammatory disease models has been scarcely investigated in vivo. In a Na-T 

induced severe acute pancreatitis in mice (51), NLRP3 inflammasome activity and 

NF-κB signaling synthesis and activity was down-regulated in acinar cells after 

MSC treatment. Secretome from perivascular SC was also capable of attenuating 



 
 

MSU crystal-induced peritonitis in mice, inhibiting expression of NLRP3 

inflammasome proteins in macrophages (52). On the other side, IL-18 and IL-6 

remained invariable among healthy and arthritic groups. Evolution of 

inflammatory profile in a peritoneal model of MSU-arthritis indicated that over 

time, some cytokines may be overexpressed while others could have returned to 

normal levels, given the self-limiting nature of gouty arthritis(53). In line with 

previous data, COX-2 and TNF-α levels, which were increased in arthritic synovial 

membranes, were reduced in synoviums of MSC treated groups.  

It has been established that the spontaneous shutdown of the gouty inflammation 

process is curtailed by several mechanisms, which includes clearance of apoptotic 

cells and induction of anti-inflammatory cytokines, such as TGF-β and IL-10, by M2 

macrophages (53–55). In effect, there was an increased number of M2 macrophage 

with an increase of TGF-β and IL-10 proteins in MSC treated synovium. It has been 

previously described that MSC can favor its polarization toward alternative M2 

macrophage phenotype. MSC tested in an asthma model in mice induced the 

expression of TGF-β and IL-10 in lung macrophages (56). It has been also depicted 

that MSC could diminish frequency of total infiltrated macrophages and induce 

their anti-inflammatory phenotype (57–59). On the other side, MSC can enhance its 

accumulation into damaged tissue, favoring their differentiation into M2 subsets 

(34).  

One limitation of our study is that we have not revealed the specific molecular 

pathway through which MSC attenuate acute gouty flare. However, it has been 

extensively reported in different acute inflammation models that MSC are able to 

interact with immune cells in an inflammatory milieu producing a broad spectrum 



 
 

of different anti-inflammatory molecules (60). In our model, most MSC were 

accumulated in peripheral organs, implying that leukocyte modulation could be 

produced from distant sites by the release of soluble factors, as previously 

reported. Nevertheless, we cannot exclude that the small fraction of MSC localized 

at damaged synovium could take part in the therapeutic process. In our model, 

MSC could be directly promoting monocyte polarization towards M2 subset, 

favoring their accumulation in arthritic synovial membranes. Some studies specify 

that during the polarization of macrophages towards M2 phenotype, NLRP3 

expression is suppressed, and so IL-1b secretion(61). This process could be 

mediated through a diminished NF-kB activity(62).  On the other hand, several 

MSC derived soluble factors have been described to inhibit NLRP3 activity 

(9,59,63). Hence, suppression of NLRP3 activity could alter macrophage phenotype 

into M2 subset, limiting the inflammatory response. Lastly, it has been also 

reported that MSC derived TSG-6 inhibited TLR2-mediated nuclear translocation 

of the NF-kB, suppressing the transcription of pro-inflammatory cytokines(8). 

Additionally,TSG-6 was proposed to inhibit NF-kB activity and synthesis of NLRP3 

inflammasome components(37). Thus, MSC targeting NF-kB activity could lead to 

inhibition of pro-inflammatory cytokines and NLRP3 inflammasome components, 

favoring M2 macrophage phenotype. 

CONCLUSION 

In conclusion, treatment with a single systemic dose of MSCs is able to attenuate 

the inflammatory response in an acute gouty arthritis model in rabbits, 

suppressing NF-kB activity, inhibiting synthesis of NLRP3 inflammasome 

components, and promoting the presence of alternative activated macrophages. 



 
 

Therefore, this therapeutic approach could be an alternative to conventional 

pharmacological treatments for patients in whom the possibility of a standard 

treatment is very limited, as in polymorbid, elderly patients, and patients with 

renal pathology or with adverse reaction to NSAIDs.  
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FIGURE LEGENDS 

Figure 1. Systemic administration of MSCs through the right femoral artery 

attenuates synovitis in rabbit knees injected with MSU crystals. A, joint swelling 

evolution of each paw during 72h after MSU crystal injection. Bars show the mean and 

SEM (n=7 paws for controls, n=16 paws for MSU and n=14 paws for MSU+MSC group). 

Two-way ANOVA for the comparison between groups for each time point, *p<0.05 vs. 

Control, #p<0.05 vs. MSU. B, global histopathology score according to Krenn scale. Bars 

show the mean and SEM (n=7 paws for controls, n=16 paws for MSU and n=14 paws for 

MSU+MSC group). D-F, Representative sections of synovium hematoxylin and eosin 

staining. Control (D), MSU (E), MSU+MSC (F). C, shows densitometric analysis of CD31 

staining percentage in the SM of each group of animals. Bars show the mean and SEM (n=7 

for controls, n=16 for MSU and n=14 for MSU+MSC group). Mann-Whitney test, *p<0.05 vs. 

Control, #p<0.05 vs. MSU. (G-I) Representative sections of immunohistochemical staining 

of CD31 in the synovium of control (G), MSU and (H) and MSU+MSC (I) groups at 72h. 

Scale bars=50μm. J, serum C-Reactive protein concentration levels at 24h and 72h of 

study. Bars show the mean and SEM (n=4 rabbits for controls, n=8 rabbits for MSU and 

n=7 rabbits for MSU+MSC group). Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. 

MSU. MSC: mesenchymal stromal cells; MSU: monosodium urate. 

Figure 2. Systemic administration of MSC reduces total leukocyte population at 72 h 

but do not alter percentage of PMN-MN cells.  A, leukocyte count in synovial fluid at 24 

h and 72 h. Mann-Whitney test, * p<0.05 vs. Control, # p<0.05 vs. MSU at their respective 

time. B, differential leukocyte count at 24 h and 72 h. Mann-Whitney test, * p<0.05 vs. PMN 

at 24 h, # p<0.05 vs. PMN at 24 h, $ p<0.05 vs. MN at 24 h. Bars show the mean and SEM (n 

= 7 for controls, n = 8 for MSU and n = 8 for MSU+MSC FEM group at 24 h; n = 15 for MSU 

and n = 12 for MSU+MSC group at 72 h). C, representative images of synovial fluid samples 

of MSU and MSU+MSC groups stained with May-Grünwald Giemsa at 24 h and 72 h. Scale 

bar = 50 µm. MSC: mesenchymal stromal cells; MSU: monosodium urate. 

Figure 3. Immunohistochemical analysis of macrophage population within synovial 

membranes at 72h after insult. (A-C) RAM11 antigen staining in the synovium of control 

(A), MSU and (B) and MSU+MSC (C) groups. (D-F), Representative sections of CD-163 



 
 

staining in control (D), MSU and (E) and MSU+MSC (F) groups. (G-I),arginase-1 staining in 

SM in control (G), MSU and (H) and MSU+MSC (I) groups scale bar=50μm. J, shows 

densitometric analysis of RAM11 staining percentage, and K of CD163 staining percentage 

in the SM of each group of animals. L, ratio of CD163 to RAM11 positive staining. M, 

percentage of arginase-1 staining in lining layer. Bars show the mean and SEM (n=7 for 

controls, n=16 for MSU and n=14 for MSU+MSC group). Mann-Whitney test, *p<0.05 vs. 

Control, #p<0.05 vs. MSU. MSC: mesenchymal stromal cells; MSU: monosodium urate. 

Figure 5. MSCs modulates pro- and anti-inflammatory cytokine profile in synovial 

membranes of arthritic rabbits. Representative western blot of protein levels of IL-6, 

Cox-2, TNF-α, TGF-β and IL-10. EZ blue staining was used as protein loading control and to 

normalize the results, which are expressed as a fold-change of the healthy group. Bars 

show the mean and SEM (n=7 for controls, n=16 for MSU and n=14 for MSU+MSC group). 

Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. MSC: mesenchymal stromal 

cells; MSU: monosodium urate. 

Figure 6. Protein expression of inflammasome components is modulated in arthritic 

rabbits treated with MSCs. Activated NALP3, pro-caspase-1, IL-1β, and IL-18 were 

assessed by western blot. EZ blue staining was used as protein loading control. Results are 

normalized by EZ blue staining and expressed as a fold-change of the healthy group.Bars 

show the mean and SEM (n=7 for controls, n=16 for MSU and n=14 for MSU+MSC group). 

Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. MSC: mesenchymal stromal 

cells; MSU: monosodium urate. 

Figure 7. NF-kB p65 was analyzed by TransAM kit assay. Results are expressed 

inoptical density (OD) units. Bars show the mean and SEM (n=7 for controls, n=16 for MSU 

and n=14 for MSU+MSC group). Mann-Whitney test, *p<0.05 vs. Control, #p<0.05 vs. MSU. 

MSC: mesenchymal stromal cells; MSU: monosodium urate. 

Figure 8. MSC inhibit MSU crystals-stimulated THP-1 cells inflammatory activity in 

vitro. A, Gene expression levels of different cytokines produced by THP-1 cells 24 h after 

stimuli in Transwell co-culture system. B, Gene expression levels of different cytokines 

produced by THP-1 cells 24 h after stimuli in direct co-culture system. Bars show the 

mean and SEM (n=4 independent experiments). Mann-Whitney test, a: p<0.05 vs. V, b: 

p<0.05 vs. V+MSC, c: p<0.05 vs. MSU. MSC: mesenchymal stem cells; COX-2: 

Ciclooxygenase-2; IL: interleukin; NLRP3: NLR Family Pyrin Domain Containing 3; TGF-β: 

tumor growth factor-β, TNF-α: tumor necrosis factor α; V: vehicle; MSU: monosodium 

urate. 



 
 

Supplementary 1. Ad-MSCs characterization. A, Ad-MSCs immunophenotype, negative 

for hematopoietic markers CD34 and CD45, positive for CD29, CD44, CD73, CD90, CD105 

and CD166 expression. B, Adipogenic and Osteogenic differentiation. C, Ad-MSCs 

clonogenic capacity. 
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