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In memory of all the lab mice. 
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“We fear death, we shudder at life's instability, we grieve to see the flowers wilt again 

and again, and the leaves fall, and in our hearts we know that we, too, are transitory 

and will soon disappear. When artists create pictures and thinkers search for laws 

and formulate thoughts, it is in order to salvage something from the great dance of 

death, to make something last longer than we do.” 

Hermann Hesse, Narcissus and Goldmund 
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Abstract 

Osteoarthritis (OA) is a degenerative pathology of the articular cartilage causing chronic 

pain and disability in millions of individuals. In OA synovia, resident macrophages and 

infiltrated lymphocytes contribute to the disease progression by releasing catabolic 

mediators that interfere with the reparative process. Mesenchymal stem cells (MSCs) 
possess the capacity to release immune-modulating cytokines when licensed by pro-

inflammatory stimuli. They were also proven to promote regeneration in pre-clinical 

models of OA and to improve disease scores in small-scale clinical trials. 

To assess whether MSCs act by alleviating synovitis, a novel approach was optimised to 
retrieve GFP+ cells after intra-articular (IA) injection into a murine model of collagenase-

induced OA (CIOA). MSCs were separated from knee digests by FACS-coupled cell 

sorting and expanded in culture for further characterisation. Retrieval and processing did 

not affect their proliferation rates or clonogenicity but slightly altered their differentiative 
potential. 

CIOA-retrieved MSCs had no effect on syngeneic T cells in co-culture experiments. 

However, their conditioned medium (CM) caused polarisation of in vitro activated 

macrophages towards an M2 immunomodulatory phenotype, with lower expression of 
MHC-II and CD86 and increased secretion of IL-10. The immunomodulatory effect of 

CIOA-challenged MSCs was significant, compared to both naïve MSCs and MSCs injected 

in sham-treated animals. 

As only 1.627% of the implanted MSCs was successfully retrieved, it was postulated that 
MSCs act via a hit-and-run mechanism, with release of cytokines following rapid 

apoptosis. In vitro-induced apoptosis promoted a similar trophic-mediated M2 switch, 

resulting in significantly higher IL-10 secretion from macrophages. However, apoptotic 

MSCs also prevented proliferation and activation of co-cultured lymphocytes. 

The presented data demonstrates that, following IA administration, a large proportion of 

MSCs undergoes apoptosis and exert non-specific immunomodulatory effects. A smaller 

percentage acquire a licensed phenotype which aids in the resolution of synovitis through 

a paracrine mechanism indirectly mediated by reprogrammed macrophages.  
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1.1 Osteoarthritis	

Osteoarthritis (OA) is a progressive degenerative joint disease that affects articular 

cartilage, with associated destruction of subchondral bone, meniscus and synovium (1). It 

is caused by an abnormal mechanical loading resulting from age, obesity, genetic 

predisposition, joint instability or trauma (2). It is often started by an initial injury to the 

cartilage layer that, due to its inherently poor healing capacity, undergoes sustained 

degeneration and inflammation. This process can occur in all joints, in particular the 

weight-bearing ones such as hip and knee (3). OA has a devastating impact on quality of 

life, leading to chronic disability together with neuropathic pain, depression and sleep 

disorders (4) as well as being a contributing factor to premature death (5). 

Affecting an estimated 10 percent of the world’s population over the age of 60, OA is the 

single most prevalent of all musculoskeletal pathologies (6) and the number one cause of 

disability in adults (7). Approximately 27 million US adults and 8.5 million UK adults are 

estimated to have symptomatic OA (7, 8), and these numbers are constantly increasing 

due to ageing of the population and the obesity epidemic (9). From the economic point 

of view, this causes a massive burden, when taking into account health care expenditure 

and costs associated with short-term disability and work absenteeism. 

Current treatments for OA include pain control with anti-inflammatory drugs, viscous 

supplementation with sodium hyaluronan or other nutraceuticals, osteochondral 

transplantation and autologous chondrocyte implantation. However, these treatments 

only cause temporary relief and cannot prevent the patient from ultimately undergoing 

total joint replacement (TJR). Although TJR is generally successful, it is considered the last 

option because it carries all the risks of a major surgical procedure i.e., thrombosis and 

infection, not to mention the costs of hospitalisation and rehabilitation (3). 

Despite being traditionally recognised as a degenerative disease, today OA is known to be 

propagated by a process of chronic inflammation. In the early phase of the disease, damage 

release of tissue debris from the meniscus and subchondral bone induces synoviocytes to 

produce pro-inflammatory mediators. These recruit immune cells and activate 
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chondrocytes (10)[13], which produce additional cytokines and proteolytic enzymes, 

creating a vicious cycle of cartilage degradation and synovial inflammation (11)[4]. 

 

1.2 Synovial inflammation 

The synovial membrane is a specialised connective tissue of central importance within the 

joint. It produces extracellular components of the synovial fluid, is responsible for 

lubrication and nourishment and removes wear-and-tear debris from the joint cavity. 

Inflammation of the synovium, or synovitis, is considered a hallmark of OA (12, 13), as it 

reflects structural progression of the disease (14, 15). Macroscopically, synovitis is 

identified by effusion, swelling and thickening of the synovial membrane, which can be 

observed by magnetic resonance imaging (MRI). At the cellular and molecular level, 

synovitis is characterised by infiltration of mononuclear cells (MNC) and higher levels of 

pro-inflammatory cytokines and catabolic mediators like a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTS) and matrix 

metalloproteinases (MMPs) (16). The presence of biological markers of inflammation 

positively correlates with knee pain (17-19) and clinical progression of the disease (20-24). 

Inflammation is not only prognostic of the disease, but is a major driver of cartilage 

degradation. 

During OA, activated immune infiltrate secretes pro-inflammatory cytokines, disrupting 

the metabolic homeostasis of the tissue. Tumor necrosis factor (TNF)-α and interleukin 

(IL)-1, expressed at high concentrations in the synovial fluid of OA patients (25), were 

identified as key mediators of this aspect of the disease (26). The two cytokines are 

produced independently but act synergistically (27) on articular chondrocytes, blocking the 

synthesis of proteoglycan components (28, 29) and inducing production of reactive 

oxygen species (30), initiation of apoptosis (31) and upregulation of pro-inflammatory 

cytokines IL-6, IL-8, and monocyte chemoattractant protein (MCP)-1 (26, 32). Moreover, 

they upregulate production of MMP-1, MMP-3, MMP-13 and ADAMTS-4, which 

promote further cartilage destruction (33). 
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The intimal lining of healthy synovia is home to cluster of differentiation (CD)68+ 

macrophages and CD55+ fibroblast-like synoviocytes (34). Macrophages are constitutively 

resident in healthy synovia in quiescent state. During joint inflammation, they become 

activated and proliferate to the point of comprising 30–40% of the total cellular content 

(35). In murine models of OA, depletion of synovial macrophages by administration of 

clodronate-laden liposomes demonstrated that these cells cause osteophyte formation and 

cartilage destruction by secreting high amounts of catabolic mediators (BMP-2/4, MMP-

3/9)(36, 37).  During their early activation, macrophages also produce high levels of 

alarmins S100A8 and S100A9 to activate immune cells and vascular endothelium (38). 

These are known to directly correlate with the advancement of OA and osteophyte 

formation (39, 40).     

Histological analysis of OA synovial samples show a substantial infiltrate, mainly 

constituted of lymphocytes (41), particularly CD3+ T cells (42). Numerous studies 

reported the presence of T cell and macrophage infiltrates in the synovial membrane of 

~50% of OA patients (43-46). Biopsy samples selected from regions of intensely inflamed 

synovia contained foci of T cells, bordered by B cells, plasma cells and dendritic-like cells 

(47). 

Although macrophages have a major role in OA-related synovitis, there exists extensive 

evidence that the presence of lymphocytes is increased in diseased human synovia. 

Histological analysis shows the presence of CD4+ and CD8+ T cells in the form of large 

aggregates on the synovial membrane of OA patients. T cells were present throughout the 

synovial membrane and were particularly localized around vasculature and in large cellular 

aggregates localised around blood vessels (48, 49). Lymphocytes are usually detected 

mainly in the sublining layer of the synovium (50). Interestingly, there is marked evidence 

that CD4+ T cells are the most prominent type in OA T cell infiltrates and are thus believed 

to be more involved in the development of the disease (49-51). 

Despite the low number, relative to macrophages, T cell infiltrates are often described as 

being in an activated state, detected by interferon (IFN)-γ release (48, 50) and presence of 

activation markers human leucocyte antigen (HLA) class II (48) (52) (53), CD29(48), 

CD69 (52) (53), CD25, CD38, CD43, CD45RO and co-stimulatory molecule CD80 (48). 
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This profile is typical of a Th1 state, responsible for perpetuating the inflammatory 

response. 

 

1.1 Mesenchymal Stem Cells 

Described for the first time by Friedenstein and co-workers in 1966 (54, 55), who isolated 

bone-forming cells from mouse marrow, mesenchymal stem/stromal cells (MSC) are 

uncommitted progenitor cells capable of differentiating to mesodermal cell lineages (56). 

Due to their intrinsic heterogeneity, their identity is still loosely defined. Although not 

comprehensive, there seems to be general agreement over the minimal criteria proposed 

by the International Society for Cell Therapy (ISCT) for defining human MSCs: (1) plastic 

adherence with formation of fibroblast-colony forming units (CFU-F), (2) tri-lineage 

differentiation potential into adipocytes, osteoblasts and chondroblasts, (3) presence of a 

specific set of surface markers (positive for CD73 (SH3 and SH4), CD90 (Thy-1) and 

CD105 (SH2; endoglin), negative for CD11b, CD14, CD34, CD45, CD79α, CD19 and 

HLA-DR) (57). The positive cell surface markers proposed by ISCT for human MSCs 

may not be relevant for all species; mouse MSCs, for example, have variable expression of 

CD105 and CD90 (58), while a more reliable panel would include Sca-1, CD44, CD106 

and CD29 (59-62). However, the negative markers or subsets thereof seem to have cross-

species utility. 

While bone marrow is the most studied source, MSCs can be isolated from virtually every 

type of adult tissue (63), with adipose tissue being the most notable due to ease of isolation 

and expansion (64). MSCs are also closely associated to perivascular niche locations (65) 

and were hence postulated to be derived from pericytes (66). MSCs have long been 

considered hypo-immunogenic as they express low levels of HLA class I and do not 

express HLA class II antigens and co-stimulatory molecules (such as CD80, CD86 or 

CD40) (67-69). This view has recently been challenged by in vivo findings and MSCs were 

defined to be immune-evasive (70, 71). This means that, depending on the route of 

administration, they are able to escape rejection mechanisms for sufficient time to exert 

their therapeutic action by secreting immunomodulatiory factors. MSCs also express a 
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variety of cytokine and chemokine receptors, enabling migration to sites of injury and 

inflammation (72-74). 

Table 1.1 provides a timeline for the main findings in MSC research, where relevant for 

cartilage regeneration and OA therapy. 

 

1.3 The myth of tissue regeneration 

Friedenstein’s seminal papers (54, 55, 75) describing osteogenic differentiation of MSCs 

led to extensive pre-clinical validation of the cells in bone repair (76-79). The in vitro 

chondrogenic potential of MSCs was first described by Johnstone and co-workers with 

rabbit cells using micromass cultures in serum-free medium supplemented with TGF-β 

(80). Protocols for human cells followed shortly after (81, 82). This capacity prompted the 

idea that MSCs could differentiate and act as building blocks for the resurfacing of the 

injured articular cartilage in OA. The forefather of articular regeneration by MSCs in vivo 

was the 1994 paper by Wakitani et al. (76). Cultured autologous bone marrow-derived 

MSCs (BMSC) were loaded on a collagen gel and implanted into rabbit osteochondral 

defects. Cells efficiently promoted the formation of hyaline-like tissue as early as 2 weeks 

after transplantation. Regeneration was complete in 24 weeks with vascularized 

subchondral bone completely filling the underlying cavity. At that time, the authors 

concluded that regeneration was due to direct differentiation of the progenitor cells, but 

this conclusion was not actually verified. However, from the clinical point of view, the 

results were encouraging and the approach was further tested in human patients with 

cartilage defects (83, 84) resulting in marked improvement of the symptoms by 6 months 

after the treatment. The same concept was extended to patients with OA (85) but with 

less striking results; although some cartilage regeneration was observed, clinical scores did 

not change significantly. This might be due to the degenerative environment present in 

the OA joint or, conversely, to the fact that the cartilage formed may progress towards 

hypertrophy and endochondral ossification rather than stable hyaline cartilage (86). 
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The efficacy of MSC treatment was successfully demonstrated in 2003 by Murphy et al. in 

a caprine model of OA involving anterior cruciate ligament transection combined with 

total medial meniscectomy (87). Direct intra-articular (IA) delivery of autologous BMSCs, 

six weeks after the initial injury, led to meniscal repair and chondro-protection. The green 

fluorescent protein (GFP)-transduced cells were still detectable six week later in the 

synovial capsule, fat pad and primarily at the surface of the newly regenerated medial 

meniscus, but failed to adhere to the articular cartilage of femoral condyles and tibial 

plateaus. This work led to the hypothesis that MSCs act via alternate mechanisms beyond 

cell replacement i.e., acting by trophic mechanisms to promote tissue regeneration through 

modulation of the host environment and/or recruitment of endogenous progenitors. The 

study was subsequently validated in a number of additional pre-clinical models. Notably, 

treatment efficacy of MSCs therapy was demonstrated in both a collagenase-induced (88) 

and a joint destabilisation model (89). More recently, early phase I trials have provided 

evidence that MSCs also have clinical utility in modulating OA (90, 91); additionally a 

number of phase 2 trials for OA are ongoing, including the ADIPOA2 study assessing 

adipose-derived stem cells (ASCs) (http://adipoa2.eu/). 

 

1.4 A new model for regenerative medicine 

More recently, various studies found the therapeutic effects of MSCs to be paracrine-

mediated, via administration of conditioned medium (CM) in a number of disease models 

including lung injury (92), liver injury (93, 94), chronic kidney disease (95), myocardial 

infarction (96) and wound healing (97). It is then conceivable that secreted factors also 

play a major role in protecting the tissue from OA-associated degeneration. According to 

the current model, endogenous MSCs are found dormant as pericytes (65). Once activated 

in response to injury, they migrate to the site of interest where they establish a regenerative 

environment (98). Similarly, when administered in a clinical scenario, MSCs will respond 

to the local environment by temporary secretion of therapeutic factors - defined as a “hit 

and run” strategy. This is corroborated by growing evidence that their positive effects are 

independent of cell engraftment (99-101). 
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Table 1.1 Timeline of milestones for MSC therapy in osteoarthritis 

Year of 

discovery 
Reference Description 

1966 (54) First definition of MSCs 

1991 (102) OA pathology includes synovial inflammation 

1994 (76) First attempt of articular regeneration in rabbit 

1998 (80) In vitro chondrogenesis of mammalian cells 

1998 (81) In vitro chondrogenesis of human MSCs 

2002 (85) Articular regeneration in OA patients 

2002 (103) MSCs suppress immune cell proliferation in vitro 

2003 (87) First success for MSC therapy in an animal model of OA 

2006 (104) 
MSCs need licensing to express their anti-inflammatory 

potential 

2008 (105) Safety of MSC therapy in degenerative joint disease 

2010 (106) MSCs attenuate collagen-induced arthritis 

2011 (107) First clinical trial for MSC therapy in OA 

2012 (108) 
MSC-conditioned medium dampens inflammation in OA 

synovial explants 

2012 (109) 
MSC therapy in OA: clinical improvement up to 6 

months 

2013 (110) Safety of IA-injection of human MSCs 

2014 (90) 
ASCs induce hyaline cartilage regeneration in OA 

patients 

2016 (91) 
ADIPOA: Phase I dose-escalation clinical trial for ASC 

therapy in OA 

Clinical trials are shown in blue, studies on basic MSC biology are shown in red. 
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1.5 Paracrine effects associated with the MSC secretome in OA 

MSCs display a rich secretory profile: depending on the specific disease environment, 

paracrine factors may be protective (anti-apoptotic or anti-fibrotic), regenerative (pro-

angiogenic) or chemoattractive (recruiting endogenous progenitors). In addition to these 

effects, activated MSCs are capable of modulating host immune responses by selectively 

inhibiting the proliferation of immune cells (111) (Figure 1.1). Over the last few years, 

increasing efforts have been invested into proteomic approaches, which scan the MSC 

culture supernatant to decode its content and how it changes upon exposure to licensing 

stimuli (112). Successively, these findings are validated with targeted studies, by analysing 

gene expression or protein production. Not all MSC-secreted factors (reviewed in (113)) 

are relevant to OA pathology or therapy.  The following are the main MSC-secreted factors 

relevant to OA pathology or therapy, identified in pre-clinical models of OA or with 

relevant in vitro systems. 

1.5.1 Apoptosis 

Chondrocyte apoptosis has been associated with degenerative OA for many years (114, 

115). Although there are no reports of direct anti-apoptotic effects of MSCs in the context 

of OA, indirect evidence suggests that exosomes obtained from human MSCs, and by 

inference comprised of secreted factors, inhibited IL-1β-induced apoptosis of ex vivo-

cultured OA chondrocytes (116). Additionally, MSCs exosomes promoted chondrocyte 

proliferation in a rat model of OA by blocking miR-206 with lncRNA-KLF3-AS1 (117). 

Despite soluble factors were not shown in models of OA, MSCs responded to two 

different apoptotic cell lines in vitro by increased expression and secretion of the anti-

apoptotic hormone stanniocalcin (STC)-1 (118). Future work looking at joint-associated 

MSC anti-apoptotic effects is likely to identify direct mediators of the process. 
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Figure 1.1 Proposed model for endogenous MSC activation in OA. From: Mancuso P. et al. (2018), ‘So Far, yet 

so Close: Paracrine Effects of Mesenchymal Stem Cells in Osteoarthritis’. 
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1.5.2 Fibrosis 

Maumus et al. co-cultured ASCs with chondrocytes derived from OA patients in a 

transwell system (119) and observed marked decreases in levels of hypertrophic and 

fibrotic markers, which they attributed to HGF. This is of particular relevance as HGF 

concentration in synovial fluid has a direct correlation with the severity of OA (120). MSCs 

have also been shown to inhibit fibrosis in vivo through secretion of  basic fibroblast growth 

factor (bFGF) (121) and adrenomedullin (122). 

1.5.3 Tissue Metabolism 

Amongst other activities, MMPs catalyse the degradation of components of the 

extracellular matrix (ECM) and are regulated by the class of specific inhibitors TIMPs. In 

normal tissue homeostasis, the balance between anabolic and catabolic factors is upheld; 

in OA this balance is disrupted in favour of the latter (123). MMP-2, -9, and -13 have been 

detected at higher levels in human OA cartilage compared to healthy tissue (124). 

Furthermore, decreased MMP-13 protein correlated with improved osteochondral repair 

in rats treated with doxycycline (125). Administration of MSCs could be beneficial in 

restoring the metabolic balance, as they constitutively secrete high levels of TIMP-2 and -

1. TIMP-1 secretion, in particular, is upregulated under conditions of pathological stress, 

such as in the presence of IL-1β, TNF-α or hypoxia (126). This is a remarkable property 

because TIMP-1, differently from inhibitors of the same family, has a broad activity 

targeting most MMPs (127), which makes MSCs an even more versatile tool for 

counteracting cartilage degradation in OA.  

1.5.4 Chondrogenesis 

Matricellular proteins, secreted matrix proteins with regulatory roles, bind to ECM and act 

as receptors for cell-surface molecules, growth factors and MMPs (128). Thrombospondin 

(TSP)-2, a member of this family, is a known regulator of cartilage and bone differentiation 

and is secreted by MSCs to induce proliferation via an autocrine mechanism (129). TSP-2 

was secreted by human umbilical cord blood-derived (UCB)-MSCs treated with synovial 

fluid from OA patients and induced differentiation of chondroprogenitor cells. In vivo, it 

promoted cartilage regeneration in a rabbit full-thickness osteochondral-defect (130). The 
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protein was later found to have an autocrine action on human UCB-MSCs, BMSCs and 

ASCs, promoting cartilage differentiation and preventing hypertrophy (131). Although 

studies are limited in number, there is evidence that TSP-2 is one of the main paracrine 

players in MSC-mediated cartilage regeneration. 

1.5.5 Immunosuppression 

The role of inflammation in the establishment and progression of OA is widely accepted 

(14), with synovial membrane inflammation being a hallmark of pathology (12, 13). 

Histological studies show that patients with OA have variable degrees of synovitis, with 

higher levels of pro-inflammatory cytokines and infiltration of immune cells, 

predominantly macrophages (16). Biological markers of inflammation correlate with both 

knee pain (17-19) and clinical progression of OA (20-24). Licensed MSCs secrete an array 

of anti-inflammatory factors which act to re-establish an equilibrium in the inflamed 

synovium: MSC-CM decreased production of inflammatory mediators in explants from 

OA joints (108). Many of these molecules were identified in recent years and are 

summarized in Figure 1.2. 

The immune-modulatory potential of MSCs has been known since 2002, when Di Nicola 

et al. assessed the potential for allogeneic MSC rejection in a mixed lymphocyte reaction 

(MLR). Instead of evoking an immune response, the cells suppressed proliferation of T 

cells (132, 133). Secreted factors undoubtedly play a crucial role in immunomodulation, as 

MSC-CM was shown to divert immune cells from injured organs (134). In recent years, a 

growing body of evidence has led to the evaluation of MSCs in clinical trials for numerous 

inflammatory conditions (135). 

One of the main known effectors of MSC-mediated immune-suppression is 

prostaglandin-E2 (PGE2). PGE2 is constitutively secreted by MSCs and its production is 

dramatically enhanced via stimulation by IFN-γ, TNF-α (136) or IL-1β (137). PGE2 

negatively affects the proliferation of T (138) and natural killer (NK) cells (139). It also 

causes an increase in regulatory T (Treg) cell number, stimulates macrophages to produce 

IL-10 and prevents monocytes from differentiating into dendritic cells (DCs) (111). In 

OA, PGE2 is a main effector for ASC therapeutic effects and a regulatory checkpoint in 
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immune-modulation. Recently, Manferdini et al. provided evidence that the PGE2/COX2 

pathway is responsible for the induction of IL-10 and inhibition of TNF-α and IL-6, 

inducing an M2 switch in synovial macrophages (140). 

Indoleamine 2,3-dioxygenase (IDO) catalyzes the breakdown of tryptophan, causing 

suppression of T-cells. It is employed by DCs to modulate immune responses (141), but 

can be secreted by MSCs upon IFN-γ stimulation (142). In a human MLR, IFN-γ-induced 

expression of IDO in MSCs was responsible for suppression of T-cell proliferation (143). 

It also drives M2 polarization in macrophages and induces a tolerogenic phenotype in DCs 

and Tregs (144, 145). Its’ importance in MSC-mediated immunosuppression has been 

validated using specific inhibitors and knockout MSCs (136, 142, 146). 

TNF-inducible gene (TSG)-6 is known for being involved in multiple and diverse immune 

pathways (147). Produced in response to inflammatory signals, it has a pivotal role in MSC-

mediated immunosuppression (99). On the other hand, it was identified as one of the most 

significantly up-regulated genes in human OA articular cartilage (148) and proposed as a 

disease biomarker, as its activity in synovial fluid predicted OA progression (149). TSG-6 

has a complex role in cartilage pathology, as it is involved in matrix assembly during 

synthesis of new tissue (150). More recently, IA administration of recombinant TSG-6 in 

a rat model of OA reduced cartilage damage in a dose-dependent manner and significantly 

reduced pain. In vitro, it modulated the expression of catabolic and inflammatory mediators 

from chondrocytes (unpublished, personal communication from A.J. Day). Similarly, 

recombinant TSG-6 was successfully employed in rheumatoid arthritis models, where it 

reduced disease incidence and cartilage/bone erosion (151, 152). 

Other molecules have been shown to mediate MSC immunosuppression, such as C-C 

motif ligand (CCL)2 (153), galectins (154), IL-6 (155) and TGF-β (132). None of these 

factors has an exclusive role; their functions may be redundant and/or synergistic. To fully 

express an anti-inflammatory phenotype, MSCs need to be licensed. This can be achieved 

in response to IFN-γ alone (142) or in combination with TNF-α, IL-1α or IL-1β (156). 

Additionally, IL-1β, granulocyte-colony stimulating factor (G-CSF), stromal cell-derived 

factor 1 (SDF1) and stem cell factor (SCF) induced differential expression of numerous 

cytokines in MSCs after only 2 h of treatment (157). Licensed MSCs have an improved 
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regenerative capacity in pre-clinical models, with better homing potential (158) and 

recruitment of host immune cells (159). 

 

1.6 A role for apoptosis 

When administered in a pathological environment, MSCs can undergo biological changes 

much more radical than differentiation or licensing. Toupet et al. observed that most 

MSCs disappear 10 days post IA injection in a murine model of OA, with similar results 

obtained with syngeneic and xenogenic human ASCs (110, 160). Despite the death and 

clearance of administered cells, significant therapeutic effects were still observed in 

response to IA injection of mouse ASCs (88, 89). 

Apoptotic cells communicate with immune cells through two different mechanisms: direct 

effects associated with apoptotic cells themselves and indirect effects triggered in 

phagocytizing cells (Figure 1.2). Direct effects include the secretion of IL-10 and TGF-β, 

generating an immunosuppressive microenvironment (161-163). This milieu inhibits 

lipopolysaccharide (LPS)-stimulated macrophages from secreting pro-inflammatory 

cytokines (IL-1β and TNF-α) (164, 165). Indirect effects are associated with elimination 

of apoptotic cells by phagocytes, resulting in reduced responsiveness to LPS (166, 167) 

and a switch to an anti-inflammatory profile (164). Immune cells that internalize apoptotic 

cells also fail to induce CD4+ T helper cells, leaving the effector lymphocytes in a ‘helpless’ 

state (168) and induce clonal expansion of Foxp3+ Treg cells (169-171). 

Using a murine model of graft-versus-host disease (GvHD), Galleu et al. demonstrated 

that, in response to infused MSC, apoptosis is induced by recipient T cells through cell-

to-cell contact with release of perforin- and granzyme B-containing granules (172). 

Phagocytes were also shown to have a key role producing IDO upon engulfing apoptotic 

MSCs. When these components were knocked down or inhibited, the therapeutic efficacy 

of MSCs was lost. Most importantly, infusion of MSCs rendered apoptotic ex vivo prior to 

administration restored therapeutic effects. Interestingly, responsiveness of patients to 

MSC therapy correlated with their cytotoxic capacity, measured by an ex vivo assay. These 
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findings provide evidence that apoptosis is one of the driving mechanism of MSC-

mediated immunosuppression. TGF-β-mediated tolerance induction is the most 

commonly reported mechanism in pre-clinical studies of extracorporeal photopheresis, 

the administration of leukocytes rendered apoptotic ex vivo. A strong immunomodulatory 

effect has been observed in inflammatory arthritis (167, 173) and photopheresis is an 

approved therapy for cutaneous T cell lymphoma and GvHD (174). Apoptosis may 

represent an important component of MSC-mediated immune-modulation in OA. 
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Figure 1.2 Immune-modulatory effects of MSCs. From: Mancuso P. et al. (2018), ‘So Far, yet so Close: Paracrine 

Effects of Mesenchymal Stem Cells in Osteoarthritis’. 
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1.7 Looking further: extracellular vesicles 

The paracrine action of MSCs is not limited to soluble factors. MSCs, like many other 

cells, have been shown to produce extracellular vesicles (ECV) (175), small structures 

enclosed in a phospholipid bilayer, carrying many cytoplasmic components. ECVs are 

involved in intercellular communication through horizontal transfer of mRNA and 

protein and are grouped based on size, with different composition and biogenesis. 

Exosomes range between 40 and 100 nm in diameter. They are constitutively released 

from the late endosomal compartment by fusion of multivesicular bodies with the plasma 

membrane, but their production can increase upon cytoskeleton activation. Exosomes are 

characterized by proteins required for their formation and transport, such as tetraspanins, 

Alix and tumour susceptibility gene 101. Microvesicles are a heterogeneous population of 

ECVs between 100-1000 nm generated via direct budding upon activation by a stress 

signal, which alters the phospholipid balance of the membrane, forming lipid rafts. 

Microvesicles are characterized by membrane markers specific to the parent cell type. In 

pre-clinical models, ECVs were observed to have anti-apoptotic (176), anti-fibrotic (177), 

pro-angiogenic (178) and anti-inflammatory effects (179). MSC-derived ECVs induce 

generation of T regs, inhibit proliferation of lymphocytes (180), macrophages (181) and B 

cells (182). However, ECVs alone may fail to deliver the same immunomodulatory effects 

of parental cells, with cell-cell contact still required to modulate lymphocyte proliferation 

and function (183). 

MSC-derived ECVs produced promising results in rat models of osteoporosis (184) and 

osteochondral defect repair (185). More recently, MSC-ECVs were tested in OA models. 

Exosomes derived from synovium MSCs and induced pluripotent stem cells attenuated 

disease scores in a collagenase-induced OA (CIOA) murine model, by promoting 

chondrocyte proliferation and migration (186). Notably, exosomes derived from synovial 

MSCs overexpressing miR-140-5p promoted chondrocyte proliferation in vitro. When 

administered in a rat model of OA, disease progression and cartilage degeneration were 

significantly delayed (187). Cosenza et al. delivered MSC-ECVs in a CIOA model and 

reported reduced joint damage (188). The use of MSC-ECVs as a therapy for OA would 

bring many advantages with cell-derived products, avoiding concerns of possible 
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malignant transformations. However, issues may arise with ECV production as they may 

need to be specifically tailored for the indication to be treated. Additionally, their 

manufacture is not as yet standardized for clinical production, as is the case for cellular 

products. 

 

1.7 Conclusions 

Taken together, reports summarized here suggest a potential for the use of MSCs or MSC-

CM in OA. In vitro, co-culture of OA chondrocytes with ASC-CM resulted in NF-κB-

mediated cytoprotective effects via enhanced production of collagen II, inhibition of IL-

6, TNF and various MMPs, as well as upregulation of IL-10 (189). Similarly, using OA 

cartilage explants, MSC-CM was shown to interfere with the NF-κB pathway to mediate 

anti-inflammatory and anti-catabolic effects (108). MSCs have already proved to be a 

valuable therapeutic tool for many conditions, including acute GvHD (190), multiple 

sclerosis (191) and systemic lupus erythematosus (192). 

Phase I clinical trials have demonstrated the safety of direct IA administration of MSCs in 

OA patients (105, 107). In 2012, Emadedin et al. reported pain reduction up to six months 

after injection of 20-24 million MSCs, with increased cartilage thickness and reduction of 

edematous subchondral patches in three out of six patients (109). Finally, Jo et al. injected 

higher doses of ASCs (up to 10x108), obtaining improved WOMAC score with significant 

pain reduction and, most importantly, regenerated hyaline articular cartilage in the most 

severely damaged site in the knee (90). In the ADIPOA trial, a single dose of 2 million 

ASCs significantly improved pain levels and function (91). A recent systematic review 

concluded that although MSC therapy for OA seemed to be positive overall, that the field 

lacks powered data and long-term follow-up (193). Increased understanding of the 

mechanisms whereby MSCs exert their therapeutic effect in the joint will add to the 

therapeutic utility of the cells in OA. 

In summary, MSCs may act through a hit-and-run mechanism rather than stably engrafting 

in the tissue. Autopsies of patients that received MSC IV infusions for different conditions 
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within a year before death confirm that donor MSCs are not normally retained in the host 

tissue. Detection of donor DNA did not correlate with the degree of HLA mismatch or 

the clinical response, suggesting that clearance is not immune-mediated (194). However, 

the role of cell death in mediating the therapeutic effects of MSCs needs further 

investigation and the phenotype and activity of cells that survive even for a short time at 

the site of implantation elucidated. 

 

1.8 Hypotheses and aims 

OA, as a multi-factorial degenerative disease of the articular cartilage, is a prevalent cause 

of disability and chronic pain among adults worldwide. Current treatments are aimed at 

pain control (anti-inflammatory drugs, viscous supplementation) but do not address the 

complex causes of the condition. More recent therapies, like transplantation of chondro-

progenitor cells or activation of the endogenous stem cell niche, target the causes of the 

disease, but full resolution still cannot be achieved. As regenerative medicine approaches 

become increasingly successful, leading to a number of clinical trials for the IA 

administration of MSCs, understanding the cellular and molecular mechanisms of these 

therapies acquires greater importance. This project is focused on the resolution of the 

inflammatory component of the disease. 

1.8.1 Chapter 3 

Hypothesis: There exists a limited number of studies that quantified the survival and 

integration of MSCs after IA administration. These include detection of Alu DNA 

sequences and labelling with fluorescent or magnetic tags. We hypothesized that those 

administered cells can be retrieved and expanded, despite the fact that the percentage of 

engraftment reported in literature is consistently low. 

Aim: The aim of this chapter was to optimise a technique to administer and retrieve MSCs 

in a mouse model of OA and to assess their viability for further characterisation. This was 

achieved by administering GFP+ MSCs obtained from a C57BL/6-Tg(UBC-

GFP)30Scha/J mouse strain. Knee joints were digested with a collagenase solution and 



Introduction 

 

 20 

target cells were sorted by flow cytometry based on cell fluorescence intensity. Retrieved 

cells were characterised for their MSC-like properties. This approach is completely novel 

and it will be applicable to similar animal models for OA or even other pathologies. 

1.8.2 Chapter 4 

Hypothesis: OA has a substantial inflammatory component which propagates the pathology 

and impedes tissue regeneration. MSCs possess very well-known anti-inflammatory 

properties, mediated by secreted factors and cell-to-cell contact, which are increased upon 

licensing in an inflammatory environment. We believe that these effects are maintained 

after ex vivo expansion and can be measured, thereby allowing us to study their mechanism 

of action. 

Aim: GFP+ MSCs were isolated from OA knees, using sham-injected animals as a control. 

Retrieved cells were expanded in culture and tested for their immune-modulatory 

potential. In particular, their capacity to suppress T cell and macrophage responses by co-

culture and CM treatment was measured. The final aim of this chapter was to assess the 

influence of ex vivo expanded MSCs on different immune cell types and to measure 

secreted factors that could mediate such effect. In particular, we looked at T cell 

proliferation and activation and macrophage polarisation. 

1.8.3 Chapter 5 

Hypothesis: There is increasing evidence that the immune-modulatory effects of MSCs are 

triggered through apoptosis. Because only a small percentage of cells survive after IA 

administration, these undergo either apoptosis or necrosis in vivo, which could be 

responsible for their therapeutic effect. 

Aim: The aim of this part was to create an in vitro model to mimic the physiological 

conditions leading to cell death and observed therapeutic outcomes. Apoptotic and 

necrotic MSCs were tested for their capacity to suppress macrophages and T cells and the 

presence of different molecular mediators was measured, attempting to identify the key 

secreted factors. 
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2.1 Mesenchymal stem cell culture  

2.1.1 Isolation of MSCs from murine bone marrow 

Wild-type (wt)-MSCs and GFP+ MSCs were isolated from C57BL/6 and C57BL/6-

Tg(UBC-GFP)30Scha/J mice, respectively. The protocol described by Silvia Meirelles and 

Nardi was used with modifications (62). Briefly, 8-10-week-old mice were euthanized by 

CO2 overdose and cervical dislocation. Femurs and tibias were dissected, cleaned of 

muscle and placed in a sterile 50 ml tube containing phosphate buffered saline (PBS, 

Gibco, Thermo Fisher Scientific) with 1% P/S (100U/ml penicillin and 100 µg/ml 

streptomycin, Gibco, Thermo Fisher Scientific). Samples were transferred to a Petri dish 

containing MSC culture medium (Table 2.1) and the ends were removed using scissors. 

Bone marrow was flushed out of the bone cavities using a syringe with a 27G needle. The 

plugs were dispersed by repeated pipetting, filtered through a 40 µm cell strainer and 

transferred into a 50 ml tube. The bone marrow MNC suspension was centrifuged at 400 

x g for 10 min at room temperature (RT). The supernatant was removed and the cells re-

suspended in culture medium. Viable cells were counted with Trypan Blue (Sigma-Aldrich) 

using a haemocytometer. Cells were plated at a density of 2x106/cm2 and cultured in a 

humidified 5% CO2 incubator at 37 ° C for 3-5 days. The medium was then changed to 

remove non-adherent cells. Cells were fed every 3-4 days and passaged at circa 80% 

confluence. 

2.1.2 Culture of MSCs 

At each passage, culture medium was replaced and monolayer cultures washed with PBS. 

A 0.25% Trypsin solution with 0.01% ethylenediaminetetraacetic acid (EDTA) 

(Trypsin/EDTA, Gibco, Thermo Fisher Scientific) was added for 5 min at 37 ° C to 

detach cells. Trypsin was neutralized with an equal volume of cell culture medium and the 

resulting cell suspension was centrifuged at 400 x g for 5 min at RT. The supernatant was 

removed and cells were re-suspended in culture medium. Viable cells were counted and 

re-plated at a concentration of 5x103/cm2. 
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2.2 MSC characterisation 

2.2.1 Cumulative population doubling 

Growth characteristics of MSC lines were assessed by plotting cumulative population 

doublings over time. Cells were seeded in a 6-well plate at the density of 1x105 cells/well 

and passaged every 24 h. Each day, cells were detached with trypsin, counted with a 

haemocytometer and seeded again at the same concentration. Population doublings were 

calculated using the following formula: 

Population Doubling = log (harvested cells / seeded cells) / log2 

2.2.3 CFU-F assay 

In order to assess the frequency of colony-forming units in MSC preparations, CFU-F 

assay was used. 1000, 500 and 250 cells were seeded in triplicate in each well of a 6-well 

plate. Cells were maintained in MSC medium, replaced every 2 days. After one week, 

medium was removed and cells were fixed for 10 min with ice-cold 100% methanol. After 

fixing, methanol was aspirated and wells were stained for 10 min with 0.5% crystal violet 

solution (Sigma-Aldrich) in 25% methanol. After removing the crystal violet solution, 

wells were washed with water until full removal of excess dye. Colonies, defined as clusters 

of at least 20 cells, were counted by eye. The linear relationship between the number of 

cells plated and the number of colonies formed (clonogeneicity) was calculated using the 

following formula: 

CFU-F efficiency = (counted CFU-F / cells originally seeded) × 100 

2.2.4 Adipogenic differentiation 

To induce adipogenic differentiation, MSCs were seeded in 24-well plates at 1x104 

cells/well. Once cells reached confluence, medium was switched to Adipogenic Induction 

Medium (Table 2.2) for 3 days, followed by exposure to Adipogenic Maintenance Medium 

(Table 2.3) for 1 day. After 3 induction/maintenance cycles, monolayers were stained with 

Oil Red O (ORO, Sigma-Aldrich). Wells maintained in normal MSC medium were used 

as controls. 
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2.2.5 Oil Red O staining and semi-quantification 

To stain lipid droplets of differentiated adipogenic cultures, cell monolayers were rinsed 

with PBS and fixed in 10% formalin for 20 min at RT. Fixative was removed and wells 

rinsed in distilled water. The ORO stock solution (0.3% ORO powder in 99% 

isopropanol) was diluted at 60% in distilled water and filtered after 10 min with Whatman 

no.1 filter paper (Whatman). Cells were covered with 2 ml of ORO working solution for 

5 min, then excess stain was removed with 60% isopropanol. Wells were then rinsed with 

tap water, counterstained with Harris Haematoxylin (Sigma-Aldrich) for 10 seconds and 

washed again in tap water. During microscopy, cells were kept covered with water. 200 µl 

of the extracted stain was transferred into each of 3 wells of a 96- plate and absorbance at 

520 nm was read using a Wallac 1420 Victor 3 (Perkin-Elmer Inc.) plate reader. 99% 

isopropanol was used as blank. 

2.2.6 Osteogenic differentiation 

To induce osteogenic differentiation, MSCs were seeded in 24-well plates at the 

concentration of 1x104 cells/well and cultured for 24 h. Cells were then placed in 

Osteoblastic Differentiation Medium (Table 2.4) for 10 days. Medium was changed every 

2-3 days. Wells maintained in normal MSC medium were used as controls. 

2.2.7 Quantification of calcium 

A colorimetric calcium assay was used (Calcium CPC Liquicolour, Stanbio Inc.) following 

manufacturer’s instructions. Briefly, after washing the samples with PBS twice, the content 

of each well was scraped with 200 µl of 0.5 M HCl, collected into a tube and left shaking 

overnight at 4 ºC. The next day, standards ranging from 0.05 to 1 µg/ml were prepared in 

0.5 M HCl. 10 µl of sample or standard was plated in triplicate in a 96-well plate and 200 

µl of working solution (CPC Liquicolor binding reagent and working dye 1:1) was added 

in each well and the plate was incubated at RT for 15 min in the dark. Absorbance at 595 

nm was measured using a Wallac 1420 Victor 3 plate reader. A linear curve was generated 

using the known standard concentrations and the sample absorbance values were 

interpolated using the linear equation obtained. 
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2.2.8 Chondrogenic differentiation 

Chondrogenesis was induced in micromass pellets. MSCs were washed in PBS and 

resuspended in Incomplete Chondrogenic Medium (ICM, Table 2.5). 5x105 MSCs were 

placed in a 1.5 ml Eppendorf tube and centrifuged for 5 min at 100 x g. The medium was 

changed to Complete Chondrogenic Medium (CCM, Table 2.6) or ICM again (for the 

control). Pellets were centrifuged again and maintained for 3 weeks, changing media every 

2-3 days. Pellets were either assessed by Safranin-O staining (as described in Section 2.4.3) 

or DNA and glycosaminoglycan (GAG) quantification (as described in Section 2.2.9). 

2.2.9 Glycosaminoglycan quantification 

GAG concentration in chondrogenic pellets was quantified using the Dimethylmethylene 

Blue (DMMB) assay (Sigma-Aldrich), based on the ability of sulphated GAG to bind 

DMMB (195). DMMB stock solution was prepared by dissolving 16 mg of DMMB in 5 

ml of ethanol combined with 2.73 g NaCl, 3.04 g glycine and 0.69 ml of concentrated HCl 

(11.6 M) and brought to 1 l with distilled water. Pellets were washed twice in PBS and 

digested in 200 µl of 2.5 µg/ml papain (Sigma-Aldrich) in DMMB. 50 µl of sample was 

added in triplicate to a 96-well microtitre plate, with a standard curve prepared from 

chondroitin-6-sulfate, ranging from 0.3 to 2 µg/ml. 200 µl of DMMB stock solution was 

added to each well and the plate was incubated at RT for 5 min. Absorbance at 595 nm 

was measured using a Wallac 1420 Victor 3 plate reader. A linear curve was generated 

using the known standard concentrations and the sample absorbance values were 

interpolated using the linear equation obtained. 

2.2.10 DNA quantification 

The amount of DNA per pellet was quantified using the quanti-iT PicoGreen sdDNA 

assay (Molecular Probes), following the manufacturer’s instructions. Briefly, 100 µl of 

standard (20 to 2 µg, diluted in TE buffer provided) or sample was added to a 96-well 

microtitre plate in triplicate. 100 µl of PicoGreen reaction buffer (1:200 dilution in TE 

buffer) was added and the plate was incubated at RT for 3 min. Fluorescence (485/535 

nm) was measured using a Wallac 1420 Victor 3 plate reader. A linear curve was generated 
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using the known standard concentrations and the sample absorbance values were 

interpolated using the linear equation obtained. 

 

2.3 Pre-clinical Experimentation  

2.3.1 Experimental animals 

C57BL/6 mice were purchased from Charles River Laboratories (Margate, Kent, UK). 

C57BL/6-Tg(UBC-GFP)30Scha/J mice were purchased from the Jackson Laboratory 

(Bar Harbor, ME USA). These transgenic mice express enhanced Green Fluorescent 

Protein (eGFP) under the direction of the human ubiqutin C promoter in all tissues. All 

animals were kept on a 12-hour light/dark cycle with ad libitum access to standard lab chow 

and water. All procedures were approved by the Animal Care and Research Ethics 

Committee (ACREC) of the National University of Ireland Galway and conducted under 

licences (study and individual) issued by the Health Products Regulatory Authority 

(HPRA), Dublin, Ireland. 

2.3.2 Anaesthesia 

For all procedures, animals were anaesthetised using isoflurane. Single mice were placed 

in an induction chamber with 5% isoflurane in O2, then transferred to a heated surgical 

table with a facemask at 3% concentration. After each procedure, animals were placed on 

a heated pad and monitored until full recovery, then transferred back into the cage. 

2.3.3 Intra-articular injection 

The injection procedure is illustrated in Figure 2.1. Mice were anaesthetised by isoflurane. 

Hind limbs were shaved and disinfected using iodine solution. A 10 µl Hamilton syringe 

(Hamilton Company) was used with a 27 G needle. 7 µl of injectable agent (collagenase 

solution in PBS or MSC suspension in α-MEM) was aspirated and air bubbles removed. 

Knees were slightly bent and the area was palpated to locate the IA space. The needle was 

then inserted laterally so as not to damage the patellar ligament (see Figure 2.2). The needle 

was pointed upwards, entering the knee cap and touching the femoral condyle, to avoid 
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piercing the rear of the synovial capsule. Once inside the synovial space, the plunger was 

slowly pushed to administer the fluid. The needle was retracted and the hind limb moved 

gently to facilitate distribution of the fluid. After the procedure, animals were kept on a 

heated pad and monitored until fully mobile and recovered from anaesthesia. The post-

operative evaluation consisted of daily assessment for signs of distress and weight loss. 

2.3.4 Collagenase-induced OA 

Experimental CIOA was induced on C57BL/6 mice, 8-12 weeks old, as previously 

described by van der Kraan et al. (196). Briefly, 1 U of highly purified bacterial type VII 

collagenase (Sigma-Aldrich C0773) in 7 µl of physiological saline was injected into the 

knee joint on days 0 and 2, using a 10 µl Hamilton syringe. The injected collagenase causes 

instability of the joints by damaging ligaments and does not directly digest cartilage, thus 

inducing OA-like damage. Clear synovial activation, which is related to cartilage 

destruction, is usually observed in this model (197). One week later, animals were IA-

injected with a single dose (2×104, unless stated differently) of GFP+ MSCs suspended in 

7 µl of α-MEM (Gibco, Thermo Fisher Scientific). 

2.3.5 Digestion of whole mouse knees 

C57BL/6 mice, 8-12 weeks old, were sacrificed by concussion or CO2 overdose. Death 

was confirmed by cervical dislocation. Skin was pulled back, starting from an incision in 

the ventral midline, and hind limbs were removed. Whole limbs were cleaned from excess 

muscle, tissue and tendons, keeping the synovium intact. Samples were then cleaned with 

70% ethanol to ensure sterility and articular cartilage was exposed by cutting the front of 

the synovial membrane with a scalpel blade, together with the frontal cruciate ligament. 

Each knee was bent and dipped into 100 µl of digestion solution, placed in the rounded 

bottom of a cryogenic vial. Samples were kept at 37 °C for the required time. Different 

digestion times were used for optimisation of the joint digestion (see Chapter 3). Enzymes 

employed were collagenase type I from Clostridium histolyticum (Sigma-Aldrich C0130) and 

collagenase D (Roche COLLD-RO). At each time point, the sample was washed with 200 

µl of complete MSC medium and placed in fresh digestion solution. The cell suspension 

was transferred to a 1.5 ml tube and centrifuged for 5 min at 400 x g. The supernatant was 
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then discarded and the cells re-suspended in complete MSC medium. The suspension was 

maintained rotating at 4 °C. 

 

 

Figure 2.1 Intra-articular injection. (A) Mouse anesthesised and placed lying on its back. (B) Hind limb shaved 

and desinfected. (C) Knee gap located with the aid of the needle. (D) Injection performed on the lateral side with 

syringe pointing upwards. 

 

 

Figure 2.2 Anatomy of the murine knee. Frontal view, showing the position of the patella and patellar ligament 

(A) or the femoral condyles and tibial plateau underneath (B). Site of IA injection is shown by the red dot. 
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2.4 Histology 

2.4.1 Decalcification, fixing 

Hind limbs were removed and cleaned from muscle tissue, keeping the synovium intact. 

All samples were fixed in 10% formalin for 1 h. Following fixation, samples were put in 

histological cassettes and decalcified in 10% EDTA in PBS, kept at 4% on a stirring plate 

for 2 weeks. The EDTA solution was changed every 3 days. 

2.4.2 Paraffin embedding 

When decalcified samples were flexible to the touch, they were dehydrated in an 

automated tissue processor (Leica ASP300S) and embedded in paraffin wax using the 

following protocol: 

- 70% ethanol 1 h 

- 90% ethanol 1 h 

- 100% ethanol 1 h (x3) 

- Xylene 1 h (x3) 

- Melted paraffin wax 1 h (x3) 

5 µm-thick sections were made using the Leica RM2235 microtome and mounted on 

microscope slides (SuperFrost, Thermo Fisher Scientific). 

2.4.3 Safranin-O/Fast Green staining 

Paraffin-embedded sections were deparaffinised and re-hydrated by manually immersing 

slides in: 

- 100% xylene 5 min (x2) 

- 100% ethanol 2 min 

- 95% ethanol 2 min 

- 70% ethanol 2 min 

- Distilled water 
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Sections were stained utilising 0.02% Fast Green (Sigma-Aldrich) for 4 min, acetic acid for 

3 seconds and 0.1% Safranin-O (Sigma-Aldrich) for 6 min. Following dehydration, 

sections were mounted with DPX (Sigma-Aldrich). Images were acquired using the 

inverted phase contrast microscope Olympus CKX41. 

 

2.5 Flow cytometry 

2.5.1 Flow cytometric analysis 

For fluorescence-activated flow cytometry (FACS), 1x105 cells/sample were used (unless 

stated otherwise). All samples were centrifuged for 5 min at 400 x g (unless stated 

otherwise) and re-suspended in FACS buffer (Table 2.7) twice. Samples were then re-

suspended in antibody-containing FACS buffer and left incubating at 4 ˚C in the dark for 

30 min. After staining, cells were washed twice in FACS buffer, filtered through a 22 µm 

cell strainer and re-suspended to a final concentration of 1x106 cells/ml in 5 ml FACS 

tubes (unless stated otherwise). When using a viability dye (DRAQ7, Abcam or SYTOX, 

Thermo Fisher Scientific), this was added prior to analysis and allowed to incubate for 2 

min in the dark for staining. Samples were analysed on a FACS Canto A or FACS Canto 

II (BD Biosciences) using FACS Diva software (BD Biosciences). For multi-colour flow 

cytometry, compensation and gate settings were generated using single stain and 

fluorescence minus one (FMO) controls. For one-color flow cytometry, isotype controls 

were used. Data files were processed using FlowJo (Tree Star Inc.). 

2.5.2 Cell sorting 

For cell sorting, cells were prepared as for flow cytometric analysis, but using a specific 

FACS sort buffer (Table 2.8). Knee digest suspensions were placed in 1 ml of buffer. 

Controls for the gating settings included a non-injected knee digest and a knee digest 

spiked with 1x105 GFP+ MSCs. DRAQ7 viability dye was used to gate out dead cells. The 

4-way purity sort mode was used, which discards droplets that might contain live GFP- 

cells. Receiving tubes were pre-coated with FBS and filled with 1 ml of MSC culture 

medium (Table 2.1).  
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2.5.3 Assessment of flow cytometry sensitivity 

To ensure that low numbers of GFP+ events could be detected by FACS, decreasing 

amounts of cultured cells were spiked in knee cell suspensions. GFP+ MSCs were 

trypsinized and counted as described in Section 2.1.2. Whole knees of C57BL/6 mice were 

digested as described in Section 2.3.5 and cells were counted. 2x105 mouse knee cells, 

suspended in 100 µl of FACS buffer, were spiked with different amounts of MSCs. 

DRAQ7 was used at the concentration of 1 µl/ml; samples were analysed using the BD 

FACS Canto II. 

2.5.4 Effect of needle size on cell viability 

In order to test if the size of the needle affects cell viability, 1x105 MSCs were re-suspended 

in 150 µl of FACS buffer and flushed 3 times through needles of different sizes -ranging 

from 18 G to 30 G. Cell suspensions were then stained with DRAQ7 viability dye in a 

FACS tube and analysed using a BD FACS Canto A. 

2.5.5 Surface marker characterisation 

The presence of cell surface markers characteristic of MSCs or haematopoietic/myeloid 

lineages was quantified by flow cytometry, using the antibodies listed in Table 2.9. Isotype 

controls (Table 2.10) were used to differentiate non-specific background signal. All cells 

were harvested at ~80% confluence and processed for flow cytometry in Section 2.5.1. 

The FACS Canto A was used for sample analysis. 

2.5.6 Annexin V/ SYTOX staining 

To detect phosphatidylserine (PS) sites exposed on the outer membrane layer, the annexin 

V (AxV) apoptosis detection kit APC (Affymetrix, Bio-Sciences 88-8007-72) was 

employed as per manufacturer’s instructions. Briefly, cells were washed once in PBS and 

once in binding buffer diluted 1:10 in distilled water. Then, 1x105 cells/FACS tube were 

re-suspended in 100 µl of binding buffer with 2.5 µl of AxV and incubated 15 min at RT. 

After staining, MSCs were washed with binding buffer and then re-suspended in 100 µl of 

binding buffer with 2.5 µl of SYTOX blue. Samples were analysed using the BD FACS 

Canto II. Single stain samples were used to set up gates on the FACS Diva software. 
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2.6 Immune modulation assays  

2.6.1 Isolation of murine splenocytes 

Spleens were obtained from 8-10-week-old C57BL/6 mice. The organ was placed in PBS 

and a single cell suspension was created by pushing it through a 22 µm cell strainer using 

a 10 ml syringe plunger. Cells were then centrifuged at 800 x g for 5 min and supernatant 

was discarded. In order to eliminate red blood cells, the pellet was resuspended in 1 ml of 

ACK lysis buffer (Sigma-Aldrich) and incubated for 5 min at 4 ˚C in the dark. The lysis 

buffer was then neutralised by adding 5 ml of PBS and cells were spun again. The pellet 

was resuspended in PBS and cells were counted using a haemocytometer. 

2.6.2 Splenocyte co-culture 

Splenocytes were re-suspended at the concentration of 10x106 cells/ml. Cell Trace Violet 

(CTV, Invitrogen, Thermo Fisher Scientific) was added at the concentration of 1 µl/ml 

and incubated for 20 min at RT in the dark. CTV was neutralised by adding 5 times the 

volume of T cell medium (Table 2.11) for 5 min, then cells were spun. Cells to be activated 

were re-suspended at the concentration of 1x106 cells/ml and the soluble antibodies anti-

CD3e (eBiosciences 16-0031-85) and anti-CD28 (eBiosciences 16-0281-85) were added 

(0.1 µl/ml, as optimised in Section 4.2.3). 1x105 cells were seeded in 100 µl in each well of 

a U-bottom 96-well plate. MSCs were seeded over the lymphocytes at different ratios (see 

Section 4.2.3) in 100 µl of MSC medium. After 3 days (optimised in Section 4.2.3), 

splenocytes were collected and stained for flow cytometric analysis using the antibodies 

listed in Table 2.12. Prior to analysis, 1 µl of viability dye DRAQ7 was added to each well. 

2.6.3 L929-CM 

The murine fibroblast cell line L929 (ATCC no. CCL-1) was used as a source of 

macrophage colony-stimulating factor (M-CSF) (198). The cell line was purchased from 

ATCC (Manassas, Virginia, USA) and seeded at the concentration of 1x106 cells in each 

T175 flask with L929 medium as detailed in Table 2.13. Medium was replaced once cells 

reached confluence after about 2 days. CM containing M-CSF was collected at day 4 and 
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cells were removed by centrifugation at 400 x g for 5 min. CM was stored at -20 °C until 

use. 

2.6.4 In vitro generation of macrophages 

Macrophages were derived by differentiation of whole bone marrow with M-CSF derived 

from L929-CM, as previously described (199). Briefly, femurs and tibias were obtained 

from 6-8-week-old C57BL/6 mice. Epiphyses were cut and bone marrow was flushed 

with RPMI-1640 (Gibco, Thermo Fisher Scientific) using a 2 ml syringe with a 26 G 

needle. Cells were filtered through a 22 µm cell strainer and centrifuged at 500 x g for 5 

min. In order to eliminate red blood cells, the pellet was re-suspended in 1 ml of ACK 

lysis buffer and incubated for 5 min at 4 ˚C in the dark. The lysis buffer was then 

neutralised by adding 5 ml of RPMI-1640 and cells were centrifuged again. The pellet was 

re-suspended in bone marrow-derived macrophage (BMDM) medium (Table 2.14) and 

cells were counted using a haemocytometer. Bone marrow cells were plated in 6-well plates 

at the concentration of 3x105/well with BMDM medium, containing M-CSF for 

differentiation with medium changes performed every 2-3 days. After 6 days, cells were 

collected by gently scraping and counted. Differentiation was confirmed by flow 

cytometry using the antibodies in Table 2.15. 

2.6.5 Suppression of macrophage activation 

Differentiated BMDMs were primed with IFN-γ (Peprotech, 20 ng/ml) and seeded in 24-

well plates at the concentration of 2x105/well. The following day, cells were stimulated 

with LPS (Sigma-Aldrich, 10 ng/ml, as optimised in Section 4.2.4) and treated with 50% 

MSC-CM. After 4h (time optimised in Section 4.2.4), medium was collected for enzyme-

linked immunosorbent assay (ELISA) and cells were harvested by gently scraping the plate 

and stained for flow cytometry, as described in Section 2.5.1 (antibodies used are listed in 

Table 2.15). 
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2.6.6 Cytokine quantification 

Commercially available ELISA kits were used to determine the concentration of soluble 

cytokines in MSC, T cell and BMDM culture media, as per the manufacturer’s instructions. 

For IL-10, IL-12 p70 and TNF-α, DuoSet ELISAs (R&D systems DY417, DY419 and 

DY410) were used with slight modifications to the manufacturer’s protocol. In brief, 96-

well flat-bottom plates were coated with 50 µl of rat anti-mouse IL-10/IL-12 p70/TNF-

α capture antibody (Table 2.16), diluted in PBS, and incubated overnight at RT. Wells were 

washed 3 times with wash buffer (0.05% Tween-20 (Sigma-Aldrich) in PBS) and blocked 

with 150 µl of reagent diluent (1% bovine serum albumin (BSA, Sigma-Aldrich) in PBS), 

for 1 h at RT. After blocking, plates were washed 3 times and 50 µl of sample or standard 

was added for 2 h at RT. Following sample incubation, plates were washed 3 times and 50 

µl of biotinylated goat anti-mouse IL-10/IL-12 p70/TNF-α detection antibody diluted in 

reagent diluent was added (Table 2.16). After a 2 h incubation, plates were washed 3 times 

and 50 µl of streptavidin-horseradish peroxidase diluted 1:200 in reagent diluent was 

added. Plates were incubated for 20 min, followed by 3 washes and the addition of 50 µl 

of TMB/E substrate solution (Merck Millipore) for an additional 20 min. 25 µl of stop 

solution (2N H2SO4) were added to each well, and optical density was determined using a 

Wallac 1420 Victor 3 plate reader set to 540/450 nm. Reagent diluent was used as blank. 

For PGE2 quantification, the Parameter assay kit (R&D systems KGE004) was used. 

Briefly, 100 µl of standard or sample (diluted 1:3) was added to each well of the pre-coated 

plate provided. Then, 50 µl of the primary antibody solution and 50 µl of PGE2 conjugate 

were added to each well. After 2 h incubation at RT on a horizontal orbital microplate 

shaker, each well was washed 3 times with 400 µl of wash buffer and 200 µl of substrate 

solution was added to each well. After incubating for 30 min at RT, 50 µl of stop solution 

was added to each well, and optical density was determined using a Wallac 1420 Victor 3 

plate reader set to 540/450 nm. Reagent diluent was used as blank. 

For data analysis, the 540 nm readings were divided by the 450 nm readings and the blank 

value was subtracted from all readings. A linear curve was generated using the known 
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standard concentrations and the sample measurements were interpolated using the linear 

equation obtained. 

2.6.7 Nitric oxide quantification 

The amount of NO present in cell culture supernatants was measured by the Griess assay 

as previously described (200). Briefly, 50 µl of Griess reagent (Table 2.17 Griess reagent) was 

added to 50 µl of sample or standard (sodium nitrite, NaNO2, 1000 to 15.625 µM in culture 

medium) in a 96-well flat-bottom plate and incubated for 10 min at RT in the dark. Optical 

density was determined using a Wallac 1420 Victor 3 plate reader set to 540 nm. 

 

2.7 Apoptosis and necrosis 

2.7.8 Apoptosis induction/inhibition 

Different reagents were tested for their capacity to induce apoptosis of MSCs. All the 

drugs tested are lipophilic and were thus dissolved in dimethyl sulfoxide (DMSO, Sigma-

Aldrich). Because mixing DMSO with aqueous solutions causes an exothermic reaction 

that can be harmful to the cells, each stock solution was added to the medium prior to 

feeding the cells. MSCs were plated in 6-well plates at a density of 1x105 cells/well and left 

to attach overnight. The next day, the medium was removed and replaced with drug-

containing MSC media (concentrations are given in Table 2.18). Cells were harvested after 

6, 24 or 48 h. In some experiments, the wells were washed after 6 h with MSC medium to 

remove the apoptotic stimulus and cells were supplemented with fresh medium. For 

apoptosis inhibition, cells were pre-treated for 1 h with Q-VD-OPh at the concentration 

of 5 or 25 µM (Table 2.18) 

Cells were harvested using trypsin as described in Section 2.1.2, with one variation: as dead 

cells are found floating in the medium, supernatants were collected and pooled with the 

trypsinized cells. All samples were centrifuged at 800 x g to collect cell debris, then were 

processed for flow cytometry, as described in Section 2.5.1, or used in co-culture 

experiments. 
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2.7.9 Necrosis induction 

To induce necrosis, MSCs were harvested as described in Section 2.1.2 and re-suspended 

in PBS in a 1.5 ml tube at the concentration of 1x106 cells/ml. Tubes were placed in a 

heated water bath at 90 °C for 5 min and then immediately placed on ice. Necrotic MSCs 

were stained with AxV/SYTOX or used for co-culture experiments. 

 

2.8 Statistical analysis 

Statistical analysis was performed utilising GraphPad Prism version 5. Significance was 

assessed using one-way or two-way ANOVA followed by Tukey test. Error bars represent 

the mean ± standard error of the mean (SEM). p-values ≤0.05 were considered statistically 

significant. Statistical significance was assessed where sample number n≤3, considered as 

biological replicates (different donor). Where biological replicates were not available 

(n=1), mean±SEM of technical triplicates is shown, without statistical analysis.  
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Table 2.1 MSC medium 

Component Final concentration 

Alpha Minimum Essential Medium (α-

MEM, Gibco, Thermo Fisher Scientific) 
 

P/S (100 U/ml penicillin and 100 µg/ml 

streptomycin) 
1% 

Foetal bovine serum (FBS, Sigma-

Aldrich) 
10% 

 

Table 2.2 Adipogenic Induction Medium 

Component Final concentration 

Dulbecco's Modified Eagle Medium, 

High Glucose (DMEM-HG, Gibco) 
 

FBS 10% 

Insulin (Roche) 10 µg/ml 

Dexamethasone (Sigma-Aldrich) 1 µM 

Indomethacin (Sigma-Aldrich) 200 µM 

3-Isobutyl-1-Methyl-Xanthine (IBMX, 

Sigma-Aldrich) 
500 µM 

P/S 1% 
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Table 2.3 Adipogenic Maintainance Medium 

Component Final concentration 

DMEM-HG  

FBS 10% 

Insulin 10 µg/ml 

P/S 1% 

 

Table 2.4 Osteoblastic Differentiation Medium 

Component Final concentration 

Dulbecco's Modified Eagle Medium, Low 

Glucose (DMEM-LG, Gibco) 
 

FBS 10% 

Dexamethasone 100 nM 

Ascorbic acid 2-P (Sigma-Aldrich) 50 µM 

β-glycerophosphate (Sigma-Aldrich) 20 mM 

L-thyroxine (Sigma-Aldrich) 50 ng/ml 

L-glutamine (Sigma-Aldrich) 2 mM 

P/S 1% 
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Table 2.5 Incomplete Chondrogenic Medium (ICM) 

Component Final concentration 

DMEM-HG  

Dexamethasone 100 nM 

Ascorbic acid 2-P 50 µg/ml  

L-proline (Sigma-Aldrich) 40 µg/ml 

ITS+ supplement (BD Bioscience) 6.25 µg/ml 

Sodium pyruvate (Sigma-Aldrich) 1 mM 

P/S 1% 

 

Table 2.6 Complete Chondrogenic Medium (CCM) 

Component Final concentration 

DMEM-HG  

Dexamethasone 100 nM 

Ascorbic acid 2-P 50 µg/ml  

L-proline 40 µg/ml 

ITS+ supplement (BD Bioscience) 6.25 µg/ml 

Sodium pyruvate 1 mM 

TGFβ-3 (Peprotech Inc.) 10 ng/ml 

BMP-2 (Peprotech Inc.) 100 ng/ml 

P/S 1% 
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Table 2.7 FACS buffer 

Component Final concentration 

(PBS, Gibco, Thermo Fisher Scientific)  

FBS 2% 

Sodium azide (NaN3, Sigma-Aldrich) 0.05% 

 

Table 2.8 FACS Sort buffer 

Component Final concentration 

PBS  

FBS 1% 

EDTA 2 mM 

HEPES 1 M (Sigma-Aldrich) 25 mM 
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Table 2.9 Antibodies used in surface marker characterisation 

Receptor Isotype Clone 
Fluoro-

chrome 
Supplier 

Volume 

/tube 

CD105 Rat IgG2a, κ MJ7/18 PE 
BioLegend 

(120413) 
1 µl 

CD106 Rat IgG2a, κ 
429 

(MVCAM.A) 
PE 

BioLegend 

(105713) 
1 µl 

CD140b Rat IgG2a, κ APB5 PE 
eBioscience 

(17-1402-80) 
1 µl 

CD146 Rat IgG2a ME-9F1 APC 
BioLegend 

(134703) 
1 µl 

CD29 
Armenian 

hamster IgG 

eBioHMb1-1 

(HMb1-1) 
PE 

eBioscience 

(17-0291-80) 
1 µl 

CD44 Rat IgG2b, κ IM7 PE 
BioLegend 

(103007) 
1 µl 

CD90.2 Rat IgG2a, κ 53-2.1 PE 

BD 

Pharmingen 

(553005) 

1 µl 

Ly-6A/E 

(Sca-1) 
Rat IgG2a, κ E13-161.7 PE 

BioLegend 

(122511) 
1 µl 

CD11b Rat IgG2b, κ M1/70 PE 

BD 

Pharmingen 

(557397) 

1 µl 

CD34 Rat IgG2a, κ RAM34 
Alexa 

Fluor 647 

BD 

Pharmingen 

(560233) 

1 µl 

CD45 Rat IgG2b, κ 30-F11 PE 

BD 

Pharmingen 

(553081) 

1 µl 
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Table 2.10 Isotype controls used in surface marker characterisation 

Receptor Isotype Clone 
Fluoro-

chrome 
Supplier 

Volume 

/tube 

Isotype 

control 
Rat IgG2a, κ RTK2758 APC 

BioLegend 

(400511) 
1 µl 

Isotype 

control 
Rat IgG2a, κ RTK2758 PE 

BioLegend 

(400507) 
1 µl 

Isotype 

control 
Rat IgG2b, κ RTK4530 APC 

BioLegend 

(400611) 
1 µl 

Isotype 

control 
Rat IgG2b, κ RTK4530 PE 

BioLegend 

(400607) 
1 µl 

Isotype 

control 
Rat IgG2a, κ RTK2758 

Alexa 

Fluor 647 

BioLegend 

(400526) 
1 µl 

Isotype 

control 

Armenian 

hamster IgG 
HTK888 PE 

BioLegend 

(400907) 
1 µl 

 

Table 2.11 T cell medium 

Component Final concentration 

DMEM-HG  

Heat-inactivated (56 °C, 30min) FBS 10% 

L-glutamine 2 mM 

HEPES 1 M (Sigma-Aldrich) 10 mM 

Non-essential amino acids (Sigma-Aldrich) 0.1% 

2-β-Mercaptoethanol (Sigma-Aldrich) 50 µM 

P/S 1% 
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Table 2.12 Antibodies used in T cell co-culture analysis 

Receptor Fluorochrome Clone Supplier Volume/tube 

CD4 PerCP/Cy5.5 RM4-5 
BioLegend 

(100540) 
0.05 µl 

CD8 APC 53-6.7 
BioLegend 

(100712) 
0.025 µl 

CD25 PE PC61 
BioLegend 

(102008) 
1 µl 

 

Table 2.13 L929 medium 

Component Final concentration 

DMEM-HG (Sigma-Aldrich)  

Heat-inactivated (56 °C, 30 min) FBS 10% 

P/S 1% 

 

Table 2.14 BMDM medium 

Component Final concentration 

RPMI-1640  

L929-CM 15% 

Heat-inactivated (56 °C, 30 min) FBS 10% 

L-glutamine 2 mM 

Non-essential amino acids 0.1% 

Sodium pyruvate 1 mM 

2-β-Mercaptoethanol 50 µM 

P/S 1% 
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Table 2.15 Antibodies used for macrophage characterisation 

Receptor Isotype 
Fluoro-

chrome 
Clone Supplier 

Volume

/tube 

CD11b Rat IgG2b, κ PE M1/70 
BD Pharmingen 

(557397) 
1 µl 

Isotype Ctrl Rat IgG2b, κ PE A95-1 
BD Pharmingen 

(553989) 
1 µl 

CD45.2 
Mouse IgG2a, 

κ 
APC 104 

BioLegend 

(109813) 
1 µl 

Isotype Ctrl 
Mouse IgG2a, 

κ 
APC MOPC-173 

BioLegend 

(400221) 
1 µl 

F4/80 Rat IgG2a, κ PE/Cy7 BM8 
BioLegend 

(123113) 
1 µl 

Isotype Ctrl Rat IgG2a, κ PE/Cy7 RTK2758 
BioLegend 

(400521) 
1 µl 

CD206 Rat IgG2a, κ 
Brilliant 

Violet 421 
C068C2 

BioLegend 

(141717) 
1 µl 

CD86 Rat IgG2a, κ 
Brilliant 

Violet 510 
GL-1 

BioLegend 

(105039) 
1 µl 

F4/80 Rat IgG2a, κ APC BM8 
BioLegend 

(123115) 
1 µl 

I-A/I-E 

(MHC-II) 
Rat IgG2b, κ PE M5/114.15.2 

BioLegend 

(107607) 
1 µl 

  



Materials and Methods 

 

 45 

Table 2.16 Working concentrations of ELISA kits 

 Capture antibody Detection antibody 
Standard (highest 

point) 

IL-10 4 µg/ml 150 ng/ml 2 ng/ml 

IL-12 p70 4 µg/ml 400 ng/ml 2.5 ng/ml 

TNF- α 800 ng/ml 74 ng/ml 2 ng/ml 

 

Table 2.17 Griess reagent 

Component Final concentration 

H2O  

Sulphanilamide 1% 

Naphthylethylene diamine 0.1% 

Phosphoric acid (H3PO4) 5% 

 

Table 2.18 Apoptosis inducers and inhibitors 

Molecule 
Supplier 

 

Stock 

concentration 

Working 

concentration 

Dimethyl sulfoxide 

(DMSO) 

Sigma-Aldrich 

(D8418) 
N/A 5-20% 

Camptothecin 

(CPT) 

Sigma-Aldrich 

(C99110) 
10 mM 1-10 µM 

Staurosporine 

(STS) 

Sigma-Aldrich 

(S5921) 
1 mM 0.025-0.5 µM 

Q-VD-OPh 

hydrate 

Sigma-Aldrich 

(SML0063) 
40 mM 5-25 µM 
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3.1 Introduction  

In 2003, Murphy et al. demonstrated the feasibility and therapeutic potential of a scaffold-

free approach for the IA administration of MSCs in a caprine model of OA. The seminal 

paper opened up a new field and was followed by many pre-clinical studies in the following 

decade (reviewed in (201)). The procedure is currently being validated for use in human 

OA, through the consortium ADIPOA (91) and, more recently, ADIPOA-2 (202). 

Despite increasing evidence for the therapeutic potential of IA-delivered MSCs, efforts to 

track the fate of the cells in vivo have been limited so far. This deficit applies to both OA 

and normal joints. 

In the limited literature available, a common approach to in vivo tracking is to label MSCs 

with fluorescent or magnetic agents prior to injection into the mouse knee (203-205). Cells 

were detected in the synovium up to 8 weeks, although survival is consistently minimal 

after the first days. Similar results were obtained in different animal models including rats 

(206), dogs (207), rabbits (208) and pigs (209). One possible reason for poor survival rates 

is that detected cells were engulfed by the hosts’ immune cells. Moreover, the presence of 

exogenous labels is known to negatively affect both cell viability and migration, due to 

interference with the actin cytoskeleton (210). 

Toupet et al. attempted to quantify the survival of human ASCs at different times post-

IA-administration in nude mouse joints (110). Human cells were detected via Alu DNA 

sequences, which were compared to a standard curve obtained by qPCR. One month post-

injection, 13% of the administered cells were detectable in the joints, with 1.3% still 

present after 6 months. Although the presence of human cells at day 28 was confirmed by 

fluorescence in situ hybridization (FISH) analysis, it is not possible to estimate the exact 

contribution of DNA fragments from dead/phagocytosed cells to the final quantification. 

When the same approach was applied to immunocompetent mice, amplified Alu 

sequences were detectable up to 10 days post-administration, although only in 30% of 

mice sacrificed (160). Interestingly, similar levels of engraftment were observed in CIOA 

and healthy animals. As histologic analysis was not performed, it is not possible to exclude 

phagocytosis of the ASCs by the host’s immune cells. Using the same strategy, Shim et al. 



Administration and Retrieval of Mesenchymal Stem Cells in a Murine Knee Joint 

 

 48 

also reported the quantity of human MSCs dropping significantly from 8 h to 72 h post-

IA injection (211). 

Using an endogenous species-specific biomarker circumvents the necessity for labelling 

procedures which may alter the behaviour of the implanted cells. However, the greater 

size of human MSCs causes dramatic changes in the dynamics of the cells in vivo. In fact, 

it is widely documented that human MSCs after intravenous (IV) infusion in mouse rapidly 

embolise in the lungs and disappear within 24 h by apoptosis (99, 212, 213). 

A key aspect when designing a cell therapy study is the cell dosage. Currently there is no 

general agreement over the number of cells injectable in the knee cavity. Injection volumes 

reported in literature vary within the range of 5-10 µl. Cell dosages, instead, are chosen 

arbitrarily, with differences of two orders of magnitude. For murine MSCs dosages of 

1x104 (203, 214), 2x104 (88), 1x105 (215), 3x105 (204), 5x105 (205) and 1x106 (216) were 

reported. Ter Huurne et al. calculated the given dose (2x104 cells/joint), based on the 

number of cells per kg of body weight that would be used in a clinical trial in OA patients 

(5x106 cells/joint) (88). However, recent data from the ADIPOA phase I trial suggest that 

‘less is more’, as observed after administering 1, 10 or 50 million cells/joint: patients 

treated with the lowest dosage had significant improvements in pain levels and function 

(91). 

Tracking survival of cells at the site of administration is just one aspect of monitoring their 

behaviour in the host. To move forward in the development of cell therapies or cell-

derived products, the genotype and phenotype of the cells must be compared before and 

after their delivery. This involves the crucial step of retrieving MSCs so they can be 

expanded in culture and re-characterised. As this sort of procedure represents a gap in 

current research, it is the scope of this study to optimise a protocol for the administration 

and retrieval of viable MSCs using a murine knee joint model. 
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3.2 Results 

3.2.1 Optimisation of knee joint digestion 

Initially, whole mouse knees were dissected and digested with two different collagenase 

types, at a concentration of 1 mg/ml. Cell suspensions were collected at each time point 

and cells counted using a haemocytometer. As shown in Figure 3.1, Collagenase Type 1 

(Coll. Type I) was more efficient than Collagenase D (Coll. D) at yielding single cells at all 

time points. The cell count for Coll. Type I dramatically increased from 3 to 6 h, slightly 

decreasing after, possibly because of cell death induced by the time in culture or exposure 

to the collagenase. 

 

 

Figure 3.1 Optimization of digestion time. Each knee joint was digested with Collagenase Type I or Collagenase 

D for 3, 6, 12 or 24 hours. Cells were counted at the end of each time point. Mean+SEM (n=2). 
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Mouse knees were then digested with the same enzymes, plus a combination of the two 

and a higher concentration of 2 mg/ml was included in the experiment. At each time 

point, cells were counted and the joint was placed in fresh enzyme solution. Dead cells 

were also counted at each time point using Trypan Blue (0.4%). Cell counts were summed 

at subsequent time points. As shown in Figure 3.2, the 3 digestion solutions were equally 

effective in degrading ECM, with no significant differences at each concentration or time 

point tested. Both live and dead cell counts increased steadily. Cell toxicity was also similar 

between the three digestion solutions, with the combination of collagenases at 2 mg/ml 

having the highest mortality rate after 9 h. All enzymes at 2 mg/ml were considered to 

digest sufficient cells at 6 h and exposure to Coll. Type I at this time point resulted in 

slightly lower numbers of dead cells, although not significantly. 

 

 

Figure 3.2 Optimization of digestion time and collagenase concentration. Each knee joint was digested with 

Collagenase Type I, Collagenase D or a combination of the two. Cells were counted at each time point. Cell counts 

at each time point were summed with the previous time point data. Dead cells were counted using Trypan Blue and 

presented as % total cell count. Mean+SEM (n=4). 
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3.2.2 Optimisation of MSC retrieval via flow cytometry 

DRAQ7 was used to discriminate live and dead MSCs via flow cytometric analysis. 

DRAQ7 is a nuclear dye that selectively penetrates membrane-compromised cells, 

allowing the gating of dead or permeabilized cells. In order to titrate the optimal quantity 

of viability dye for the cell type used, increasing volumes were added to 100 µl of a 50:50 

live/dead MSC mix. As shown in Figure 3.3, saturation was reached at 0.1 µl/100 µl. At 

higher concentrations overstaining was observed, with APC-Cy7- (live) events increasing 

in intensity. 0.1 µl were used in successive experiments, represented in Figure 3.4 and 

Figure 3.5. 

 

 

Figure 3.3 Titration of DRAQ7 cell viability dye. Doublets were excluded by gating (A). 50:50 live/dead cells 

suspended in 100 µl of FACS buffer were stained with increasing volumes of dye. Concatenation of APC-Cy7 

channel (B). 
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Figure 3.4 Gating strategy for detection of GFP+ MSCs. Cellular debris was excluded with a scatter plot (cells). 

Doublets were excluded using the pulse geometry gate (single cells). Dead cells were excluded by DRAQ7 cell 

viability dye, as compared to a negative control (live cells). GFP+ MSCs were identified by green fluorescence intensity, 

as compared to a negative control (GFP-). 

 

To test whether fluorescent MSCs could be detected by flow cytometry, even in small 

amounts, identical samples of mouse knee digest were spiked with decreasing quantities 

of GFP+ MSCs. Gating was performed as in Figure 3.4 and only live, GFP+ MSCs were 

plotted in Figure 3.5. As expected, the percentage of fluorescent events recorded 

decreased when less cells were present in the sample. However, MSCs were detectable 

even when only 125 cells were spiked in the tube, confirming the sensitivity of the flow 

cytometer in detecting single events in the sample. 
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Figure 3.5 Sensitivity of FACS detection. Decreasing amounts of GFP+ MSCs were spiked in knee digest samples, 

all containing 2x105 cells. Gating was performed as shown in Figure 3.4. First, dead cells were eliminated by 

DRAQ7 staining, then doublets were excluded. Finally, GFP+ cells were identified as a separate population based 

on green fluorescence intensity. The percentage of fluorescent events recorded was compared to the percentage of cells 

spiked in the tube. 

 

3.2.3 Optimisation of MSC administration 

During the in vivo administration of MSCs, before reaching the synovial capsule, MSCs 

undergo a series of passages that could affect their viability. The passage through the 

syringe needle was identified as the key step which might damage the delivered cells. In 

order to assess this effect, 1x105 MSCs were flushed 3 times through different size needles 

and stained with DRAQ7 viability dye. As shown in Figure 3.6, only doublets were 

excluded by gating. Percentage of live MSCs was plotted against a control sample that was 

not processed through a needle. As samples did not show significant differences, the size 

of the needle used was not deemed to affect the viability of the cells. 
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Figure 3.6 Effect of needle size on cell viability. 1x105 MSCs in 100 µl of medium were flushed 3 times through 

needles of different sizes and stained with DRAQ7. Doublets were excluded and viable cells quantified as 

DRAQ7+, compared to a non-stained control (A). Percentage of live cells (A). Mean+SEM (n=2). 

 

To test if long digestion times are detrimental to the retrieval of injected MSCs, 2x105 cells 

were administered bilaterally in two animals. The four knees were digested for varying 

times as described in Section 2.3.5. The so-obtained cell suspension was collected at 15 

min, 30 min, 1 h, 3 h and 6 h (Figure 3.7). The digestion solution was replaced every time 

with fresh solution. At each time point, more GFP+ cells were released from the matrix, 

suggesting that administered MSCs were integrated in multiple layers of the digested tissue. 
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Figure 3.7 Collagenase digestion of knees, 6 h or 3 days after administration of 2x105 cells. Knee joints were 

digested with Coll. Type I. The digestion solution was replaced at each time point and cell suspensions were analysed 

by flow cytometry. Cell counts of each time point were summed to the previous. The mean with individual data points 

is shown (n=4). 

 

Next, the integration and survival of GFP+ MSCs over time was evaluated. 2x104 MSCs 

were IA-delivered into the knees of healthy C57BL/6 mice. Animals were sacrificed at 1, 

3 or 7 days and whole knees processed as detailed in Section 2.3.5. Figure 3.8 depicts the 

percentage of GFP+ events in the whole knee digest. A small number of fluorescent events 

was detected in the negative control, indicating autofluorescence, possibly emitted by dead 

cells. The low-level background partly overlaps with the lowest points of the 3- and 7-day 

samples, indicating most probably a failed injection. The data was not excluded to account 

for the intrinsic variability of the technique. Overall, the data shows a higher presence of 

live cells 3 days post-injection, suggesting that MSCs might integrate or loosely adhere to 

the local tissues. 

One knee from each group was fixed and processed for histology as per Section 2.4.1. 

Sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) nuclear dye to 

show all cell nuclei. Donor MSCs were visible due to the fluorescence generated by GFP. 

Although a systematic quantification was not performed, the highest integration rate was 

seen at 3 days post-MSC-administration. However, fluorescent entities were scarce in 

individual sections. Figure 3.9 shows representative images from the 3-day sample. As 

shown in A and B, fluorescent events were found most commonly along the synovial 
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membrane. Bundles of fluorescent cells were observed across the frontal ligament, 

possibly along the injection trajectory (Figure 3.9B, C). 

In the same fashion, the optimal dose of MSCs/knee joint was assessed by administering 

different concentrations of cells for 3 days (Figure 3.10). Again, significance was not 

observed due to high variability within each time point. However, a clear trend was visible, 

with greater yields obtained at higher amounts of cells injected. The highest dosage, despite 

yielding more cells, was discounted as the cell suspension was too concentrated to handle. 

 

 

 

Figure 3.8 Time-dependent yield of MSCs. 2x105 GFP+ MSCs were administered in murine knees (randomized). 

Knee joints were digested with Coll. Type I for 3+3h and cell suspensions were analysed by flow cytometry. Individual 

values and mean are shown (n=3).  
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Figure 3.9 Histologic imaging of murine knees 3 days after IA injection of a single dose of 2x104 GFP+ MSCs. 

Host cells were visualized with DAPI nuclear staining (blue), Administered MSCs express GFP (green). Cells 

were found adhered to the synovial membrane (A, B) and on the ligament, next to the injection site (C, D). Scale 

bars represent 70 µm (A and B) and 140 µm (C and D). 
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Figure 3.10 Effect of cell dose on yield. MSCs were administered at different doses in murine knees (randomized) 

and retrieved after 3 days. Knee joints were digested with Coll. Type I for 3+3h and cell suspensions were detected 

by flow cytometry. Individual values and mean are shown (n=3). 

 

3.2.4 Retrieval and characterisation of MSCs 

As the procedure for administration and retrieval of MSCs was optimised and established 

via flow cytometry, the feasibility of cell sorting was tested on four syngeneic animals with 

no OA. Briefly, GFP+ MSCs were IA-administered unilaterally at the concentration of 

2x105 cells/knee joint, for a total of 8x105 cells. 3 days after injection, all animals were 

sacrificed and whole knees were processed as described in Section 2.3.5. Each joint was 

digested using Collagenase Type I at the concentration of 1 mg/ml twice for 3 hours. Cell 

suspensions were processed through a high-speed cell sorter and the gating for the sorting 

channel was set as in Figure 3.11 to sort only GFP+ events. In total, 13,018 events passed 

through the sorting channel, accounting for 1.627% of the injected cells. An aliquot from 

the collection tube was used to estimate the purity of the sorting, using the same gating 

strategy. 80.2% of the sorted cells were detected to be GFP+ MSCs. 
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Figure 3.11 Cell sorting of IA-administered GFP+ MSCs. Cell debris was gated out from the scatter plot. Doublets 

were excluded and live cells selected as DRAQ7-. GFP+ MSCs were identified using a negative control and the 

gate was used for cell sorting (A). Sorted cells were analysed for purity using the same gating strategy (B). 

  

Sorted MSCs and cells isolated from non-injected knee digests were cultured in MSC 

medium. As shown in Figure 3.12, the knee digest contained a mixture of cells with 

different morphologies, none of which emitted fluorescence under UV excitation. 

Conversely, cells directed to the sorting channel consisted mainly of GFP+ MSCs. Colonies 

of non-fluorescent cells were rare and disappeared by day 10. FACS-sorted GFP+ MSCs 

proliferated until confluence. Morphological appearance, fluorescence (Figure 3.13) and 

proliferation rates (Figure 3.14) were comparable to normal cultured GFP+ MSCs. 

Clonogenicity was increased, as shown by the CFU-F assay in Figure 3.15. 
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Figure 3.12 Inverted microscope images of sorted cells cultured for 4, 7 and 10 days. 2 representative fields of view 

are shown for each monolayer. BF = bright field; Scale bar = 100µm. 
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Figure 3.13 Representative inverted microscopy images of cultured MSCs before (pre-IA) and after (post-IA) in 

vivo administration and FACS-sorting. Scale bar = 100µm. 

 

 

 

 

Figure 3.14 Proliferation rates of MSCs before (pre-IA) and after (post-IA) in vivo administration and FACS-
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Figure 3.15 Clonogeneicity of MSCs before (pre-IA) and after (post-IA) in vivo administration and FACS-

sorting. Mean±SEM (n=1, technical replicates). 

 

To evaluate whether the synovial environment induced meaningful changes in the 

phenotype of GFP+ MSCs, differentiation assays were performed. As shown in Figure 

3.16A, the osteogenic medium induced deposition of calcium in monolayers of both pre- 

and post-IA MSCs, indicating that the osteogenic potential was maintained. Interestingly, 

quantification of calcium showed a lesser increase for the post-IA than for the pre-IA 

MSCs (Figure 3.16B). Both pre- and post-IA MSCs showed formation of lipid droplets, 

with the latter ones being less mature and fully-formed (Figure 3.17A). However, the ORO 

semi-quantification showed a substantial increase for the post- but not the pre-IA MSCs 

(Figure 3.17B). 
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Figure 3.16 Osteogenic differentiation of retrieved MSCs. Alizarin Red Staining (A) and calcium quantification 

(B) of MSC monolayers in osteogenic differentiation medium. Before (pre-IA) and after (post-IA) in vivo 

administration and FACS-sorting. Mean±SEM (n=1, technical replicates). 

 

 

 

 

Figure 3.17 Adipogenic differentiation of retrieved MSCs. ORO staining (A) and semi-quantification (B) of MSC 

monolayers in adipogenic differentiation media. Before (pre-IA) and after (post-IA) in vivo administration and 

FACS-sorting. Mean±SEM (n=1, technical replicates). 
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Chondrogenic pellets were maintained for 21 days in medium containing TGFβ-3 and 

bone morphogenetic protein (BMP)-2 (CCM) or not (ICM). As shown in Figure 3.18A, 

both cell lines formed a bigger pellet in the presence of CCM medium. The result is 

confirmed by a dramatic increase in the amount of DNA, for both pre- and post-IA MSC 

pellets (Figure 3.18C). CCM pellets stained positively for Safranin-O, with proteoglycan 

production in the centre of the micromasses. The same result is seen in quantification of 

GAGs (Figure 3.18B). When normalised against the quantity of DNA (Figure 3.18), the 

chondrogenic potential appears to be higher for post- than for pre-IA MSC pellets. 

 

 

Figure 3.18 Chondrogenic differentiation of retrieved MSCs. Safranin-O (red) and Fast Green (green) of 

chondrogenic-differentiated pellets (A). Incomplete Chondrogenic Medum (ICM), Complete Chondrogenic Medium 

(CCM). Quantification of glycosaminoglycans (GAG) (B), DNA (C) and GAG/DNA ratio (D) for 

chondrogenic-differentiated pellets of MSCs, before (pre-IA) and after (post-IA) in vivo administration and FACS-

sorting. 
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3.3 Discussion 

Collagenase is typically used for the dissociation of single cells from the ECM. 

Commercially available collagenases actually contain a mixture of enzymes produced by 

Clostridium histolyticum, such as proteases, polysaccharidases, and lipases. While Collagenase 

D is used for the isolation of chondrocytes from articular cartilage (217-219), Collagenase 

Type I is often employed in the isolation of cells from softer tissues such as muscle (220), 

umbilical cord (221, 222) or fat (223, 224). As knee joints comprise a variety of tissue types 

like cartilage, tendon, muscle, fat and synovial membrane, we tested both collagenases plus 

a mixture of the two. The concentration of collagenase-based digestion solutions typically 

ranges between 0.2 to 3 mg/ml - we tested our enzymes at 1 and 2 mg/ml. In our hands, 

Collagenase Type I and Collagenase D did not show substantial differences in yield at any 

time point or concentration tested (Figure 3.1 and Figure 3.2). Cell yields increased steadily 

over the 3 h steps that were tested. Cell viability was also similar for the collagenases used, 

with the combination of collagenases at 2 mg/ml after 9 h showing the highest rate of 

dead cells (Figure 3.2). Digestion at 2 mg/ml for 6 h was judged to yield sufficient cells, 

with the enzyme type not being relevant. As Collagenase Type I showed slightly lower cell 

toxicity, it was chosen for all future experiments. However, the enzymes’ performances 

were comparable and differences were probably due to the intrinsic variability of the 

procedure. One possible limitation of using cell counts as an outcome is that it does not 

take into account which type of tissue was digested. However, our purpose is to free 

donor’s MSCs from the synovial capsule after a short time in vivo, and it is unlikely that 

those will be embedded in the ECM deeper than the first cell layer. 

As our final goal is to retrieve GFP+ MSCs from knee digests by FACS-coupled cell 

sorting, we tested the technical limitation of the technique in terms of resolution. Due to 

its sensitivity, flow cytometry is used clinically for detection of rare cell types such as 

circulating tumor cells (225, 226) or minimal residual disease (227, 228). Mouse knee 

digests were spiked with decreasing quantities of GFP+ MSCs, with the lowest level being 

125 MSCs in one whole knee digest. The aim was to evaluate whether we would be capable 

of detecting infrequent events in the total population. As showed in Figure 3.5, GFP+ 

events were detectable even at the lowest concentration. Virtually, the limit could have 



Administration and Retrieval of Mesenchymal Stem Cells in a Murine Knee Joint 

 

 66 

been lower, but quantities of MSCs smaller than 125 were not tested. However, our aim 

is not to precisely quantify the engraftment of MSCs, but rather to retrieve enough cells 

for expansion and characterisation. It is even possible that a fraction of the detected cells 

is made up of false negatives. Yet impurities will not survive in culture or will be 

distinguishable as non-fluorescent. 

Shear stress has been long known to be detrimental to cells (229). The passage of MSCs 

through a small-diameter needle could negatively affect their viability immediately after 

delivery. Research has been carried out on MSCs but, while cells maintained their cellular 

and functional properties in one study (230), some authors observed induction of 

apoptosis at decreasing gauges (231). When we flushed murine MSCs through needles of 

sizes between 18 G and 30 G, we did not observe any change in their viability (Figure 3.6). 

A few studies have attempted to track the engraftment of IA-administered MSCs. Most 

of these were based on fluorescent or magnetic labelling, performed on mouse (203-205) 

or other species (206-209). Another common approach is to inject human stem cells in 

mouse models and use Alu sequences to quantify the engraftment (110, 160). Independent 

of the disease model or the approach used, there is one consistent result among all the 

studies: of the administered cells, only a small percentage survives and it is likely that none 

or extremely low numbers are permanently integrated. 

To progress towards the retrieval of implanted cells, different cell dosages and times post-

injection were tested in order to obtain the highest retrieval yield possible. Firstly, 2x104 

GFP+ MSCs were administered bilaterally in two mice per group. Three knee joints were 

dissected and processed for MSC retrieval, while one was fixed and sectioned for 

histologic evaluation. Although GFP+ cells were detectable without immunohistochemical 

staining, green fluorescent events were extremely scarce at all time points tested, indicating 

a very low level of engraftment. Because of the high variability between the samples, flow 

cytometric quantification did not produce significant differences between the three time 

points. However, as shown in Figure 3.8, more cells were obtained 3 days after the IA 

injection. Histologic analysis confirmed the result, as most integrated GFP+ cells were 

observed in the animal sacrificed after 3 days (results not shown). Additionally, when 

sequentially digesting the same joints, more GFP+ cells were freed at each time (Figure 
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3.7). However, the administration is challenging and suffers from occasional failure. To 

compensate for this uncertainty, the sample number will be increased in the final study. 

Taken together, these results nevertheless suggest a certain degree of integration in the 

local tissues. Histologic images in Figure 3.9 show fluorescent signals on the inner side of 

the synovial capsule. This could either mean that MSCs preferentially adhere to the 

synovium, or that they are being mechanically pushed on the sides, away from the articular 

surfaces. Adherence to the synovium was reported in almost all the tracking studies for 

IA administration (203-206, 208). Bundles of fluorescent cells were also found across the 

ligament tissues, but we suspect that they may have leaked along the track of the needle 

injection. Interestingly, these results are consistent with data from ter Huurne et al. (88), 

where GFP-transfected ASCs were observed after 24 h in the cruciate ligaments and 

subintimal layers of the synovium. While we are showing fluorescent signal from the GFP+ 

cells, Ter Huurne et al. used an immunohistochemical approach – the similarity of the 

results further validates our approach. 

Using the 3-day time point, three different cell dosages were tested to maximise the 

number of cells retrieved. GFP+ MSCs (2x104, 2x105 and 5x05) were injected into the IA 

space of healthy mice. Again, significant difference was not observed between different 

doses, which highlights the intrinsic variability of the procedure. However, increasing 

yields were obtained at escalating cell dosages. The highest dosage created an overly-dense 

cell suspension which was troublesome to handle and generated even more uncertainty. 

2x105 cells were therefore selected for further experiments. This dosage is in the same 

order of magnitude of ter Huurne et al. (88) and also other studies on murine models (204, 

215). 

Applying conditions optimised for our model, we performed cell sorting on 4 mice with 

no OA, who had received bilateral injections of syngeneic MSCs. A total of 13,018 cells 

were obtained, which represented 1.627% of the total injected amount. Although cell 

sorting is not an ideal technique for quantitative analysis, the low percentage yielded 

reflects the scarce integration observed by histologic analysis. Similar observations were 

reported in other studies, although quantification was not attempted (203-205). Toupet et 

al., by injecting human ASCs, were able to quantify the percentage of cells retained in the 
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joint; 13% of the administered cells were found in the knee cavity of nude mice (110). 

When performing the same experiment on immunocompetent animals, the engraftment 

went down to 8%, suggesting involvement of the immune system in cell clearance (160). 

However, human MSCs behave differently from their murine counterpart and could be 

physically trapped in the joint or less subject to phagocytosis because of their greater size. 

In our case, a syngeneic transplantation model was used to reduce immune rejection. 

Nonetheless, some studies reported that eGFP could be immunogenic ((232)reviewed in 

(233)), which could partially account for the clearance from the joint. Moreover, extremely 

low engraftment of MSCs is not unique to IA delivery, but has been documented in other 

cell therapy strategies, such as local administration for myocardial infarction (234). 

Sorted MSCs were expanded in culture for two passages and characterised. As shown in 

Figure 3.12, almost only GFP+ colonies adhered to the plastic and the few non-fluorescent 

cells disappeared during the first passage. Morphological appearance, fluorescence (Figure 

3.13) and proliferation rates (Figure 3.14) were not altered, while clonogenicity was 

increased (Figure 3.15). Murine MSCs were confirmed to be multipotent, with ability to 

differentiate into adipogenic, osteogenic and chondrogenic lineages. After IA injection and 

retrieval, they maintained their tri-lineage potential. In particular, production of calcium 

was slightly impaired (Figure 3.16). Adipogenic differentiation was increased by the 

processing, but with more immature lipid droplets (Figure 3.17). Post-IA cells showed an 

increased capacity to form chondrogenic pellets in the presence of TGF-β3 and BMP-2 

(Figure 3.18). It could be speculated that (1) administered cells undergo changes that affect 

their differentiation potential or (2) the procedure selects a certain subpopulation with a 

distinct phenotype. In either case, alterations might be caused by molecular signalling in 

the synovial capsule or by the processing which the cells are subjected to (injection through 

the needle, collagenase digestion, cell sorting, etc). The latter could be excluded in future 

experiments by including a control with similarly-processed MSCs. 
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Chapter 4: Immunomodulatory Action of IA-

Delivered MSCs in a Murine Model of OA 
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4.1 Introduction  

OA has a broad aetiology, resulting from complex causal pathways. One of the 

fundamental components of the disease is synovial inflammation, which promotes and 

sustains the degenerative process leading to cartilage destruction (14). Today synovitis is 

considered a hallmark of OA pathology (11). Histological studies show that patients with 

OA have variable degrees of synovitis, with a higher concentration of pro-inflammatory 

cytokines and increased infiltration of immune cells (16). The presence of inflammatory 

cytokines not only positively correlates with knee pain (17-19) and clinical progression of 

the disease (20-24), but actively mediates OA pathology (12, 13). 

Activated macrophages are the fundamental mediators of synovial inflammation as they 

induce upregulation of MMPs (33, 37), shifting the metabolic equilibrium towards a 

catabolic net effect. Activated macrophages act on synovial fibroblasts via a combination 

of IL-1β and TNF-α, driving the production of more pro-inflammatory cytokines (26), 

most notably TGF-β, MMP-2, -3 and -9, ADAMTS-5 (36, 37, 235, 236) and alarmins 

S100A8/A9 (38). S100A8/A9 regulate cartilage destruction in inflammatory OA by 

stimulating the release of various cytokines and MMPs from chondrocytes (40, 237). 

Lymphocytes are the second-most-common type of infiltrate in OA synovia (41), 

particularly CD3+ T cells (42). T cells are typically found arranged in foci, surrounded by 

other immune cell types (47). However, at physiological levels, other immune cells are 

infrequent and are mainly found in perivascular areas of the sublining layer (238).  

The immune-modulatory potential of MSCs was first discovered 2002 when, in order to 

assess the potential rejection of allogeneic MSCs, Di Nicola et al. tested them in an MLR. 

Instead of evoking an immune response, MSCs suppressed the proliferation of T-cells 

(103) through cell-to-cell contact (133). It was subsequently found that such an effect is 

also exerted through inhibition of other components of the adaptive arm. In fact, MSC 

can block the generation of DCs from monocytes or prevent their antigen-presenting 

function (239-241), resulting in failed stimulation of type I lymphocytes (242, 243). MSCs 

are also known to inhibit differentiation of T cells into Th1 and Th17 subsets and to 
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promote the generation of CD4+CD25+Foxp3+ T reg cells (244), by mechanisms that 

involve both cytokine release and direct contact  (245, 246). 

Macrophages are particularly important in inflammatory processes and have a very plastic 

phenotype, moving in a continuum between two opposite functional states: the classically 

(M1) and the alternatively activated (M2) (247). Classical activation of macrophages occurs 

following injury or infection. Classically activated macrophages are induced by IFN-γ and 

damage-associated molecular patterns (DAMPs) and express high levels of pro-

inflammatory cytokines like TNF-α, IL-1β, IL-6 and IL-12 (248). Alternative activation, 

instead, is responsible for resolution of the inflammation by turning off damaging immune 

responses. M2 macrophages are induced by IL-4 and IL-13 and secrete anti-inflammatory 

cytokines like IL-10, CCL18 and CCL22 (249). Using in vitro co-culture systems, MSCs 

were shown to induce polarization of macrophages toward an alternative M2 phenotype 

(250, 251), with PGE2 identified as one of the main mediators (252). For example, BMSCs 

were shown to induce an M2 switch in CD14+ peripheral blood mononuclear cells 

(PBMC)-derived macrophages through transwell co-cultures. Using a fractional factorial 

experimental design, PGE2 was identified as the principal MSC-secreted factor 

responsible for the macrophage reprogramming (253). More recently, ASCs were shown 

to induce an M2 switch in the same in vitro model, with similar results for direct and indirect 

(transwell) co-cultures (140). M1 markers IL-1β, TNF-α, IL-6, MIP-1α and S100A8/A9 

were downregulated, while production of M2 markers IL-10, CD163 and CD206 was 

induced. Again, a crucial role for PGE2 was established by using selective blockers and 

recombinant protein supplementation. The macrophage M2 switch is believed to be 

responsible for the therapeutic effect of MSCs in conditions such as sepsis (254, 255), 

myocardial infarction (256, 257) and even OA (140).  

That CM was relevant in MSC-mediated immunomodulation was also observed by its 

capacity to divert immune cells from injured organs (258). Since then, a growing body of 

evidence has led to the evaluation of MSCs in many clinical trials for different 

inflammatory conditions (135). 

The aim of this study was to assess the effect of the inflammatory state of the synovium 

on MSCs in the CIOA model as optimised in Chapter 3. The immune-suppressive capacity 
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of OA-challenged MSCs was assessed on the two most prominent immune cell types in 

OA synovium: T cells and macrophages. 

 

4.2 Results 

4.2.1 Retrieval of MSCs from OA joint 

In order to investigate the biological changes that MSCs undergo after administration in 

an OA joint, retrieval of the cells was performed using the settings optimised in Chapter 

3. Briefly, 2x105 MSCs were IA-injected into both knees of 6 mice/group. SHAM 

treatment was used as a control, injecting saline instead of collagenase. This enables 

exclusion of the effects of the inflammation caused by the IA injection procedure and the 

further processing and handling of the cells. Three days after the administration, whole 

joints were dissected and digested, and GFP+ cells were retrieved by cell sorting, as detailed 

in Section 2.5.2. The gating strategy used for cell sorting is shown in Figure 4.1. The 4-

way purity sort mode was used, which discards droplets that might contain live GFP- cells. 

Yields varied between 0.01% and 0.332% of the total injected cells. CIOA samples 

consistently yielded more cells (1.91- to 8.37-fold) than the SHAM counterpart. After 

retrieval 2 and 3, purity checks were performed, providing an indicative measure of the 

sort tube content. Impurities are mainly due to cell debris carried in droplets containing 

positive events.  
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Figure 4.1 Cell sorting of retrieved MSCs. Samples were run through FACS Aria II, using a naïve joint digest 

with or without spiked-in GFP+ MSCs as controls, to set up the gates (A). SHAM- and CIOA-retrieved MSCs 

were processed following the same gating strategy (B). Purity checks were performed after Retrieval 2 and 3, by 

running aliquots of the sorted samples in the same experiment (C). Purity % value shown is the percentage of GFP+ 

events compared to the parent population. Graphical comparison of all yields (D). Percentages of retrieved cells respect 

to injected cells are shown as individual values with mean (n=3). 
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4.2.2 Characterisation of OA-retrieved MSCs 

A total of 3 administration/retrieval experiments were performed and, each time, the cells 

obtained were seeded into 6-well plates for expansion, so that each well contained 

approximately 300 cells. Culture conditions were the same of GFP+ MSCs described in 

Section 2.1.1. At each passage, photos were taken as shown in Figure 4.2. From the first 

passage in culture, no GFP- events were observed, suggesting that no other adherent cells 

were included in the sorted samples. Morphology and fluorescence were comparable to 

non-challenged MSCs. After expanding the cells for 2 passages, they were characterised 

using directly cultured GFP+ MSCs for comparison to assess any changes due to the 

interaction with the healthy or OA synovial environment. Proliferation curves and colony 

formation were comparable, suggesting that cells did not undergo any significant change 

in this MSC-like property (Figure 4.3). 
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Figure 4.2 Representative inverted microscope images of sorted or naïve cells; bright field (left) and FITC (right). 

Scale bars: 200 µm (4x), 100 µm (10x) and 50 µm (20x). 
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Figure 4.3 Proliferation of retrieved MSCs (A). CFU-F efficiency assessed at passage 2 post-retrieval. 

Mean+SEM (n=3). 

 

To compare the MSC-like nature of the retrieved cells to the naïve GFP+ MSCs, the 

expression of typical MSC surface markers was assessed by flow cytometry. Negative 

markers are shown in Figure 4.4, positive markers in Figure 4.5 and Figure 4.6. All cells 

tested were negative for the haematopoietic marker CD45, endothelial marker CD31 and 

macrophage marker CD11b. A panel of 8 positive MSC markers was also tested. Although 

the ISCT-recommended biomarkers CD105 and CD90 (57) showed extremely low or 

negative expression, Sca-1 and CD29 were 100% positive for all the cell lines. CD140b 

was positive with lower expression in all retrieved lines, although not significantly. CD44 

was expressed at very low levels in all MSC lines and CD146 was absent. As for CD106, 

CIOA-retrieved MSCs showed a significantly higher mean fluorescence intensity (MFI), 

compared to the SHAM-retrieved control. However, most of the cells did not express the 

surface molecule. 

CD105, also known as endoglin, is a type I membrane glycoprotein selected by ISCT as a 

positive marker of MSCs (57). However, its expression is variable in mouse MSCs (58, 

259). Moreover, CD105- murine MSCs were found to suppress CD4+ T cells more 

efficiently (259). 

CD90 is expressed on a variety of cells, including endothelial cells, haematopoietic stem 

cells and fibroblasts, thus it is not an exclusive marker for MSCs. Moreover, CD90 is not 

always found on the surface of MSCs (58, 260). 



Immunomodulatory Action of IA-Delivered MSCs in a Murine Model of OA 

 

 77 

Sca-1 is a more specific marker for murine haematopoietic and mesenchymal progenitor 

cells, as established in many studies (59, 261). 

CD44 is an adhesion molecule consistently expressed on the membrane of MSCs across 

species and is considered to be involved in stem cell pluripotency (262). However, it was 

suggested to be an artefact of in vitro culture, not expressed by MSCs at physiological level 

(263), and thus not considered a robust MSC marker per se but a complementary one. 

CD106 (VCAM-1) is found on a particular population of MSCs with increased 

immunomodulatory properties (264) but is not universally expressed on all MSCs from 

different sources. For example, it was found to be expressed at lower levels on BMSCs, 

compared to adipose- or UCB-derived MSCs (264). However, CD106 is critical for MSC-

dependent immune-modulation, as it mediates cell-to-cell adhesion that recruit and 

activate T cells (265). This could provide a rationale for the differential expression on 

CIOA-selected MSCs. 

CD29 is an integrin subunit which, although not exclusively expressed on stem cells, is 

reported to be present on MSCs very consistently, regardless of the species or the tissue 

source (266-268). 

CD140b, also known as PDGFRB, was identified as a selective marker for the isolation 

of clonogenic MSC (269) and is commonly found on BM-derived MSCs (270). 

CD146 is a transmembrane glycoprotein that mediates cell adhesion. Although a good 

MSC marker in human, in mouse it is present at high levels in all endothelial cells, but at 

low levels in all other organs (58). 
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Figure 4.4 Surface marker expression of retrieved MSCs (negative MSC markers). Histograms on the left show 

intensity of fluorescence of the marker antibody (continuous line) compared to its isotype control (dotted line). Bar 

graphs on the right indicate the percentage of positive events. Individual values+mean±SEM (n=3). 
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Figure 4.5 Surface marker expression of retrieved MSCs (positive MSC markers - 1). Histograms on the left show 

intensity of fluorescence of the marker antibody (continuous line) compared to its isotype control (dotted line). Bar 

graphs on the right indicate the Mean Fluorescence Intensity (MFI), normalised to the relative size. Individual 

values+mean±SEM (n=3). 
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Figure 4.6 Surface marker expression of retrieved MSCs (positive MSC markers - 2). Histograms on the left show 

intensity of fluorescence of the marker antibody (continuous line) compared to its isotype control (dotted line). Bar 

graphs on the right indicate the Mean Fluorescence Intensity (MFI), normalised to the relative size. Individual 

values+mean±SEM (n=3). 
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4.2.3 OA-retrieved MSCs do not increase T cell suppression 

Activation of splenocytes with anti-CD3e and anti-CD28 antibodies was optimised. 

Briefly, splenocytes isolated from C57BL/6 murine spleen were labelled with CTV and 

activated with increasing concentrations of soluble antibodies. After 3 days, cells were 

stained with anti-CD4 and –CD8 antibodies and analysed by flow cytometry to evaluate 

cell proliferation. All concentrations tested induced proliferation of >85% of CD4+ 

lymphocytes and >89% of CD8+ lymphocytes. At 0.2 µg/sample of both anti-CD3e and 

-CD28, activation reached saturation in both cell subtypes (Figure 4.7B). As shown in the 

histograms in Figure 4.7C, concentrations above 0.2 µg caused generation 0 to disappear 

in CD4+ T cells and generations 2 and 3 to disappear in CD8+ T cells. This was considered 

to be an excessive effect which could overcome the MSC-induced suppression. Thus, the 

concentration of 0.1 µg was chosen for further experiments. 

Next, different ratios of MSCs:T cell co-cultures were tested in order to evaluate how 

many MSCs are needed to obtain a significant effect. Proliferation was quantified by flow 

cytometry after 3 and 5 days (Figure 4.8). Suppression was higher at day 3, suggesting that 

lymphocytes are able to overcome the effect of MSCs over time. At day 3, ratios of 1:100 

and 1:50 caused no suppression of CD8+ lymphocytes and low suppression of CD4+ 

lymphocytes (~20%). Ratios above 1:25 caused a more dramatic suppression of 

proliferation, especially in CD4+ cells. However, the effect on CD8+ T cells was only 

~50%, so the ratio of 1:5 MSCs:T cells was chosen to test the immune-modulation of 

MSCs. Additionally, a further ratio of 1:2 was added, in order to resolve smaller differences 

between the MSC samples (see Figure 4.9). 
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Figure 4.7 Activation of T cells. (A) Gating strategy: Live cells - Doublet exclusion - Splenocytes – Live cells – 

CD4+/CD8+, based on FMOs. (B) 3-day proliferation of CD4+ and CD8+ T cells after the first generation, 

quantified by CTV staining; data shown as mean+SEM (n=1, technical triplicates). (C) Histograms of CTV 

staining of CD4+ and CD8+ T cells 3 days after activation with anti-CD3e and anti-CD28 soluble antibodies. 
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Figure 4.8 MSC:T cell ratio. Proliferation of CD4+ and CD8+ T cells after 3-day co-culture with MSCs at 

different ratios, quantified by CTV staining. Data shown as mean±SEM (n=1, technical triplicates).  
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The capacity of retrieved MSCs to suppress the proliferation of syngeneic lymphocytes 

was assessed using the conditions optimised above (Figure 4.9). As seen in Figure 4.9B, 

none of the tested MSCs was able to suppress T cell proliferation after 3 days of co-culture. 

The only significant difference observed was that of SHAM-retrieved MSCs, compared to 

the stimulated control. In order to assess changes in lymphocyte activation, the expression 

of the early activation marker CD25 was measured. As seen in Figure 4.9C, all MSCs tested 

reduced the activation of CD4+ T cells, although the difference was not significant due to 

high variability of the positive control. Also, synovium-challenged MSCs did not display 

significant differences, as compared to naïve MSCs. With respect to modulation of CD8+ 

T cells, no appreciable trend was obtained. 
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Figure 4.9 Immunomodulatory potential of retrieved MSCs after 3-day co-culture with MSCs at 1:5 or 1:2 

(MSC:T cell) ratio. (A) Proliferation of CD4+ and CD8+ T cells after the third generation, quantified by CTV 

staining. (B) Expression of CD25 by CD4+ and CD8+ T cells. (C) Relative quantity of CD4+/CD8+ T cells. 

Data shown as mean+SEM (n=3). * = P ≤ 0.05. 
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4.2.4 OA-retrieved induce M2 polarisation in macrophages 

To study the effect of the MSC secretome on macrophages, bone marrow-derived cells 

were differentiated by culturing in presence of L929-derived M-CSF, as detailed in Section 

2.6.3. After 6 days of differentiation, the presence of surface markers was evaluated by 

flow cytometry. As shown in Figure 4.10, cells were positive for the leukocyte marker 

CD45 and the more specific macrophage markers CD11b, F4/80, confirming 

differentiation into macrophages. 

Next, the activation of BMDMs was optimised. First, the ideal time for measuring 

differences in activation was established. All samples were primed with IFN-γ overnight, 

prior to activation with LPS. Peak release of TNF-α was chosen as an outcome, which was 

found to be 6 h after addition of 2 ng/ml of LPS to the culture (Figure 4.11A). Next, 

different concentrations of LPS were tested and TNF-α level in the CM was measured 

after 6 h (Figure 4.11B). The maximum concentration was observed following exposure 

to 10 ng/ml of LPS, after which saturation of the effect was observed. Therefore, 10 

ng/ml LPS for 6 h was deemed the best condition for activation of macrophages in this 

assay. 

In order to test the paracrine effect of retrieved MSCs on macrophages, their CM was 

used to treat activated BMDMs. As Figure 4.12 shows, expression of activation marker 

MHC-II in CIOA-MSC-CM-treated BMDMs was significantly lower, compared to both 

SHAM-CM-treated BMDMs and the positive control (ACTIV.). Expression of co-

stimulatory molecule CD86 was significantly reduced in CIOA-treated macrophages, 

compared to ACTIV. control. The M2 marker CD206, instead, did not show any 

significant variation upon treatment with MSC-CM. To confirm the observed trend, 

release of cytokines was measured by ELISA. The presence of NO, PGE2, IL-10, TNF-

α and IL-12 p70 was detected in the medium obtained from the same experiment. 

Cytokine levels were also quantified in the supernatant of MSCs alone (Figure 4.13). 
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Figure 4.10 Validation of macrophage differentiation. (A) Gating strategy: Macrophages - Single cells. (B) 

Histograms of BMDMs stained for macrophage markers (black) and isotype controls (grey). Mean±SD (n=3). 

 

 

 

Figure 4.11 Activation of BMDMs. (A) Time course of TNF-α release after activation of the macrophages with 

IFN-γ and LPS (2 ng/ml). (B) TNF-α release after 6 h from activation with different concentrations of LPS. 

Data shown as mean±SEM (n=1, technical triplicates). 
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Figure 4.12 Suppression of BMDM activation. (A) Gating strategy: Macrophages – single cells – F4/80+ - 

MHC-II/CD86/CD206 mean fluorescence intensity (MFI). (B) MHC-II, (C) CD86, (D) CD206; MFI 

normalised to relative size. Data shown as mean+SEM (n=3). * = P ≤ 0.05; ** = P ≤ 0.01; statistical 

significance compared to ACTIV., unless indicated by bracket. 
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NO production was not detected in any of the MSC or BMDM supernatants. Very low 

levels of IL-12 p70 were produced by MSCs, while BMDMs showed high secretion, 

although no difference was seen in any of the samples. PGE2 was detected at similar levels 

in all MSC supernatants. Activated and resting BMDMs released the anti-inflammatory 

cytokine at comparable levels, which were increased by treatment with all MSC-CM 

(significant for CTRL and SHAM but not CIOA). The anti-inflammatory cytokine IL-10 

was not detectable in any of the MSCs tested, but was released by BMDMs in response to 

LPS-mediated activation. When LPS treatment was coupled with naïve MSC-CM, a slight 

increase occurred. CM of SHAM- and CIOA-challenged MSCs caused an upregulation of 

IL-10, compared to both macrophages alone and CTRL-MSC-treated sample. The effect 

was even more dramatic in CIOA, which was significant compared to SHAM. The 

immunosuppressive effect was confirmed by quantification of the pro-inflammatory 

cytokine TNF-α, although not in a significant way. TNF-α was only present at low and 

comparable levels in the supernatant of all MSCs. Compared to SHAM-retrieved MSCs, 

CIOA-retrieved MSCs caused a small reduction in TNF-α release from activated BMDMs 

via their CM. 
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Figure 4.13 Suppression of BMDM cytokine release. Left panels: release of cytokines from naïve (CTRL) or 

retrieved MSCs (SHAM and CIOA). Right panels: Release of cytokines from BMDMs upon activation 

(ACTIV) and/or treatment with MSC Conditioned Medium (MSC-CM).  Data shown as mean+SEM (n=3). 

* = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001; statistical significance compared to 

ACTIV., unless indicated by bracket. 
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4.3 Discussion 

In the previous chapter, the feasibility of retrieval of MSCs after IA administration was 

demonstrated. Here, the technique was applied to study the biological changes of the 

injected cells after 3 days of exposure to the osteoarthritic environment in the joint. The 

administration and retrieval was performed a total of 3 times, yielding between 0.01% and 

0.332% of the injected cells (Figure 4.1). This reflects the minimal engraftment described 

in Chapter 3 and is in line with low integration rates reported in preclinical models of knee 

arthritis (203-205). The low cell engraftment is not unique to the knee, but was observed 

in other pathological models, such as myocardial infarction (234). However, the success 

of the procedure cannot be compared to previous studies, as this is the first attempt to 

quantify local MSC integration by means of flow cytometric cell sorting. 

A consistent pattern in the reported experiments and others performed in our laboratory 

(data not shown) is that the retrieval of cells from the joint treated with collagenase to 

induce OA (CIOA) results in higher yields when compared to retrieval from SHAM-

treated joints (1.91- to 8.37-fold). Although it is difficult to speculate on the cellular or 

molecular mechanisms that lead to this effect, it should be noted that MSCs are well 

known to migrate to sites of local injury and inflammation when systemically injected into 

different pre-clinical models (271). Inflammatory signals act as licensing factors (142, 156), 

improving the homing capacity of MSCs (158). As inflammation is a hallmark of OA 

synovium (13), this could explain the improved survival of MSCs in the OA joint. 

Two techniques were optimised to assess the immune-modulatory potential of MSCs: co-

culture of the retrieved cells with T cells and the effect of CM from the retrieved cells on 

macrophages. Both assays were developed as syngeneic with cells from a C57BL/6 

background. T cells can be stimulated in vitro with a combination of anti-CD3e and anti-

CD28 antibodies, either in the soluble form or conjugated to beads. This provides the 

lymphocytes with the main stimulatory mechanism (through T cell receptor (TCR)) and 

co-stimulation (physiologically provided by CD80 and CD86). In the experiments 

performed, soluble antibodies were sufficient to elicit a response. Concentrations reported 

in literature vary between 1 (272, 273) and 5 ug/ml (274, 275), so this range was tested to 
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produce a dose-response curve. Unexpectedly, the lowest concentration of 1 ug/ml caused 

massive proliferation, with >85% of CD4+ lymphocytes and >89% of CD8+ lymphocytes 

dividing at least once. The effect saturated at 2 µg/ml with all cells proliferating and 

generation 0 disappearing from the CD4+ T cell histogram and generations 2 and 3 

disappearing from the CD8+ T cell histogram (Figure 4.7). This latter effect could be 

hypothesised as too strong for the MSCs to prevent or suppress, so the concentration of 

1 µg/ml was adopted in all future experiments. Next, different quantities of MSCs were 

placed in co-culture with the stimulated T cells 1 h after activation. Proliferation was 

quantified after 3 and 5 days, to establish the time at which suppression was more 

significant (Figure 4.8). Ratios of 1:25 and 1:5 significantly prevented lymphocyte 

proliferation, especially in CD4+ cells. CD8+ T cells were less affected by the presence of 

MSCs. This is contrary to similar studies, where autologous lymphocytes responded 

equally to co-cultures (103) but could be specific to the MSC line used. Effective ratios of 

T cells:MSCs are usually above 1:10 (276, 277), with optimal results typically found at 1:5 

(278). This published data is consistent with the results obtained in this study. However, 

as the effect of MSCs on lymphocytes is typically dose-dependent (103, 133), the higher 

ratio of 1:2 was used in further experiments, in order to resolve smaller differences 

between different MSC samples. 

Macrophages were obtained by treating murine bone marrow cells with M-CSF and 

differentiation was verified by the presence of specific surface markers. CD45 is known 

as a pan-leukocyte marker, while CD11b is expressed by monocytes, macrophages, NK 

cells, and granulocytes. F4/80 is a marker specific to mouse macrophages. As 100% of the 

bone marrow-derived cells were positive for each antibody, it can be concluded that the 

differentiation was successful. LPS, the major component of the gram-negative bacterial 

cell wall, is commonly used to activate macrophages in vitro (279). Acting through the Toll 

like receptor (TLR)-4, it induces a classical, M1-type activated phenotype (280). The 

optimal concentration ranges between 1 and 100 ng/ml and it is preceded by priming with 

IFN-γ (281). In the optimisation performed, LPS had the best effect at 10 ng/ml, with the 

maximum release of TNF-α observed 6 h after treatment with LPS. 
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Uncommitted macrophages produce little or negligible TNF-α and IL-10 (282), data which 

is confirmed above (Figure 4.13); LPS treatment induced production of both cytokines. 

Although IL-10 secretion is typically described as an M2 marker (283), its detection is 

consistent with previous studies (282, 284, 285), where the anti-inflammatory cytokine was 

produced at similar or higher levels from M1 macrophages. It was also postulated that M-

CSF-driven maturation induces a moderate M2-oriented activation state (282). 

Additionally, MHC-II and CD68, both classical M1 markers (283), were both nearly absent 

in resting BMDMs but were induced upon treatment with IFN-γ and LPS. 

When treated with MSC-CM, BMDMs showed variations in both their secretory profile 

and surface marker expression. Naïve MSCs, for example, promoted release of IL-10 from 

activated macrophages (Figure 4.13). This in vitro effect is reflective of a switch towards an 

M2-like state. In addition, the supernatant of CIOA-retrieved MSCs, compared to its 

SHAM control, caused increased secretion of IL-10, decreased secretion of TNF-α and 

lower expression of MHC-II and CD86, which coincides with an M2 polarisation signature 

(283, 286). This corroborates the idea that MSCs interact with macrophages via paracrine 

mechanisms (140, 250, 254). The effect is generally considered to be mediated by PGE2 

(140). Consistently, we detected high levels of the anti-inflammatory cytokine in the 

supernatants of all MSCs tested. However, no increase was observed following in vivo 

licensing, indicating that one or more effectors other than PGE2 were responsible for the 

macrophage polarisation. 

IL-12 is a less commonly used marker of M1 polarisation (283, 286). However, it was not 

produced by either uncommitted or LPS-activated BMDMs. NO is a cytotoxic molecule 

with multiple roles in the immune system: it is an effector of MSC-mediated 

immunosuppression (287), but it is also characteristic of M1 macrophages (288, 289). 

However, it was undetectable in our in vitro culture. This could depend on the timing 

chosen for the experiment: due to its short-lived, gaseous nature, NO might only be 

detectable at shorter time points. 

When co-cultured with T cells, despite inhibiting expression of the early activation marker 

CD25, MSCs failed to significantly suppress their proliferation (Figure 4.9). Considering 

the broad evidence that MSCs can inhibit T cell function, a dramatic effect was expected. 
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However, many recent studies pointed at a crucial role for macrophages as mediators of 

this action. (243, 290, 291). CD4+ T cells were more highly impacted by MSCs, which also 

increased their number in proportion to CD8+ cells –although not significantly (Figure 

4.9). This could have meaningful clinical implications, as CD4+ T cells are increased within 

synovial aggregates (51) and OA synovial tissue has higher CD4+/CD8+ ratios, 

approaching 5:1 in OA, as compared to 2:1 of healthy synovium (292).  

MSCs were previously found to act on macrophages, increasing expression of the M1 

marker CD206 and production of IL-10. This resulted in reduced capability for stimulating 

alloreactive T cells and promotion of CD4+ CD25+ Foxp3+ T reg cell generation (290). In 

another study, selectively removing macrophages from co-cultures of PBMCs with MSCs 

abrogated their immunosuppressive effect (243). Melief et al. showed that the effect is 

dependent on paracrine factors, as it is preserved in transwell co-cultures (291). T regs are 

also induced indirectly through macrophages, via production of TGF-β (293). 

Despite the fact that macrophages are present in spleen, only T cells were activated, 

causing a numerical imbalance that could explain the negligible effect of macrophages. 

Further studies are required with purified populations to elucidate the role of the single 

cell types. Also, T reg cells were not selectively tracked in this study, so we cannot infer 

what their role is in MSC-mediated immune suppression in the context of OA. 

In summary, 2 to 8 times more IA-injected MSCs were retrieved from CIOA than SHAM 

murine knees, indicating licensing and induction of survival. Retrieved MSCs had 

comparable morphology, proliferation rates, clonogeneicity and surface marker expression 

to naïve MSCs. In vivo licensing did not increase the capacity of MSCs to prevent 

lymphocyte activation or proliferation. However, CIOA-challenged cells induced M2 

polarisation of activated macrophages, as shown by increase in MHC-II and CD86 

expression and IL-10 secretion.  
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Chapter 5: Immunomodulatory Effects of 

Apoptotic MSCs 
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5.1 Introduction  

There is an important factor that remains constant amongst all studies assessing MSC 

therapy in pre-clinical models and tracking cells post-implantation: the majority of the 

administered cells fail to permanently engraft in the diseased tissue or site of implantation. 

This applies to IV-administered cells, which are rapidly trapped in the lungs to be cleared 

in just a few hours (99), but also to locally administered cells (234). The surprising aspect 

is that this clearance does not prevent MSCs from delivering their therapeutic potential, 

suggesting that they act in a hit-and-run fashion. This is not only true for animal models 

but also for human studies, as autopsies of patients that received MSC therapy reveal the 

absence of engrafted cells (194). The same rules apply in the context of OA: only 1.5% of 

the ASCs survived long term after being IA-injected in SCID mice (110). Failure to engraft 

was also observed after administration of xenogeneic MSCs in immune-competent mouse 

models of OA and arthritis (160). 

Apoptosis is a physiological process where dying cells instruct the immune system to 

phagocyte them without inducing an inflammatory response. This involves the expression 

of “eat me” signals, but also the induction of a tolerogenic phenotype on lymphocytes and 

monocytes. During the late phase of apoptosis, cells induce tolerance via secretion of 

cytokines such as TGF-β (161, 162) and, indirectly through phagocytes after internalisation 

(164, 165). Infusion of apoptotic cells has been employed to suppress the immune reaction 

in bone marrow transplantation, successfully reducing the occurrence of GvHD (174). 

MSCs are well known to modulate immunity (103) by stimulating the expansion of T reg 

cells (245, 294) and inducing macrophages toward an anti-inflammatory phenotype (254, 

291). However, the mechanism of action has long been unclear. Galleu et al. recently 

infused MSC in a murine GvHD model and observed that apoptosis is induced in vivo by 

T cells of the recipient by release of cytotoxic granules (172). This step is necessary for the 

therapeutic potential of the cells to be delivered after IV injection. Phagocytes have a 

pivotal role, producing IDO upon engulfing apoptotic MSCs. Inhibiting or knocking 

down any of these key players abrogated the MSC-mediated immune suppression. Most 

importantly, infusion of MSCs rendered apoptotic ex vivo restored the therapeutic effects. 
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Interestingly, the responsiveness of patients to the therapy correlated with their cytotoxic 

capacity. This is an extremely valuable set of findings, as it provides a proof of principle 

that apoptosis is one of the driving mechanism of MSC-mediated immunosuppression.  

It is conceivable that most MSCs administered locally by IA injection for OA treatment 

undergo the same fate, being targeted by the local immune system, which could act as a 

licensing factor.  The presence of inflammation markers in the synovial fluid has a positive 

correlation with knee pain (19) and is predictive of the disease progression (23, 24). In our 

model, the presence of an immune infiltrate in inflamed synovia activates the potential of 

MSCs and allows for execution of their immediate therapeutic effect. As cells retrieved 

from OA joints have increased immune-modulatory properties, it is likely that they exert 

a more long-term effect. To reproduce this model in vitro, different apoptosis-inducing 

drugs were tested on mouse MSCs. This allows to identify short-lived effects which are 

triggered by apoptosis. 

DMSO ((CH3)2SO) is an organic solvent widely used for the dissolution of small 

hydrophobic molecules, due to its amphipathic nature (295). In research, DMSO is widely 

employed for cryopreservation as it penetrates cell membranes, causing them to become 

more fluid (296). However, at concentrations above 1%, DMSO is known to be cytotoxic, 

inducing apoptosis in a dose-dependent fashion in two different neuronal cell lines (297, 

298). In lymphoma cell lines, DMSO between 1% and 2% prevents apoptosis but becomes 

pro-apoptotic at higher concentrations (299). DMSO is thought to permeabilise the 

mitochondrial membrane, causing mitochondrial swelling, membrane potential 

impairment and reactive oxygen species production which, in turn, lead to cytochrome-c 

release and caspase-9 and -3 activation (300, 301). 

Camptothecin (C20H16N2O4, CPT) is a naturally occurring alkaloid, mainly known for its 

potent anti-tumour activity. Among its derivatives are two successful FDA-approved 

drugs: irinotecan, or CPT-11, was successfully employed for the treatment of colorectal 

cancer (302), and topotecan was used to treat ovarian cancer (303). CPT covalently binds 

to and stabilizes the cleavable complex that forms temporarily between DNA and 

topoisomerase I during DNA replication. This prevents the re-association of the DNA 
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backbone, causing irreversible double-strand breaks which induce the cell into apoptosis 

(304). 

Staurosporine (C28H26N4O3, Antibiotic AM-2282, STS) is a microbial alkaloid initially 

described as a specific protein kinase C (PKC) inhibitor (305, 306). Because of its anti-

proliferative activity on a variety of cell lines (307-309), it has been widely investigated as 

a potential anti-cancer agent. Unfortunately, STS action was found to lack specificity, 

which makes it unsuitable for cancer therapy. STS binds to many kinases competing for 

the adenosine triphosphate (ATP)-binding site with high affinity but very little selectivity 

(310, 311). This promiscuity makes STS a potent apoptosis inducer, widely employed 

experimentally to activate the caspase pathway (312). 

 

5.2 Results 

5.2.1 In vitro induction of cell death 

The aim of this study was, first of all, to identify a suitable drug to induce apoptosis in the 

GFP+ C57BL/6 MSC cell line. The very first step was to optimise the concentrations of 

SYTOX Blue and AxV. PS is normally present on the inner leaflet of the cellular 

membrane. During apoptosis, the asymmetry of the lipids is disrupted and PS translocates 

to the outer layer to provide phagocytes with “eat me” signals (313). AxV is a Ca2+-

dependent phospholipid-binding protein which binds exposed PS with high affinity, 

allowing the detection of apoptosis by flow cytometric analysis (314). As PS translocation 

happens before loss of membrane integrity, AxV is usually coupled with a viability dye to 

track the advancement of the cells in the apoptotic process. 

Cell death was induced by heat-treating 50% of the MSCs at 60ºC for 15’. The mix of live 

and dead cells was stained with increasing quantities of AxV and SYTOX and analysed by 

flow cytometry using the gating strategy showed in Figure 5.1A. For both staining reagents, 

the quantity of 2.5 µl/tube was considered sufficient to obtain enough separation of the 

two populations. 
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Next, three apoptosis-inducing drugs were tested on the MSCs at different time points. 

DMSO was administered at 5%, 10% and 20% and cytotoxicity was measured by staining 

with SYTOX Blue (Figure 5.2A, B). Cells tolerated the lowest concentration for the first 

6 h with SYTOX-positivity similar to the untreated cells. DMSO then induced loss of 

membrane integrity in a dose- and time-dependent way, reaching saturation in 24 h at 20%. 

10% DMSO was considered suitable to induce cell death in a controlled manner. CPT-

induced apoptosis was measured by AxV/SYTOX staining, using 4 concentrations at the 

same time points as above (Figure 5.2C, D). As CPT is solubilised in DMSO, a low 

concentration of the solvent was included (0.1% v/v) which corresponds to the highest 

amount used in the experiment (for 10 µM CPT). This was to verify that the observed 

effect was not associated with DMSO-induced cytotoxicity. As expected, the low 

concentration of DMSO alone did not induce increased levels of apoptosis, compared to 

the untreated cells.  

Only the samples treated at the highest concentration of CPT exceeded the amount of 

apoptosis observed in the control group at 6 h and 24 h. After 48 h of exposure, all samples 

showed similar apoptosis levels, with 10 µM CPT pushing more cells into the cell death 

cycle. However, even at the highest concentration, 47.7% of MSCs were still viable, 

indicating that the cell line used may be intrinsically resistant to CPT treatment. 

Finally, STS was tested for 24 h and 48 h (Figure 5.2C, E). Despite STS also being 

solubilised in DMSO, the greater potency of the molecule allowed for lower volumes to 

be used (max 0.05% v/v DMSO); thus any effect from the solvent can be excluded. 

Despite its potency, STS showed no effect at the two lowest concentrations (0.025 µM 

and 0.05 µM) or at 24 h treatment in all concentrations tested. However, 0.5 µM STS 

treatment induced apoptosis in nearly all MSCs after 48 h, making it the ideal candidate 

for mimicking apoptosis in vitro. 
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Figure 5.1 Titration of Annexin V and SYTOX. (A) Representative gating strategy: exclusion of cell debris 

followed by exclusion of doublets. (B) Concatenation of samples for Annexin V and SYTOX (n=1). 
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Figure 5.2 Optimisation of apoptotic inducers. (A) Gating strategy for quantification of cell viability: cell debris 

exclusion, doublets exclusion, SYTOX positivity. (B) Quantification of DMSO cytotoxicity. (C) Gating strategy 

for quantification of apoptosis: cell debris exclusion, doublets exclusion, Annexin V/SYTOX coupled staining. 

(D) Apoptosis induction over time by CPT. (E) Apoptosis induction over time by STS. Data shown as 

mean+SEM (n=1; technical replicates). 
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The above-selected concentrations of apoptotic inducers were compared by staining with 

AxV/SYTOX (For gating strategy, see Figure 5.2C). As showed in Figure 5.3A, DMSO 

did not deliver the full anticipated effect, with 50% of the MSCs still alive after 48 h. CPT 

and STS, instead, were similarly effective, with apoptosis increasing in a time-dependent 

way. At 48 h, only 10.75% and 6.43% live cells were left, respectively. While CPT created 

an even mixture of early and late apoptosis, most of the STS-treated cells at 48 h had only 

lost membrane lipid asymmetry, without permeabilisation of the bilayer. In both samples, 

only a small percentage of the analysed cells had completely lost membrane integrity.  

A control was also added, where cells were induced into necrosis by heat treatment at 90 

ºC for 5 min. As shown in both histograms, most cells are gated as dead or late apoptotic. 

However, when cells fail to flip membrane PS and become immediately permeable to 

viability dyes, they can be considered apoptotic. This is the case of 90 ºC-treated MSCs, as 

can be seen in the dot plot in Figure 5.4, where no events are found in the lower left 

quadrant. In fact, differently from the pro-apoptotic drugs, the heat treatment is 

instantaneous and does not allow cells enough time to enter apoptosis. This means that 

this condition can be used as an effective method to quickly induce necrosis in MSCs, with 

few cells left alive. 

As the aim was to test the apoptotic CM on macrophages, a new strategy was devised to 

produce supernatant free from apoptotic inducers which may alter the outcome of the 

assay. As shown in Figure 5.3B, a wash step was introduced at the 6 h mark, with fresh 

medium added to the wells. As seen before, DMSO induced destabilisation of the lipid 

membrane, rapidly pushing a portion of the MSCs into the various stages of cell death. 

However, the wash caused the DMSO-mediated effect to reverse, with MSCs resuming 

proliferation when the toxic agent was removed. At 48 h, MSCs were back at a state 

comparable to the control group (Figure 5.4). This is also visible from the microscopic 

images, which show most of the cells floating off the monolayer after 6 h, but later 

returning to a uniformly normal morphology and re-populating the well (Figure 5.5). In 

the CPT-treated wells, most cells failed to undergo apoptosis, with very low cell death 

observed even at 48 h (Figure 5.3). As seen by microscopy, CPT treatment inhibited cell 

proliferation and caused only slight morphological changes, such as condensation of the 
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chromatin inside the nuclei (Figure 5.5). STS, on the other hand, induced a steady and 

irreversible apoptotic process, continuing after the 6 h wash and reaching a level of live 

intact cells as low as 13.95% (Figure 5.3). By microscopy, the effect of STS can be seen as 

soon as 6 h, with all the cells shrinking in size. The process continues even after the 6 h 

wash, with most cells losing adherence and floating off the plastic support at the final time 

point (Figure 5.5). 

To verify that STS induces cell death by activation of the apoptotic pathway, MSCs were 

pre-treated with Q-VD-OPh, a highly specific pan-caspase inhibitor. STS was added and 

the cells washed as per above (Figure 5.6). When the QVD was washed away together 

with STS, its inhibiting effect was not observed and cells underwent apoptosis at the same 

level as the STS-treated cells. On the other hand, when 5 µM QVD was present for the 

whole duration of the experiment, the effect of STS was completely reversed, with as many 

live cells as in the control group. At 25 µM concentration, QVD inhibited the basal level 

of apoptosis present in the untreated cells. 
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Figure 5.3 Comparison of apoptosis induction strategies. Quantification of apoptosis by Annexi V/SYTOX 

staining after treatment with different drugs for 48 h (A) or for 6 h (B). Data shown as mean+SEM (n=1; 

technical replicates). 

 



Immunomodulatory Effects of Apoptotic MSCs 

 

 105 

 

Figure 5.4 Representative dot plots of MSCs treated for 6h with different apoptosis-inducing drugs. 

 

 

Figure 5.5 Phase-contrast imaging of MSCs treated for 6h with different apoptosis-inducing drugs. Magnification: 

4x; Scale bar: 200 µm. 
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Figure 5.6 Validation of STS-induced apoptosis by pan-caspase inhibitor Q-VD-OPh (QVD). (A) Schematic 

representation of the experimental timeline; (B) quantification of apoptosis in STS-treated cells, incubated with or 

without Q-VD-OPh. Data shown as mean+SEM (n=1; technical replicates). 
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5.2.2 Apoptotic MSCs induce M2 polarisation in macrophages 

Macrophages were generated from the bone marrow of C57BL/6 mice. As shown in 

Section 4.2.4, after 6 days in differentiation all cells were positive for the monocyte marker 

CD11b, the pan-leukocyte marker CD45 and the macrophage-specific marker F4/80 

(Figure 4.10).  These macrophages were primed with IFN-γ and activated with LPS. The 

activation was demonstrated by the altered expression of cytokines IL-10 and TNF-α 

(Figure 5.7). During activation, macrophages were incubated with CM from the different 

MSC preparations. Interestingly, apoptotic MSCs inhibited secretion of the pro-

inflammatory cytokine TNF-α by the BMDMs, while necrotic MSCs had a less strong 

effect. Similarly, apoptotic but not necrotic MSCs dramatically increased production of 

IL-10, characteristic of anti-inflammatory macrophages (Figure 5.7). MSC-CM were tested 

prior to use and had undetectable levels of IL-10 or TNF- α (data not shown). 

 

 

Figure 5.7 Secretion of cytokines from MSC-CM-treated BMDMs. ELISA analysis of the TNF-α (A) and IL-

10 (B). Data shown as mean±SEM (n=3). * = P ≤ 0.05. 
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5.2.3 Apoptotic MSCs prevent T cell proliferation 

Finally, the immune-modulatory potential of MSCs was tested by co-culture with 

stimulated syngeneic lymphocytes. Apoptotic and necrotic MSCs were added to the 

spleen-isolated cells at two different ratios for 3 days (Figure 5.8). All MSCs showed a 

remarkable capacity to inhibit T cell proliferation. As shown in Figure 5.8, MSCs had a 

much stronger effect on CD4+ than CD8+ T cells. Interestingly, both control and 

apoptotic MSCs showed a stronger effect at the lower ratio tested, significantly 

suppressing lymphocyte proliferation at the third generation. Untreated MSCs significantly 

modulated both the proliferation and the activation of CD4+ lymphocytes but had a less 

strong effect on CD8+ cells. Compared to untreated MSCs, apoptotic, but not necrotic, 

MSCs had a significantly increased suppressive effect. Lymphocyte activation, instead, was 

reduced by both apoptotic and necrotic MSCs, compared to their control. In particular, 

the effect was significant on CD8+ T cells, at both ratios. Surprisingly, necrotic MSCs had 

a more prominent impact on lymphocyte activation as measured by CD25 expression. 
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Figure 5.8 Immunomodulatory potential of apoptotic MSCs after 3-day co-culture with MSCs at 1:5 or 1:2 

(MSC:T cell) ratio. (A) Gating strategy: Lymphocytes – Doublet exclusion – Live cells – CD4+/CD8+ - 

Proliferating lymphocytes. (B) Proliferation of CD4+ and CD8+ T cells after the third generation, quantified by 

CTV staining. (C) Expression of CD25 by CD4+ and CD8+ T cells. (D) CD4+/CD8+ T cell relative quantity. 

Data shown as mean±SEM (n=3). * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001. 
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5.3 Discussion 

This study demonstrated the increased immune-modulatory potential of MSCs following 

an apoptosis-inducing stimulus. The first step, in order to set up an in vitro model, was to 

identify a suitable apoptotic inducer. DMSO is not commonly employed for this purpose, 

but it is known to induce apoptosis of lymphoid cells both in vitro (315) and in vivo (316). 

DMSO also induced apoptosis in human leukemic U937 cells (315) and a human lymphoid 

pre-T cell line (317) at 1.5%. Concentrations above 1% induced apoptosis in a dose-

dependent fashion in two different neuronal cell lines (297, 298). 2.5% DMSO induced 

apoptosis in SV40-immortalized human keratinocytes (318), while 5% was necessary to 

affect viability of astrocytes (301). Consistently, 5% DMSO was sufficient to reduce MSC 

viability after 24 h. At 48 h, 85% of the MSCs were SYTOX+. The effect was dose- and 

time-dependent, reaching a plateau after 24 h at 20% v/v (Figure 5.3A). CPT has a dose-

dependent effect (319) and is commonly employed at 10 µM (320, 321), but efficacy was 

reported at concentrations as low as 0.1 µM (321, 322). On MSCs, CPT induced increasing 

levels of early and late apoptosis over the course of 48 h. However, results were variable 

and not sufficient: dose response was not linear and, at concentrations tested, CPT 

induced levels of apoptosis (AxV+ cells) that ranged between 41.45% and 57.95% only. It 

is possible that the MSCs used in this study are intrinsically resistant to CPT. In fact, CPT 

alone was unable to induce murine hepatocyte death in vitro, but only sensitized cells to 

TNF-mediated apoptosis (323). Although STS is normally used at 0.5-1 µM (324-326), 

efficacy was observed at concentrations as low as 0.1 µM (327, 328). In this study, low 

concentrations failed to induce any effect, but 0.5 µM STS produced an optimal scenario 

at 48 h, with 77% of the MSCs in the early phase of apoptosis and 14.75% in the advanced 

phase (Figure 5.3A). This is not surprising, as STS is a strong inducer, triggering apoptosis 

in the first 10 minutes of treatment (326). Interestingly, removing the apoptotic stimulus 

after 6 h reverted the effect of DMSO and CPT but not that of STS (Figure 5.3). It is 

known that, once the apoptotic pathway is initiated, cells are committed to their fate. 

Hours before the appearance of morphologic features, cells reach a point of no-return by 

activating the first mediators of the caspase pathway (329). It is possible that the initial 

CPT/DMSO stimulus was not sufficient to bring the cells to the point of commitment, 

or the observed phenomenon could be different from apoptosis. DMSO, for example 
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could cause loss of lipid asymmetry by making the bilayer more fluid. Treatment with STS 

for 6 h was selected as optimal for the purpose of this study, as it induces sustained 

apoptosis in the MSCs used. CM can be collected after 48 h, when 47.85% of the cells are 

in early apoptosis and 32.95% are in the late phase, with very few SYTOX- events. As 

observed by phase-contrast microscopy, STS-treated MSCs tend to detach from the plastic 

support, shrink and form extensions (Figure 5.5). There is general consensus that STS 

induces apoptosis via both caspase-dependent and caspase-independent pathways (330). 

However, in this study, inhibition of caspases completely prevented the initiation of 

apoptosis (Figure 5.6). QVD is a highly specific caspase inhibitor which blocks all the three 

major apoptotic pathways (caspase 9/3, caspase 8/10, and caspase 12) (331, 332). The 

obtained results indicate that 100% of the cell death induced by STS was mediated by 

caspase pathways. 

LPS, a major component of bacterial membranes, is frequently employed to study the 

inflammatory responses of monocytes (333-335). One of the advantages is that the 

progression of the macrophage response has been well characterised, with an initial 

induction phase at 2 h post-exposure, a peak inflammatory phase at 6 h, and resolution at 

24 h (336, 337). Macrophages were obtained by differentiating murine bone marrow cells 

for 6 days using L929-derived M-CSF. IL-10 and TNF-α are both produced by activated 

macrophages and play opposite roles, acting in concert in both innate and adaptive 

immune responses (338, 339). While TNF-α upregulates production of other cytokines by 

the immune system (340), IL-10 is produced following release of pro-inflammatory 

mediators and serves to control the inflammatory response of monocytes (341). The 

presence of MSC-CM on the macrophage cultures during LPS stimulation caused a shift 

in expression of both cytokines (Figure 5.7). As expected, apoptotic MSCs caused TNF-α 

to decrease and IL-10 to increase significantly, while necrotic MSCs did not cause any 

change as compared to the control CM. This indicates that apoptotic MSCs have the 

potential, via paracrine action, to polarize macrophages towards an anti-inflammatory 

phenotype. Macrophage phenotype characterisation is complex but it can be described as 

a continuum between two states: M1, or classically activated (characterised by release of 

IFN-γ, TNF-α and IL-6) and M2, or alternatively activated (characterised by release of IL-

10 and TGF-β) (249, 342). Since the polarising effect was obtained by stimulation with 
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CM, it was of paracrine nature. This is consistent with recent studies that demonstrated 

polarisation of macrophages by MSCs, attributed to release of PGE2 (111, 140, 291, 343). 

Finally, direct effects on T cells were assessed by co-culturing apoptotic and necrotic MSCs 

with murine spleen isolates for 3 days. Again, apoptotic MSCs had a significant effect on 

proliferation, while necrotic MSCs did not (Figure 5.8). Interestingly, the effect was more 

pronounced on CD4+ than CD8+ cells. Contrarily, expression of CD25 was significantly 

suppressed only in CD8+ T cells. CD25 is expressed by T cells after triggering of the TCR. 

The expression of CD25 occurs within 2-24 h after stimulation (344) and persists for a 

few days (345). It was observed in an in vivo model that apoptotic cells stimulate CD8+ T 

cells but do not prime CD4+ T cells, preventing presentation of co-stimulatory molecules 

(168). Similarly, apoptotic MSCs could have differential effects on CD4+ and CD8+ T cells. 

For example, it was shown that MSCs suppress proliferation of CD4+ lymphocytes by 

arresting their cell cycle in the G0/G1 phase (103, 104, 346) and inhibit formation of 

cytotoxic T cells (CTLs) by paracrine action (347). It is plausible that, in this study, 

apoptotic MSCs suppressed the CD4+ cell proliferation, indirectly preventing the 

activation of CD8+ lymphocytes as reflected by the significant drop in CD25 expression. 

MSCs have proven successful in inflammatory conditions such GvHD (348-350). Galleu 

et al. recently suggested that, in order to exert this immunosuppressive action, MSCs are 

required to undergo apoptosis (172). This could explain why STS-induced cell death 

significantly increased the immunosuppressive effect of MSCs. The in vivo and in vitro 

models used by Galleu et al. were allogeneic, allowing MSCs to be targeted by the immune 

system. It should be noted that, in the in vitro system used in this study, 1) syngeneic 

lymphocytes were used and 2) no antigen-presenting cells (APCs) were present; thus, 

apoptosis only happened as a consequence of STS treatment. 
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6.1 Retrospective 

OA is a complex, multi-factorial disease essentially associated with sustained degeneration 

of the articular cartilage and surrounding tissues which causes neuropathic pain in millions 

of individuals worldwide. Being the primary cause of disability in adults (7), its impact on 

society is extremely high and this effect is expected to rise due to population ageing and 

the obesity epidemic (9). Current treatments for OA, which include pain-killers, anti-

inflammatory drugs or viscous supplementation, focus on treating disease symptoms only 

and, as such, provide no more than temporary relief for patients. More recent clinical 

approaches, however, involve transplantation of osteochondral grafts or autologous 

chondrocyte progenitors or even activation of the endogenous stem cell niche (3). This 

indicates that, in cases where the endogenous progenitor cell pool is impaired, it could be 

restored or replenished, thus guiding the tissue towards resolution of the injury. 

The path of regenerative medicine towards the treatment of articular cartilage defects 

began in 1994 with a pre-clinical study by Wakitani et al. (76), in which ex vivo-cultured 

autologous BMSCs were loaded on a collagen gel and implanted into rabbit osteochondral 

defects. This caused complete cartilage regeneration after 24 weeks with formation of 

vascularized subchondral bone in the critical cavity. However, the regenerated cartilage 

was of inferior quality compared to native tissue tissue and progressively thinned and 

deteriorated. Due to lack of vasculature, regeneration of osteochondral lesions often 

generates a cartilage that is not hyaline in nature (351). It was observed that this type of 

repair tissue is more vulnerable to mechanical joint forces and tends to degrade in 18–24 

months (352). In 2003, Murphy et al. provided the first-ever evidence of the ability for 

stem or stromal cells to aid in the prevention of OA symptoms or joint damage, using a 

scaffold-free approach by IA-injecting GFP+ MSCs in a caprine model of the disease 

involving cruciate ligament transection and total medial meniscectomy. Six weeks after the 

injury, regeneration of the menisci was observed, with presence of the fluorescent 

implanted cells (87). The outstanding success of this approach led to many clinical trials 

over the years, with conflicting results. Recent successes in human patients have proved 

that MSCs are a very promising tool to control the pathology (90, 91). Some of these 
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clinical trials, like ADIPOA2 (http://adipoa2.eu/), have now reached phase 2 and provide 

a new hope for the definitive treatment of OA. 

Today stem cell therapy for OA is close to becoming a reality, however, the mechanism 

of action of MSCs in this and other disease or implantation scenarios is still a mystery. 

This is due, in part, to the fact that the pathology associated with OA still remains to be 

elucidated fully, but also to the lack of effective methods for tracking the implanted cells 

or, most importantly, characterising the biological changes they undergo following their 

administration. However, it is clear from many reports worldwide that the key to 

predicting the success of the MSC therapy could be in the host immune system (172, 353). 

It is currently accepted that synovial inflammation is a hallmark of OA pathology (12, 13), 

facilitating the establishment and progression of the disease (14): the presence of 

inflammatory cytokines in the synovial fluid correlates with both knee pain (17-19) and 

clinical progression OA (20-24). Histological studies have shown that it is not uncommon 

for OA patients to have massive immune cell infiltrates in the synovial space, consisting 

mainly of macrophages and lymphocytes (43-46). The former ones in particular are of 

central importance in the development of the pathology (354). 

It is clear for a number of years at this point that MSCs possess immune-modulatory 

capacity: they are able to interact with all the immune cell types, including T cells (103) 

and, macrophages (252). This potential is enhanced by licensing factors such as IFN-γ, 

TNF-α, IL-1α or IL-1β (142, 156), which are typically present in inflamed tissues. More 

recently it was suggested that apoptosis could have a critical role in MSC-mediated 

immunosuppression (172). In the proposed model, apoptosis is induced by the host’s 

CTLs and the tolerogenic effect is triggered upon phagocytosis by local macrophages. 

The hypothesis of this study was that MSCs, delivered in the synovial space of OA joints, 

activate the secretion of immune-modulating factors which help restore the metabolic 

balance in the synovium. This could be due, in part or completely, to activation of caspase 

pathways and stimulation of clearance by the host immune system shortly after the 

administration. 



Discussion 

 

 116 

6.1.1. Research findings 

Chapter 3 provided a proof of concept for a novel strategy to retrieve and characterise 

MSCs after in vivo transplantation. GFP+ MSCs were delivered to syngeneic healthy mice 

by IA injection. Histological analysis proved a minimal degree of engraftment, with 

fluorescent cells found embedded within the synovial membrane. Whole knee joints were 

digested using a collagenase formulation and fluorescent cells were isolated by FACS-

coupled cell sorting. Enzyme type and concentration, digestion time, cell dose and 

engraftment time were all optimised so as to maximise the final yield, which was deemed 

vital for the outcome of the following studies. 1.627% of the injected cells were 

successfully isolated, re-expanded in culture and characterised. Retrieved MSCs were 

comparable to their naïve counterpart in terms of morphology, fluorescence and 

proliferation rates, while their capacity to generate colonies in vitro was slightly increased. 

Their tri-lineage multipotency was maintained after exposure to the murine synovia, 

although with small, but not significant, alterations in differentiation to the adipogenic and 

chondrogenic pathways. It was speculated that the implanted cells either underwent 

biological changes due to the in vivo environment or that a specific, more resistant 

population was selected. 

The strategy employed represents a novelty, not only for OA investigation specifically, but 

for the field of cell therapy at large. Although the technical approach was validated with 

IA injections, the same methodology could be extended to many, if not all, pre-clinical 

disease scenarios where a local route of administration of cell therapy is used. The results 

obtained are particularly valuable, given the complexity of the knee as an organ and the 

fact that cells were delivered to a fluid-filled compartment rather than a solid tissue. 

In Chapter 4, the optimised retrieval strategy was applied to CIOA animals, using SHAM 

(saline-injected) groups as a control. On average, 0.021% of the injected cells were 

retrieved from the SHAM groups, while 0.134% were retrieved from CIOA animals. 

Synovium-challenged MSCs had proliferation rates and colony-forming capacity 

comparable to the naïve control cells, and the expression of surface markers was unaltered 

whether the implanted cells were exposed to the relatively innocuous sham-treated joint 

or the more inflammatory CIOA joint. Retrieved cells were tested in co-culture 
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experiments with murine splenocyte preparations, but these results were variable and 

showed no significant trend for either lymphocyte proliferation or activation. It was 

concluded that MSCs may not act directly on lymphocytes, so their CM were tested on in 

vitro-generated macrophages instead. As CIOA-retrieved MSC-CM induced a decrease in 

MHC-II and CD86 expression, different pro- and anti-inflammatory mediators were 

quantified in the supernatant of BMDMs. Surprisingly, PGE2, TNF-α, NO and IL12 did 

not show any significant change; of the factors tested, only IL-10 expression was 

significantly higher in CIOA-CM-treated macrophages, compared to their SHAM-treated 

counterpart but also to the naïve MSC-CM control. It was concluded that surviving MSCs 

were licensed by the OA environment (or a particular population was selected), with 

upregulation of one or more secreted factors which affect macrophage activation. This 

eventually induced macrophages to produce higher levels of the anti-inflammatory 

cytokine IL-10. As none of the MSCs tested produced IL-10 constitutively, the mechanism 

associated with MSC-mediated modulation of macrophage activation is not of an 

autocrine nature. 

In Chapter 5, the effect of cell death on MSCs was explored in vitro as, consistent with the 

results of other studies, most of the implanted cells disappeared from the target tissue 

when injected into the joint. This chapter aimed at optimising a strategy to mimic cell 

death that is responsible for the low engraftment of MSCs and that possibly accounts for 

part of their therapeutic potential. DMSO, CPT and STS were tested at different 

concentrations and different treatment regimens for their capacity to induce apoptosis in 

GFP+ MSCs. The best condition under which to induce apoptosis was determined to be 

exposure to 0.5 µM STS for 6 h, with MSCs undergoing sustained apoptosis even after 

removal of the drug, and with the specific caspase inhibitor Q-VD-OPh completely 

reverting the effect. Necrosis was induced by heating the cell suspension at 90° C for 5 

min, and confirmed by AxV/Sytox staining. Apoptotic and necrotic MSCs were tested in 

the same immune-suppression assays described briefly above. Apoptotic but not necrotic 

MSCs significantly affected T cell proliferation in co-culture experiments, with CD4+ cells 

being more affected. Conversely, activation of CD8+ but not CD4+ lymphocytes was 

significantly suppressed by both apoptotic and necrotic MSCs. Apoptotic and necrotic 

MSC supernatants were tested on activated BMDMs and secretion of the pro- and anti-
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inflammatory molecules TNF-α and IL-10 respectively was measured after 4 h. TNF-α did 

not show any significant change, whereas macrophage production of IL-10 was increased 

by the CM of apoptotic but not necrotic MSCs, compared to their live control. This shows 

a parallel mechanism of action to the one shown by IA-retrieved MSCs, suggesting a 

possible role for apoptosis in immune modulation, as hypothesised and recently 

demonstrated in a GvHD pre-clinical model (172). 

 

6.2 Mechanism of MSC-mediated immunomodulation 

It is becoming evident that MSCs hold a promise for the treatment of inflammatory 

conditions. To date, 891 clinical trials using MSCs are listed on ClinicalTrials.gov, of which 

119 are for "immune system diseases" like Crohn’s disease (355), GvHD (356) or 

rheumatoid arthritis (357). The first proof of concept came in 2004, when a paediatric 

patient with steroid-resistant acute GvHD was successfully treated by repeated infusions 

of adult MSCs (348). These striking results led to the therapy being approved for steroid 

resistant severe paediatric GVHD in Canada, New Zealand and Japan (135). Although the 

mechanism of action is not yet known, it is hypothesized to be due to secreted factors, 

such as PGE2 (111), IDO (143, 358) or TSG-6 (359). 

MSCs were initially thought to act by integration and differentiation, a theory which was 

supported by early findings in myocardial infarction (360) cartilage resurfacing (76) and 

wound healing (74). Wu et al. delivered BMSCs directly at the wound site and reported 

27% engraftment at 7 days, while the percentage dropped to 2.5% at 28 days (361). 

Evidence of integration, though, was rather punctuated and never sufficient to explain the 

therapeutic efficacy, especially after IA administration. For example, Murphy et al 

observed regeneration of menisci after total transection, with presence of implanted MSCs 

(87). However, these cells were only present at the surface level and most of the newly-

formed tissue was host-derived. This implies that regeneration happened in a less 

straightforward way, i.e. through the stimulation of the host reparative response and/or 

modulation of synovial inflammation. Similarly, IA administration of murine MSCs 

resulted in minimal engraftment in arthritic knee joints in multiple studies (203-205). These 
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observations were confirmed in the present report, where only 1.627% of the administered 

MSCs were retrieved by whole knee digestion and GFP-guided cell sorting. Moreover, 

histological analysis showed extremely limited presence of GFP+ cells 3 days post-

treatment. Fluorescent MSC-like cells were only observed at the level of the synovial 

membrane and ligament surface. The very low engraftment rate does not prevent MSCs 

from exerting their therapeutic potential, which was previously demonstrated in the same 

OA model (88), with significantly downregulated expression of inflammatory mediators 

in the synovium (89). Additionally, IA injection of MSC in the murine CIOA model caused 

suppression of T cells in the local lymph nodes (362). This confirms that the model is 

suitable to replicate OA-associated synovitis and to study the immunomodulatory 

component of cell therapy. In the present study, we examined two different and not 

mutually exclusive mechanisms of action: licensing of surviving cells and non-specific 

signalling from apoptotic MSCs.  

6.2.1 Surviving MSCs acquire a licensed phenotype 

MSCs express a multitude of surface receptors for a wide variety of cytokines and other 

molecules, which allows them to finely tune their secretome and biological functions 

according to the balance of pro- and anti-inflammatory factors they encounter. In one 

archetypal study, MSCs were activated by IFN-γ, together with either TNF-α, IL-1α, or 

IL-1β, to express NO and several other cytokines (287). In other reports, MSCs showed 

an increased capacity to perturb T cell activation after exposure to IFN-γ and TNF-α (363, 

364). Inflammatory stimuli can differentially affect a number of stem cell functions, 

including T cell suppression, susceptibility for NK cell lysis, in vivo bio-distribution and 

immune modulatory capacity in an ex vivo liver inflammation model (277). Many other 

molecules have been shown to alter the MSC secretome, such as IFN-β, retinoic acid, 

vitamin B6 (277), IL-17 (365), TGF-β (366) or dexamethasone (367). Additionally, other 

stimuli, such as serum deprivation and hypoxia, are known to affect the immune-

modifying capacity of MSCs (368). Some of these conditions are likely to play a role, as 

MSCs switch quickly from culture settings to an intra-articular space during 

administration, but are difficult to quantify. Licensing happens very quickly in vivo: already 

2 h after IV infusion, MSCs showed major changes in gene expression, primarily involving 

immunological pathways (369). The fact that MSCs can sense the microenvironment and 
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respond according to the type and intensity of the inflammatory signals present is not only 

an attractive idea, but also a well-documented phenomenon and a driving concept for 

current cellular therapies. The present study successfully provided a proof of concept that 

this plasticity also applies to OA and could be exploited to develop a therapy tailored to 

the specific state of the patients’ disease status and the milieu of the joint to be treated. In 

fact, MSCs retrieved from healthy knee joints showed some differences in their 

clonogeneicity and differentiative capacity: while the capacity to form mature lipid droplets 

was somewhat impaired; the GAG/DNA ratio of chondrogeneic pellets was also 

increased. Despite the lack of statistical significance due to the size of the experiment, this 

could be a sign that exogenous MSCs were instructed by the in vivo environment to 

undergo phenotypical changes. Even more importantly, CIOA-retrieved and SHAM-

retrieved MSCs displayed different capacities to suppress BMDM activation, relative to 

each other and to the overall control. Differences in MHC-II and CD86 expression and 

IL-10 secretion were statistically significant, as obtained after three separate cell sorting 

procedures. Notably, MSCs were cultured for two passages after retrieval, indicating that 

the phenotypical changes were not only transient. It should be noted that, on average, 

0.021% of the total injected cells were obtained from the SHAM knee joints, while 0.134% 

were retrieved from CIOA animals. The higher engraftment rate (also observed in other 

more extensive parallel studies in our laboratory – data not shown) reinforces the idea that 

MSCs respond to the diseased environment with enhanced survival/engraftment. This 

experimental strategy could prove valuable in other disease models, to evaluate how 

surviving MSCs respond to the pathological micro signalling the cells are exposed to. 

According to the current model, macrophages can acquire many different phenotypes 

between two opposite functional states known as M1 (classically activated, pro-

inflammatory) and M2 (alternatively activated, immunomodulatory) (247). M1 

macrophages (which were generated in vitro in this study by IFN-γ and LPS stimulation) 

express high levels of TNF-α, IL-1β, IL-6 and IL-12 (248), while M2 macrophages are 

characterised by secretion of IL-10, CCL18 and CCL22 (249). In 2009, Nemeth et al 

showed that in vitro cultured MSCs act on LPS-activated macrophages via release of PGE2, 

stimulating them to release increased amounts of IL-10 (254). Since then, countless more 

studies were published, each of which looked at a different set of M1/M2 surface and 
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soluble markers, but the overall result is unanimously similar: MSCs revert macrophage 

polarisation from a classical towards an immune-tolerant state. It is now widely accepted 

that MSCs can promote M2 polarisation (250, 251), a mechanism which has proved to be 

efficacious in different disease models (254-257), including OA (140). Our in vitro study 

undeniably corroborates such results: disease-activated CM significantly decreased surface 

expression of MHC-II and co-stimulatory molecule CD86, while increasing secretion of 

the anti-inflammatory cytokine IL-10. TNF-α production was also inhibited, albeit not in 

a statistically significant way. Chen et al. recently presented very similar results, with IFN-

γ/LPS-induced macrophages expressing lower CD80 and TNF-α and higher IL-10 after 

treatment with MSC-CM (370). IL-1β, IL-6, TNF-α, MIP-1α and S100A8/A9 were all 

significantly inhibited by both direct and transwell co-cultures with ASCs while IL10 and 

CD163 were upregulated, with only slight differences between the two systems, indicating 

that most of the effect was due to trophic factors (140). Interestingly, differences in CD206 

expression were significant only in direct co-cultures, which mirrors the results shown in 

Chapter 4. Like many others (252-254), the authors identified PGE2 as the key mediator. 

However, we did not observe any differential release from activated MSCs. The addition 

of a specific PGE2 blocker would be a desirable strategy for the future, as our findings 

might be skewed by protein degradation or the timing chosen for the experiments. 

MSCs are known to suppress the proliferation of activated T cells (103). Surprisingly, 

though, no significant difference was observed between spleen-derived lymphocytes co-

cultured with CIOA- or SHAM-challenged MSCs. This could mean that a) MSCs were 

not specifically licensed to have an effect on lymphocytes or b) an intermediate mediator 

is required. After co-culturing MSCs from different sources with monocyte-depleted 

PBMCs, it was recently proposed that monocytes might be a necessary intermediary for 

suppression of T cells, via a mechanism that involves release of PGE2 by MSCs (243). As 

already discussed, naïve MSCs showed constitutive secretion of PGE2 but this was not 

increased by in vivo licensing. This could explain the lack of T cell suppression, despite the 

substantial presence of monocytes in the spleen cell preparations. It is unclear why PGE2 

was not increased in CIOA-challenged MSCs, but it could be due to the syngeneic nature 

of the transplant. Some authors have suggested that, in order to trigger the 

immunomodulatory potential of the MSCs in vivo, a host immune response is necessary 
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(172). Further research could focus on comparing the licensing induced in syngeneic and 

allogeneic settings. It is also possible that the in vitro adaptation of MSCs partially reverted 

their phenotype, equalizing the expression levels of PGE2. It was also postulated, by an in 

vivo loss-of-function study, that the MSC-derived immunosuppression is mediated by 

macrophages by release of IDO (172). Future experiments should include a specific 

inhibitor in the splenocyte co-culture, to assess the importance of this transmitter. 

Release of a panel of cytokines from retrieved MSCs was assessed, including IL-10, TNF-

α, PGE2, IL-12 p70, and NO. Although none of these was differentially secreted, their 

effect on macrophages induced significant differences in the expression of M1/M2 

markers. Future studies should focus on fractionation of proteins in the MSC secretome 

to identify the most upregulated components. 

The present study puts the MSC-macrophage interaction in the specific frame of reference 

of OA. The data presented shows that IA-administered MSCs were licensed by the OA 

inflammatory microenvironment to produce a milieu with increased immunomodulatory 

properties. This is of indisputable importance, as synovial-lining macrophages are the most 

abundant immune population in the context of OA. Finding the key effector/s will be the 

next challenge and could lead to a deeper understanding of the pathology itself. 

6.2.2 Is efferocytosis the real effector? 

During apoptosis, cells express a series of signals that drive their own clearance from 

phagocytes, while concurrently preventing an excessive response – a process known as 

efferocytosis. This is a physiological process essential for development, tissue repair, 

immunity and maintenance of homeostasis in all tissues (371). Efferocytosis essentially 

depends on the expression of three signalling programs: 

- Find-me signals: chemoattractants, including triphosphate nucleotides (372) 

chemokines (373) and lipids (374) that recruit phagocytes towards the apoptotic cells. 

- Eat-me signals: high levels of PS flipping to the outer membrane leaflet, instructing 

the recognition and engulfment of apoptotic bodies by phagocytic cells (375). 
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- Post-engulfment signals: considerable amounts of engulfed cellular materials, 

including lipids, carbohydrates, proteins and nucleic acids, which trigger their own 

processing in the phagolysosomal compartment (376). 

The idea that efferocytosis might be crucial in cell therapy comes from multiple 

observations. It is known that nearly all IV-infused MSCs embolise in the lungs within a 

few hours of administration (212, 377, 378) but this does not prevent them from exerting 

their therapeutic effect (99, 254). This phenomenon is observed during pregnancy, when 

foetal stromal cells travel to the maternal lungs, causing the so-called fetomaternal 

tolerance (255), and is believed to be replicated after administration of exogenous cellular 

material. Some authors have even observed that infusion of heat-inactivated MSCs leads 

to the same levels of immunomodulation, proposing that the entirety of the effect relies 

on efferocytosis (379). The observed effect is believed to have long term consequences on 

the immune system, as the macrophages are “reprogrammed” by MSCs (254). 

de Witte et al. carried out a very detailed tracking study after infusing human UCB-MSCs 

IV in mouse (277). Monocytes were recruited to the lungs, where they phagocytosed 

MSCs, acquired an Ly6C- regulatory phenotype and re-entered the bloodstream. In a 

recent study, Galleu et al. unveiled the full molecular mechanism in an allogeneic model: 

host T cells, upon direct contact, induce apoptosis in MSCs through release of cytotoxic 

granules. MSCs then recruit macrophages to phagocyte them and release IDO (172). In 

our in vitro model, STS-induced apoptosis increased the immunosuppressive effect of 

MSCs, not only on BMDMs (by CM treatment), but also on both CD4+ helper and CD8+ 

effector splenocytes (in co-culture). Interestingly, necrotic MSCs only reduced lymphocyte 

activation (measured by CD25 expression), while apoptotic MSCs also prevented their 

proliferation. Galleu et al. used allogeneic transplant models that highlighted the 

importance of immune recognition to trigger cytotoxic targeting of non-self, implanted 

cells (172). While our in vivo model was syngeneic and thus bypassed rejection, the co-

cultures with apoptotic MSCs had higher immunosuppressive potential. It could be 

inferred that the effect was restored by in vitro induction of apoptosis. Comparing 

allogeneic and syngeneic transplantation could provide more answers on the involvement 

of T cells in the context of OA. 
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6.3 Concluding remarks 

To summarise, this study demonstrates the feasibility of a novel approach for studying the 

licensing of MSCs ex vivo, by means of FACS-coupled cell sorting. Based on data obtained 

in the present study, we propose that MSCs, when administered locally in a murine model 

of OA, act by two non-mutually-exclusive mechanisms: 

- Surviving MSCs, possibly selected for a particular phenotype, are licensed by the 

local pathological environment and respond by producing an anti-inflammatory 

milieu to modulate the host immune response, with macrophages acting as the 

first-line mediator through production of IL-10. This response is specifically 

adjusted to resolve synovial inflammation. 

- A much larger proportion of MSCs undergo caspase activation and apoptosis, thus 

delivering a non-specific effect which boosts the physiological process of cell 

clearance. This is a broader action, impacting both residing macrophages and 

infiltrating lymphocytes. 

 

6.4 Future directions 

As the release of soluble factors was shown to be the central mechanism of MSC therapy 

in OA, decrypting the contents of the activated MSC secretome will be crucial for the 

development of new clinical strategies and should henceforth be the focus of research 

efforts. Targeted approaches are not necessarily sufficient to discriminate the therapeutic 

mediators, as injected cells could be releasing not only cytokines but also other types of 

molecules, such as growth factors, hormones, enzymes or vitamins. A shotgun approach, 

where the whole content of the CM is analysed, would be a most desirable way to search 

for differentially secreted molecules. Lee et al., for example, used liquid chromatography 

coupled with tandem mass spectrometry (LC-MS/MS) to identify 118 molecules produced 

at higher levels by human ASCs after treatment with TNF-α, compared to non-stimulated 

cells (380). Alternatively, a genome-wide approach could provide information on all the 

differentially expressed genes. RNA sequencing is an extremely powerful tool which has 
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been employed by many researchers to compare the whole transcriptome of MSCs from 

different sources (381, 382). The recent introduction of kits specifically designed for low 

input amounts will allow the isolation of RNA and creation of expression libraries even in 

case of very limited yields as was the case seen in the present study. The recent advent of 

microfluidics allowed the analysis of mRNA expression of single cells by assigning 

individual barcodes and encapsulating them in nanoliter-sized droplets, before sequencing 

all cells in parallel (383, 384). These strategies provide highly detailed genome-wide 

profiling, which accounts for heterogeneity and fluctuations in gene expression and 

identifies distinct cell subpopulations. The complexity of the analysis permits the 

identification of regulatory links between genes and reconstruction of entire pathways. 

This would be a very valuable tool to employ for studying the transcriptome of OA-

challenged MSCs and discovery of new therapeutic molecules. 

Despite that MSC licensing holds a promise for the delivery of therapies which can adapt 

to the specific host microenvironment, the production of cell products under good 

manufacturing practice (GMP) and the approval for use in human patients is a very highly 

regulated and lengthy process. Contrarily, creating a more traditional pharmaceutical 

product, such as a single peptide, carries many advantages: 

- accurate dosage control, minimising inherent biological variability of cellular 

products; 

- spatially defined delivery, not relying on complex MSC biodistribution dynamics; 

- possibility of introducing a prolonged release regime by designing drug delivery 

devices or injectable biomaterials; 

- fast-tracked pipeline to approval and commercialisation by circumventing GMP 

regulations. 

Additionally, a new concept is emerging in systems biology, called “systems therapeutic”. 

This entails implementing reverse engineering to decipher the mechanisms of MSC 

trophic secretion to produce a cocktail of molecules, as opposed to a single drug, and  

which targets multiple pathways at the same time (385). 
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Based on the foregoing findings, we can hypothesise that rendering MSCs apoptotic ex 

vivo could be a successful therapeutic option. Although the idea might appear questionable, 

similar therapies with other cell types have already been proposed for inflammatory 

conditions such as sepsis (386), inflammatory arthritis (167) and lung inflammation (387). 

Moreover, extracorporeal photopheresis, the infusion of irradiated leukocytes, successfully 

prevents GvHD (388). 

ECVs are gaining increasing importance in the picture of MSC-derived therapies and were 

specifically shown to be involved in MSC-mediated immunomodulation (389). Hence, 

they were proposed as a novel, cell-free therapy to address inflammatory disorders. The 

advantage, in this case, is that cell products are easier to characterize and their production 

to standardize. From a safety point of view, they avoid the concern of possible malignant 

transformation of implanted cells. 

However, both exosome therapy and apoptotic MSC infusion would entail many of the 

aforementioned issues and the high costs of GMP-compliant cell manufacturing. 

Ultimately, we believe that the greatest advantage of our approach will be to innovate the 

process of drug discovery for the production of biological agents, in the context of OA 

and other immunological conditions. 
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Poster presentations: 

 

- OARSI 2018 World Congress April 26-29rd 2018, Liverpool, UK 

Mesenchymal Stem Cell Therapy for Osteoarthritis: a Potential Role for Apoptosis  

Mancuso P, Raman S, Murphy M, Barry F 

 

- OARSI 2017 World Congress April 26-29rd 2018, Las Vegas, NV, USA 

Immunomodulatory Effect of Mesenchyml Stem Cells following Intra-Articular 
Injection in a Model of Osteoarthritis: a Potential Role for Apoptosis 

Mancuso P, Raman S, Murphy M, Barry F 

 

- OARSI 2015 World Congress April 30th-May 3rd 2015, Seattle, WA, USA 

Characterisation of Engrafted Mesenchymal Stem Cells post Intra-Articular 
Injection in Healthy Mouse Joint 

Mancuso P, Hanley S, Shaw G, O'Flatharta C, Murphy M, Barry F 

 

- Matrix Biology Ireland 2014 Meeting, November 19-21st 2014, Galway, Ireland 

Survival and Engraftment of Syngeneic Mesenchymal Stem Cells Post-
Intraarticular Injection in Healthy Mice 

Mancuso P, Hanley S, Shaw G, O'Flatharta C, Murphy M, Barry F 

 

- Stem Cell Galway Conference, October 29-30th 2014, NUI Galway, Ireland 

Optimising the Injection and Retrieval of Mesenchymal Stem Cells in Mouse Knee 
joints 

Mancuso P, Hanley S, Shaw G, O'Flatharta C, Murphy M, Barry F 

 


