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Abstract
Mesenchymal stem cells (MSCs) are self-renewing stromal cells that possess a multipotent differentiation capacity as they can differentiate into numerous cell types such as adipose, bone and cartilage cells. MSCs have generated considerable interest for their remarkable tissue-reparative and immunomodulatory properties whereby MSCs can develop into functional cells at the injury site and control the body’s response to tissue damage respectively. Consequently, MSCs have vast therapeutic potential in treating Crohn’s disease (CD) which is a lifelong inflammatory bowel disease where tissue damage to a section of the gastrointestinal tract occurs. The review aims to discuss the properties of MSCs and explore their potential application in treating CD. This review highlights the tissue-reparative properties of MSCs and specifically focuses on the immunomodulatory properties of MSCs. Results from clinical trials regarding the efficacy and safety of MSCs have been promising, proving that MSCs could potentially be used to treat CD.

1. Introduction 
Crohn’s Disease (CD) is a debilitating inflammatory bowel disease (IBD) characterised by chronic inflammation and unpredictable flare-ups of pain and inflammation that can disrupt daily life1. In CD, the mucosal barrier surrounding the lumen of a section of the gastrointestinal (GI) tract is compromised allowing penetration of gut luminal contents into the GI wall. A dysregulated immune response to barrier penetration occurs resulting in inflammation and ulceration of GI mucosa1. Current treatments for CD include steroids, immunosuppressants and surgery; however, numerous side effects are associated with these treatments and only treat symptoms of CD rather than the underlying cause2. For instance, surgical removal of affected tissue does not cure CD since inflammation may occur anywhere along the GI tract. An increased risk of colorectal cancer is associated with patients with IBD such as CD3; therefore, it is crucial to harness novel therapeutic strategies like mesenchymal stem cell therapy to treat CD and improve patients’ quality of life. 

Mesenchymal stem cells also known as multipotent mesenchymal stromal cells, are spindle-shaped cells initially found in bone marrow but later discovered in many tissue types4. MSCs can self-renew through symmetrical division and can differentiate into various mesodermal lineages by asymmetrical division5. MSCs have generated considerable interest in research as they can restore the function of GI mucosa due to their remarkable tissue regenerative and immunomodulatory properties6. This review aims to explain how MSCs are identified and isolated and explore the underlying mechanisms behind MSC-mediated tissue regeneration. In particular, the review will focus on the immunomodulatory properties MSCs possess, to gain a greater understanding of their potential therapeutic application to treat CD.  

1.1. Historical overview of MSCs
In the 1970s, Friedenstein and colleagues first reported that following heterotopic transplantation in mice, bone marrow stroma was capable of generating bone, cartilage, fat and reticular cells suggesting the presence of non-haemopoietic precursor cells7. Friedenstein later demonstrated that marrow cells cultured in vitro formed discrete fibroblastic colonies each from single colony-forming unit fibroblasts (CFU-Fs)8. Subsequent studies demonstrated the ability of cells cultured from single CFU-Fs to proliferate whilst maintaining a multilineage differentiation capacity9. Thus, Caplan and colleagues later confirmed CFU-Fs to be MSCs104. Much of what has subsequently been learnt about properties of MSCs has been through in vitro studies; therefore, understanding how to identify and isolate MSCs for research use is critical. 

1.2. MSCs isolation and identification 
MSCs are easily identified, isolated and positioned in vitro proving promising for future application in cellular therapy10. Initially, MSCs were isolated from bone marrow but were later discovered in the stromal fraction of various tissue types such as adipose tissue, dental pulp, other connective tissues and umbilical cord11. Following aspiration from bone marrow, adipose tissue or umbilical cord blood, density gradient centrifugation can separate mononuclear cells from other cell types of different densities. MSCs are subsequently isolated by their ability to adhere to the tissue culture plastic plate surface12. However, this process potentially results in  heterogeneous populations with carrying properties and hence, for clinical application, more robust characterisation methods are required. 

The International Society for Cellular Therapy (ISCT) suggested a minimal criteria to define MSCs to standardise identification criteria and allow easier comparison of research study outcomes. According to the criteria MSCs must adhere to plastic, express a specific panel of cell surface markers and possess a trilineage differentiation potential into adipocytes, chondrocytes and osteoblasts13. According to the ISCT’s proposed phenotype criteria, MSCs must express CD73, CD90, CD105 surface antigens and lack expression of CD11b, CD14, CD19, CD34, CD45, CD79a and HLA-DR surface molecules13, (FIG. 1). Expression of these surface antigens can be measured by flow cytometry and a specialised type of flow cytometry called flow activated cell sorting14 can be used to rapidly isolate MSCs13. Similar technology using magnetic bead sorting (MACS)105 can also be used and technologies for both exist at research and clinical grade. Several other cell surface markers such as CD271, have also been proposed which are suggested to identify and isolate MSC sub-populations with specific properties106. The relative ease in identifying, isolating and expanding MSCs in vitro has enabled an increase in clinical trials focused on MSCs therapy, including the use of MSCs to treat CD15,16.   

2. MSCs in tissue repair 
MSCs are of vast interest in regenerative medicine due to their ability to promote tissue regeneration to replace damaged tissue. If tissue is subjected to damage, inflammation and the release of chemokines, cytokines and growth factors, from epithelial tissue, attracts and localises MSCs to the injury site17. Intravenous infusion of MSCs allows localisation of some MSCs to the injury site18; however, many infused MSCs localise in the lungs and are ultimately cleared from the body. At the injury site, MSCs can mediate their reparative effects by differentiating to replace damaged cells. MSCs, either those localised to the injury site or entrapped elsewhere in the body (such as the lungs), can also release secretions which enhance existing reparative functions of cells at the injury site17. 

2.1. MSC differentiation         
MSCs can differentiate into a variety of tissue types from the mesodermal lineage such as osteoblasts, adipocytes and chondrocytes under the control of transcription factors5. The ability of MSCs to differentiate in vitro under the influence of inductive stimuli has been proven (FIG. 1). Furthermore, there is evidence of MSC differentiation in vivo, but less compelling evidence for other lineages despite in vitro evidence23. 

MSCs are believed to differentiate to replace resident damaged cells19 and have a stimulatory effect on GI epithelium following tissue damage. MSCs from bone marrow have successfully differentiated into epithelial-like cells in vitro in the presence of hepatocyte growth factor (HGF), epidermal growth factor (EGF) and insulin-like growth factor 2 (IGF-2)20. Following MSC engraftment in the gut, MSCs have fused with resident intestinal epithelial cells thereby acquiring epithelial characteristics instead of differentiating into epithelial cells21. Thus, further research is required for a definitive conclusion as to whether MSCs are capable of epithelial differentiation in vivo. Additionally, whether MSCs are capable of transdifferentiation into other lineages remains questionable22.  

Numerous studies have attempted to identify the ability of MSCs to differentiate locally at the site of the injured liver and kidney tissue24, 25; however, MSC engraftment was not sustained in damaged tissue. Unsustained MSC engraftment could be therapeutically advantageous as long-term risks such as ectopic tissue formation and malignant transformation associated with MSC therapy may be limited26. Despite the lack of convincing evidence demonstrating in vivo epithelial differentiation of MSCs, MSCs may have other attributes useful for treating CD. 

2.2. MSC paracrine signalling 
In addition to differentiation, MSCs mediate their therapeutic effects through complex paracrine signalling, whereby they secrete signals which alter the behaviour of neighbouring, or even more distant, cells. Such signals include cytokines, alongside growth and immunosuppressive factors27, which mediate tissue reparative effects such as promoting angiogenesis, regeneration, cellular recruitment and immune modulation (FIG. 2). 

2.2.1. MSC-mediated epithelialisation 
MSCs can induce epithelial regeneration by stimulating the growth of intestinal stem cells present in the small and large intestine epithelium (FIG. 2). Under radiation-induced models of GI injury, MSCs enhanced endogenous intestinal stem cell growth, predominantly the Lgr5+ stem cells, by increasing activation of the Wnt/β-catenin signalling pathway responsible for maintaining intestinal stem cells30,31. MSCs potentiate Wnt signalling by secreting prostaglandin E2 (PGE2) in response to damaged epithelium32. Previous studies have demonstrated that Wnt signalling activation is essential to promote regeneration of  intestinal epithelium and to maintain intestinal homeostasis33,34. Enhanced intestinal stem cell growth is fundamental to tissue regeneration and promotes intestinal repair. Therefore, the intestinal regenerative ability of MSCs could be hugely valuable in treating diseases that affect the intestinal epithelial barrier such as CD. 

2.2.2. MSC-mediated angiogenesis
To promote wound healing, the process of producing new blood vessels from existing blood vessels, known as angiogenesis, is crucial. MSCs elicit pro-angiogenic effects which predominantly act via secretion of pro-angiogenic factors including VEGF35, TGF-β, angiopoietin-1, PGF and PDGF(FIG. 2). Endothelial cell differentiation, proliferation and neo-vascularization are induced in response to the release of these pro-angiogenic factors36 and this MSC-mediated facilitation of angiogenesis has been shown to significantly contribute to regeneration of intestinal epithelium in damaged colons37. 

2.2.3. MSC-mediated immunomodulation 
MSCs have extensive paracrine effects which modulate the immune response at the injury site by secreting a variety soluble factors including tumour necrosis factor stimulated gene 6 (TSG6) and PGE238, (FIG. 2). These paracrine immunosuppressive effects of MSCs act on innate and adaptive immune cells. Mechanisms by which paracrine secretions affect immune cells will be discussed in detail later in the review. 

3. Immune response to injury 
Coordinated actions of innate and adaptive immune responses are essential to GI homeostasis. The innate immune system provides first-line protection to cell injury through physical barriers like the mucous membrane39. Low immune responses to symbiotic bacteria are carefully maintained by the immune system under normal conditions, provided innate barriers remain intact40. Barrier destruction by tissue injury, trauma, disease or infection, induces local and systemic immune responses41. 

Cells involved in innate immunity include tissue-resident macrophages, mast cells, dendritic cells alongside circulating leukocytes including neutrophils and monocytes42. Innate immune cells possess surface pattern recognition receptors (PRRs) capable of responding to infection or tissue injury. If PRRs detect pathogen-associated molecular patterns (PAMPs) on the pathogen’s surface, infectious inflammation occurs resulting in phagocytosis by macrophages and neutrophils. By contrast, if tissue injury occurs without infection, copious amounts of pro-inflammatory molecules called damage-associated molecular patterns (DAMPs), including uric acid and ATP, are released43. DAMPs are recognized by PRRs, which become activated and induce sterile inflammation to promote protective inflammation and repair44.

DAMP recognition elicits sterile inflammation via recruitment of macrophages and neutrophils. Activated PRRs also initiate intracellular signalling cascades by activating numerous transcription factors like nuclear factor kappa B (NF-κB)45, a key regulator of proinflammatory cytokine release. Therefore, these intracellular signalling cascades result in the expression of numerous proinflammatory cytokines, chemokines and cell adhesion molecules predominantly interleukin (IL)-1 and tumour necrosis factor alpha (TNF-α)42 which elicit an early inflammatory response. These proinflammatory cytokines can enhance leukocyte adhesion molecules present on endothelial cells’ surface to promote extravasation of leukocytes to the injury site. Additionally, the cell-mediated response involving T cells is acquired to further limit tissue damage and provide long-lasting protection39. 

In CD, destruction of GI mucosa results in excess activation of innate and adaptive immune responses(FIG. 3). The underlying pathogenesis of CD is not fully understood46. Nevertheless, whether due to infection or not, CD is primarily mediated through inflammation following the release of DAMPs such as high mobility group box 1 (HMGB1) protein47 in response to plasma membrane disruption49. DAMPs have a predominant role in CD pathogenesis since persistent or excessive signalling mediated by DAMPs amplifies the immune response and causes chronic intestinal inflammation48, (FIG. 3). 

4. MSC-mediated immunomodulation 
Given that current treatments for CD fail to treat the underlying cause of inflammation, novel cell-based therapies aim to harness the immunomodulatory properties of MSCs to combat chronic inflammation and prevent recurrence of CD. When activated by DAMPs in an inflammatory environment, MSCs exhibit immunomodulatory effects through mediating interactions between MSCs and lymphocytes amongst secreting trophic anti-inflammatory factors such as TSG-650 and PGE251. The immunomodulatory properties MSCs posses52 have long-lasting measurable effects on immune responses. Priming factors like TNF-α and IFNγ are essential for stimulation of immunomodulatory properties of MSCs53.

4.1. MSC-mediated effect on innate immune cells
4.1.1. MSC-mediated effect on macrophages 
The inflammatory response to infection or injury leads to macrophage recruitment and infiltration at the injury site. Macrophage infiltration results in the release of pro-inflammatory cytokines including TNF-α, IL-6, IL-23, IL-1β and nitric oxide54,55. MSCs eliminate early inflammatory responses at the injury site by increasing secretion of the paracrine factor TSG638,50. TSG6 provides negative feedback on potentially excessive inflammation through attenuating macrophage activation by interfering with NF‐κB signalling56,57. NF‐κB signalling is responsible for stimulating proinflammatory cytokines including TNF-α, IL-1 and IL-6(FIG. 3); therefore, interference in NF-κB signalling causes inhibition in the release of these cytokines from monocytes and M1 type (pro-inflammatory) macrophages57. Additionally, TSG6 immunomodulates the activity of innate immune cells but the underlying mechanism is unknown58. In conclusion, paracrine secretion of TSG6 contributes to the immunomodulatory properties of MSCs. 

MSCs also promote wound healing by inducing repolarization of pro-inflammatory M1 macrophages into anti-inflammatory M2 macrophages59,(FIG. 4). Macrophage repolarization by MSCs occurs through amplified production of kynurenine (KYN) and PGE2 as a result of the upregulated expression of the enzymes indoleamine 2,3- dioxygenase (IDO) and cyclooxygenase 2 (COX2) respectively60. M2 macrophages aid tissue repair by enhancing phagocytosis alongside stimulating secretion of IL-1061. IL-10 mediates immunosuppression by acting on macrophages62 and by modifying the expression of immunomodulatory genes to reduce the expression of proinflammatory mediators which recruit excessive infiltrating neutrophils63. M2 macrophages also minimise effector T cell stimulation thereby reducing the cell-mediated response64. In summary, MSCs encompass widespread therapeutic effects following tissue damage as MSCs can modulate both innate and adaptive immune responses through their action on macrophages; thereby enhancing their therapeutic potential in treating immune dysregulated diseases such as CD. 

4.1.2. MSC-mediated effect on neutrophils 
CD has complex aetiology; nevertheless, chronic inflammation that occurs in CD leads to a disruption in the mucosal barrier thus predisposing the GI wall to invasion by commensal bacteria. Neutrophils, the main constituent cell type present in the innate immune system, are normally present in the bloodstream39. During intestinal inflammation, neutrophils infiltrate the injured tissue and exhibit antimicrobial effects in response to microbial invasion of the GI mucosal epithelial cells to protect the underlying tissue from infection. Neutrophils also facilitate mucosal repair by releasing monocyte chemoattractants such as the human cathelicidin antimicrobial protein (hCAP18) which recruit macrophages to the injured tissue to enhance repair66. Consequently, neutrophils are beneficial in wound repair67; however, excess accumulation and activation of neutrophils in the GI tract can contribute to inflammatory diseases68. In CD, the contribution of neutrophils to pathology is unclear due to the beneficial and harmful effects of neutrophils. Several studies suggest CD pathology is due to the excess activity of neutrophils whereas other studies suggest insufficient neutrophil recruitment contributes to CD67, 69.  

One potential therapeutic mechanism on action of MSCs in CD is via their stimulatory and inhibitory effects on neutrophils. MSCs activated by bacterial endotoxins enhance the secretion of inflammatory cytokines such as IL-8 and IL-6 which recruit and activate neutrophils to the injury site thus enhance anti-microbial responsiveness70. Furthermore, MSCs prolong the lifespan of neutrophils by upregulation of anti-apoptotic proteins such as myeloid cell leukaemia-1 protein and downregulation of pro-apoptotic molecules such as BCL2-associated X protein71. Thus, activation of MSCs by bacterial invasion of mucosa results in stimulation of neutrophil recruitment and activation to enhance microbial clearance.  

To maintain desired neutrophil levels, MSCs reduce chemotactic recruitment and activation of neutrophils72 by downregulating the expression of the IL-8 chemokine receptor CXCR2 present on the surface of neutrophils73; therefore, the IL-8 chemokine primarily responsible for neutrophil activation cannot bind to neutrophils thus cannot stimulate activation. In addition, TSG-6 secreted by MSCs binds to IL-8 and inhibits the migration of neutrophils74. Neutrophil recruitment is further reduced by MSC-mediated inhibition of macrophage NF‐κB signalling resulting in a reduction in the expression of neutrophil chemoattractant CXCL275. Thus, through this complex secretion of factors, neutrophil recruitment and activation is immunomodulated by MSCs to maintain desired levels. 

4.1.3. MSC-mediated effect on mast cells  
Mast cells are innate immune cells residing in tissues that are predominantly effective against allergic inflammation76 but also contribute to non-allergic host defences; however, excess mast cell degranulation results in disease pathology39. In CD as inflammation continues, mast cell hyperplasia contributes to tissue fibrosis77 by stimulating the release of profibrotic mediators such as the enzyme tryptase78. Profibrotic mediators can lead to the formation of a stricture which is a narrowing of the bowel lumen79 that can lead to serious complications such as bowel obstruction, bleeding and perforation. Therefore, it is crucial to minimise the effects of mast cells in response to tissue injury to prevent further injury to damaged tissue.  
MSCs exert their therapeutic effects by preventing excessive mass cell infiltration80 and by stabilising mast cells through MSC-mediated production of PGE2 via a COX2 dependent pathway. Mast cell stabilisation effectively reduces their release of pro-inflammatory cytokines and profibrotic mediators, thereby reducing further tissue damage81. The exact mechanism by which MSCs prevent excessive mast cell infiltration is unknown and requires further investigation.  

4.1.4. MSC-mediated effect on dendritic cells 
Dendritic cells play a fundamental role in antigen presentation resulting in the initiation of cell-mediated immunity39. Dendritic cell maturation occurs in the presence of DAMPs and PAMPs as PRRs are present on the surface of dendritic cells82. Activation and maturation of dendritic cells leads to the production of pro-inflammatory cytokines TNF-α and IFN-γ and IL-1283; therefore, excess activation of dendritic cells can contribute to the development of gut inflammation in CD. In addition to cytokine release in CD, activated dendritic cells potentiate gut inflammation through priming CD4+ T cells against infiltrating bacteria84. 

As dendritic cells play a major role in activating the adaptive immune response, targeting dendritic cell function is effective in maintaining cell-mediated immunity to desired levels. MSCs are capable of suppressing excess dendritic cells activity by releasing soluble factors. Dendritic cell differentiation from monocytes is inhibited in response to the production of IL-685; furthermore, dendritic activity is reduced through the production of PGE2 by MSCs which inhibits dendritic cell maturation86. MSCs are also capable of downregulating the release of pro-inflammatory cytokines from dendritic cells thereby alleviating inflammation.

4.1.5. MSC-mediated effect on natural killer cells 
Natural killer (NK) cells are primarily responsible for eliminating both stressed and virus-infected cells in innate immunity. NK cells fulfil their effector function through producing pro-inflammatory cytokines such as TNF-α and IFN-γ cytokines which enhance the immune response by elevating the activity of macrophages and dendritic cells. The mode of action of NK cells is elicited through the release of perforin and granzyme enzymes which perforate the cell membrane of stressed and virus-infected cells and induce apoptosis respectively39. 
MSCs inhibit proliferation and effector cytotoxic activities of NK cells by secreting IDO and PGE287. MSCs elicit a particular inhibitory effect on proliferating NK cells by preventing CCL2 and granzyme B-mediated destruction by NK cells through MSC expression of the serine protease inhibitor B9. Consequently, MSC-mediated immunosuppression of NK cells leads to reduced perforin expression thereby lessening the cytotoxic response. Therefore, MSCs would be effective in treating CD as NK cells are pathologically elevated in patients with IBD88. 

4.2. MSC-mediated effect on adaptive immune cells
4.2.1. MSC-mediated effect on T cells
T cells are a fundamental component of the immune system as they provide cell-mediated immunity and are involved in chronic inflammation, viral infection and graft rejection39. In genetically susceptible individuals, CD is driven by an excessive T cell response to antigens in gut microbiota89. In CD, a dysregulated production of CD4+ T-helper (Th) cells occurs90. Cytotoxic CD4+ T cells act on damaged intestinal epithelial cells and promote gut inflammation which directly damages epithelial cells. Gut inflammation is promoted by the release of pro-inflammatory cytokines such as IL-2, IL-17, TNF-α and IFN-γ from activated Th1 and Th17 CD4+ T cells91, (FIG. 3). Damage caused by gut inflammation can weaken the physical barrier provided by the GI wall epithelium thereby allowing commensal bacteria invasion; therefore, it is important to control cell-mediated immunity. 

MSCs can therapeutically modulate cell-mediated immunity. At the injury site, locally activated T cells produce an IFN-γ gradient which localises MSCs to the inflamed area92. MSCs exert immunosuppressive actions on pro-inflammatory T cells in response to activation by cytokines like IL-1α and IL-693. Once activated, MSCs significantly enhance IDO activity. IDO predominantly inhibits T cell function by catabolizing the amino acid tryptophan which is fundamental for T cell proliferation94; therefore, fewer T cells are activated at the injury site. 
Upon stimulation, MSCs release PGE2 which suppresses T cells and IL-17 production and reduces IL-10 production95. Reduced production, recruitment and activation of Th-1 and Th-17, limits the release of pro-inflammatory cytokines like IL-2, IL-17, TNF-α and IFN-γ involved in inflammatory and autoimmune responses; consequently, both responses are attenuated. By contrast, Th2 cells are unregulated by MSCs resulting in an enhanced release of anti-inflammatory cytokines IL-4 and IL-1091, (FIG. 3). Thus, MSCs collectively promote intestinal epithelial stem cell differentiation and proliferation providing an essential therapeutic benefit in tissue repair91. 

In addition, MSCs enhance immunosuppressive effects of regulatory T (Treg) cells96. Treg cells predominantly suppress the immune response by producing immunosuppressive factors like TGF-β, IL-10 and IL-691. The production of Treg cells is enhanced by M2-like macrophages polarised by MSCs (FIG. 4) resulting in an inhibition in the proliferation of cytotoxic CD8+ T cells97. Treg cells also display IDO activity allowing for further reduction in lymphocyte proliferation98. Therefore, research has demonstrated the profound therapeutic effects MSCs have on modulating cell-mediated immunity. 

4.3. Immunogenicity of MSCs
A fundamental property of MSCs for use in cellular therapy is that MSCs are immunoprivileged, meaning an immune response is not significantly elicited when in vitro expanded MSCs are introduced in vivo. MSCs have a low expression of costimulatory molecules CD40, CD80 and CD86 and class I major histocompatibility complex (MHC-I) and MHC-II on their surface. Expression of these molecules would otherwise elicit an immune response if present in higher quantities as T-lymphocytes would become activated99,100. Therefore, MSCs do not initiate significant alloreactivity allowing for their successful allogeneic transplantation. Consequently, therapeutic transplantation of harnessed MSCs may be promising as infused MSCs may have a greater effect in restoring immunological homeostasis in response to inflamed or damaged tissue as the concentration of MSCs infused following in vitro expansion is higher than the concentration of MSCs amongst bone marrow cells101.  

5. Administration of MSCs for CD 
The relative ease in MSCs isolation, expansion and utilisation has allowed for initiation of numerous clinical trials to identify the efficacy and safety of MSC-mediated treatments in CD15,16. In a study conducted in 2018, forty-one patients out of eighty-two CD patients were randomly selected to receive an intravenous infusion of 1×106 umbilical cord-derived MSCs each week for a total of four weeks. All patients that took part in the clinical trial received steroid maintenance therapy for more than six months. The Crohn's Disease Activity Index (CDAI) was used to assess the severity of the disease before and after twelve months. A notable decrease in the CDAI was observed from 62.5±23.2 to 23.6±12.4 (p＜0.01) with and without MSCs treatment respectively. Development of a fever following MSC infusion was observed in four patients; however, no serious adverse effects were observed102. This study thus proves the efficacy of MSCs in treating CD; however, further research comparing MSC-mediated therapy to current therapy is required and the study did not investigate the exact mechanism of action.  

Although some clinical trials currently use MSCs, controversy about the safety of MSC treatment remains due to previous conflicting results in research outcomes of adverse events102. To ensure MSC treatment safety, a systematic review and meta-analysis studying the use of MSC injections to treat perianal CD conducted by Lightner et al103 demonstrated that no serious adverse events were found following local administration of MSCs, proving local MSC infusion to be a promising form of treatment in the future. However, further clinical trials demonstrating consistent outcomes in the systemic application of MSCs are required to eliminate safety concerns. Ensuring MSC safety would enhance the therapeutic potential of MSCs and increase the likelihood of future standardised use of MSCs in treating immune dysregulated diseases, such as CD.  

6. Conclusion 
Understanding of MSC function has significantly increased since the early 1970s and has aided our ability to isolate and utilise MSCs in both in research and clinical application. The future for MSC-mediated therapy is promising as they have been shown to elicit remarkable tissue-reparative effects, both through differentiation and tissue repair, but especially through immunomodulation. Further randomised control trials are required to demonstrate the therapeutic advantage of using MSC-mediated therapy as opposed to standard conventional treatments. Nevertheless, MSCs have proven to be a potentially invaluable cell type in novel cellular therapy for treating CD due to their remarkable immunomodulatory properties and have widespread potential in a range of other conditions. 
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Figure 1: Mesenchymal stem cell (MSC) differentiation in in vitro. In vitro cultured MSCs are capable of trilineage differentiation into osteoblasts, adipocytes and chondrocytes under specific inductive stimuli. Osteoblast induced differentiation of MSCs occurs in the presence of dexamethasone, L-ascorbic acid and inorganic phosphate. Adipocyte differentiation of MSCs occurs in the presence of isobutyl methylxanthine, dexamethasone, indomethacine and insulin. Chondrocyte induced differentiation of MSCs occurs due to the presence of transforming growth factor-β and dexamethasone. Non-mesenchymal differentiation remains a topic of debate. Figure designed using PowerPoint and adapted from: (23).
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Figure 2: MSC-mediated tissue repair through epithelialisation, angiogenesis and immunomodulation. MSCs are capable of differentiating into epithelial cells or initiate vasculogenesis through the activation of myofibroblasts to improve tissue repair. In addition, angiogenesis is enhanced through the MSC-mediated production of pro-angiogenic factors including basic fibroblast growth factor (bFGF), interleukin 6 (IL-6), transforming growth factor beta (TGF-β), monocyte chemoattractant protein 1 (MCP-1), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), angiopoietin-1, hepatocyte growth factor (HGF), placental growth factor (PGF) and vascular endothelial growth factor (VEGF). Furthermore, MSCs secrete paracrine soluble factors which can alter the function of immune cells such as macrophages, dendritic cells and T cells. Figure reproduced from: (29). 
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Figure 3: Inflammation in Crohn’s disease. Innate immune cells such as macrophages and dendritic cells lead to a cell-mediated response. Immune dysregulation due to imbalance T helper (Th) cell activation. Activation of Th1 and Th17 leads to the production of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF- α), interferon gamma (IFNγ), interleukin (IL)-1, IL-2 alongside IL-17 and IL-21 respectively. Nuclear factor‐κB (NF‐κB) signalling is activated by IL-17 and IL-21 enhances the release of proinflammatory cytokines. By contrast activation of Th2 cells leads to the production of anti-inflammatory cytokines such as IL-4, IL-10 and IL-13. Figure reproduced from: (48).





























Figure 4: MSC-mediated interaction in inflammatory responses. PAMPs (a) or DAMPs (b) activate MSCs which secrete CC-chemokine ligand 3 (CCL3), CCL12 and chemokine (C-X-C motif) ligand 2 (CXCL2). Chemokine secretion localizes macrophages to MSCs. MSCs enhance the secretion of the anti-inflammatory tumor necrosis factor-inducible gene 6 (TSG6) (d). In addition, MSC mediate the repolarization of M1 macrophages to M2 macrophages through enhancing kynurenine (KYN) and prostaglandin E2 (PGE2) levels (e). M2 macrophages elicit anti-inflammatory properties through the secretion of interleukin 10 (IL-10), tissue reparative properties and also have elevated phagocytic properties. Figure modified from: (65). 
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