Abstract

Introduction: The aim of therapy in Crohn’s disease (CD) is induction and maintenance of remission, promotion of mucosal healing and restoration of quality of life. Even the best treatment regimes, including combinations of biologics and immunomodulators lack durable efficacy and have well documented side effects. Accordingly, there is an unmet need for novel therapies. Mesenchymal stromal cells (MSCs) are a subset of non-hematopoietic stem cells that home to sites of inflammation where they exert potent immunomodulatory effects and contribute to tissue repair. Their utility is being explored in several inflammatory and immune mediated disorders including CD, where they have demonstrated favourable safety, feasibility and efficacy profiles. 

Areas covered: This review highlights current knowledge on MSC therapy and critically evaluates their safety, efficacy and potential mechanisms of action in CD.  

Expert commentary: Building on positive early phase clinical trials and a recent phase 3 trial in perianal CD, there is considerable optimism for the possibility of MSCs changing the treatment landscape in complicated CD. Although important questions remain unanswered, including the safety and durability of MSC therapy, optimal adjunctive therapies and their sourcing and manufacturing, it is anticipated that MSCs are likely to enter mainstream treatment algorithms in the near future. 


1.0 Introduction

1.1 Background to Crohn’s disease

Crohn’s disease (CD) is a chronic inflammatory disorder that can affect any part of the gastrointestinal tract, although most commonly involves the small bowel, large bowel and perineum. Although most patients initially present with significant mucosal inflammation which is often present throughout the thickness of the gut wall, unfortunately, over time, disease behaviour changes and many patients progress to penetrating complications, including fistula, sinus and abscess formation [1] . There is no cure for CD and although sustained clinical remission remains the goal of treatment, many patients continue to experience persistent symptoms, frequent relapses, disease progression and significant complications. Medical management comprises non-specific anti-inflammatory agents such as corticosteroids and immunomodulators, and more recently biological therapies targeting specific immune molecules or cells. 

Whilst treatment with anti-tumour necrosis factor alpha (anti-TNFα) is considered a game changing therapy for CD [2-4], approximately one-third of patients do not respond to treatment and an additional one-third subsequently lose response or become intolerant [5, 6]. Even powerful combinations of immunomodulators and anti-TNFα, administered for over 1 year induce mucosal healing in fewer than 50% of CD patients [3]. Although newer agents, including vedolizumab, targeting the gut homing integrin α47 expressed by circulating leukocytes, and ustekinumab, targeting the p40 subunit common to both cytokines interleukin-12 (IL12) and IL23, are efficacious in CD and have now emerged into clinical practice, most patients experience disease relapse even when they have been pre-selected as drug responders [7, 8]. Thus, there is a clear unmet need for identifying new therapeutic approaches. Moreover, the current paradigm of targeting individual cytokines fails to acknowledge the likelihood that inflammation in different individuals may be driven by different immune pathways. Similarly, the human immune system is complex and has built in redundancy and compensatory mechanisms, such that only targeting one immune pathway with selective cytokine blockade may well result in activation of alternative immune pathways that emerge and continue to drive disease. For example, it was recently shown that IBD patients with poor clinical responses to anti-TNFα therapy have increased expression of the novel cytokine oncostatin M and the transcriptional network linked to its activation [9]. 

Another limitation of current therapeutic strategies is the focus on targeting inflammation, but not on coordinating tissue remodelling and repair. Regenerative medicine with cell therapy approaches, including the application of mesenchymal stromal cells (MSCs), attempts to bridge this gap and offer an alternative paradigm to suppress inflammation whilst simultaneously promoting tissue restitution. This approach might be especially beneficial in CD, where complex inflammatory pathways promote progressive tissue damage and organ failure despite the use of expensive biological therapies.   

1.2 Aetiology of Crohn’s disease 

The  pathophysiology and aetiology of CD is not fully understood but dysregulation of mucosal immunity, ostensibly to intraluminal microbial antigens, is considered a critical event. Key immune changes in the gut of CD patients, include excessive accumulation of mucosal CD4+ helper T-cells producing effector cytokines, such as TNFα and interferon- (Th1 cells) and IL17 and IL22 (Th17 cells) [10]. Inappropriate activation of these T-cell lineages drives excessive recruitment and stimulation of mononuclear phagocytes (MPs), such as CD14+ inflammatory monocytes (especially for Th1 cells), as well as neutrophils (triggered by Th17-derived cytokines), which in turn orchestrate tissue injury [11]. It is important to recognise that MPs are not merely involved in responding to T-cell derived signals, but are also involved proximal to T-cell activation, through bacterial recognition, processing and presentation of microbial antigens to infiltrating T-cells. In CD, dendritic cells (DCs), which are professional antigen presenting cells and sample luminal antigens, upregulate molecules involved in bacterial sensing, such as toll-like receptors [12] and prime T-cell responses. Mucosal MPs are a key source of cytokines involved in driving activation of T-cells and shaping their differentiation towards the harmful effector lineages. Th1 differentiation/activation is triggered by MPs derived IL12, IL15 and IL18, and Th17 differentiation/activation and maintenance is promoted by IL1β, IL6 and IL23 produced by tissue MPs [10].       	Comment by Nick P: 

A population of innate lymphocytes termed innate lymphoid cells (ILCs) also contribute to inflammation [13]. ILCs closely resemble effector CD4+ T-cell lineages but are activated independently of recombined antigen-specific receptors. ILCs are expanded in CD [14] and have been shown to play an indispensable role in preclinical models of chronic intestinal inflammation [15, 13] . In addition to expansion of pro-inflammatory lymphocytes, in CD there is also contraction of immunomodulatory immune mechanisms. For instance, the number of FOXP3+ regulatory T-cells (Tregs), which produce anti-inflammatory cytokines such as IL10 and TGF-β, is significantly diminished in CD patients compared to inflammatory control patients [16]. Accordingly, the imbalance between pro-inflammatory and counter regulatory mechanisms is likely to be central to the progression and maintenance of gut inflammation in CD.        

In addition to environmental triggers such as luminal microbes, host genetics also play a significant role in conferring increased susceptibility to CD. Indeed, CD concordance amongst monozygotic twins is about 50%, and having an affected first degree relative  increases the risk for developing CD by 5-35 fold [17]. More than 200 genetic loci have been associated with altered IBD risk, the majority of which are shared between CD and ulcerative colitis (UC), and are located at loci chromosomal regions enriched for immune genes [18]. Key pathways implicated by genetic studies include bacterial sensing (NOD2), autophagy (IRGM), selected inflammatory pathways, such as the IL23/IL17 axis (IL12B, IL23R, STAT3, TYK2, TNFSF15) and immune cell trafficking (ITGA4, ITGAL, ICAM1). Efforts at identifying causal variants by fine mapping has confirmed involvement of many of these loci, most notably NOD2 and IL23R [19].    
    


2.0 Mesenchymal stromal cells

2.1 Background

It was almost five decades ago when Friedenstein and colleagues isolated mesenchymal stromal cells (also known as mesenchymal stem cells, multipotent stromal cells, marrow stromal cells and colony-forming unit-fibroblastic cells) from the bone marrow (BM) of mice [20]. The International Society for Cellular Therapy (ISCT) defines human MSCs as tissue-culture plastic adherent cells capable of differentiation into osteoblasts, adipocytes, and chondrocytes (figure 1).  They  express CD73, CD90 and CD105, but lack expression of markers associated with other cell types, such as CD11b, CD14 (both myeloid markers), CD34 (hematopoietic stem cells), CD45 (pan-immune cell marker), CD79a (B-cell marker) and HLA class II antigens [21].


As well as BM, MSCs can be easily isolated and expanded in vitro from adipose tissue, skeletal muscle, skin, liver, dental pulp, placenta and umbilical cord blood. Although cultures of MSCs have a uniform appearance of spindle like fibroblast cells (figure 2) they are heterogeneous, and younger  passages have higher rates of plasticity and proliferation compared with higher passages [22].

Like hematopoietic stem cells, only a small percentage of infused MSCs (often <1%) reach the target tissue [23]. A large fraction become entrapped in the lungs, or in pre-capillary vascular beds. Ongoing genetic and chemical engineering approaches are attempting to enhance the tissue homing capacity of MSCs with a view to augmenting their tissue specific therapeutic efficacy [24]. MSCs were initially considered for therapy based on their multilineage differentiation capacity (figure 1). However, it is now appreciated that these cells modulate inflammation and possess anti-apoptotic and proangiogenic properties, which makes them ideally suited for application in diseases caused by chronic inflammation and associated tissue injury. 


2.2 Immunomodulatory properties

Whilst MSCs represent only a minority of the cells in the BM (0.001%-0.01%), they constitute the niche in which hematopoietic stem cells (HSC) self-renew and differentiate. Apart from their ability to repair bone, cartilage and other stromal compartments [25], MSCs exhibit potent immunomodulatory effects through a variety of mechanism (figure 3). They can influence the phenotype of multiple immune cell populations, including adaptive and innate lymphocyte populations and MPs, which comprise monocytes, macrophages and DCs.  

Unlike many of their immune cell counterparts, and especially MPs, an important property of MSCs is their lack of MHC class II or co-stimulatory molecule expression and poor antigen presenting properties. This means they have very low immunogenicity and are poor primers of adaptive immune responses. This is especially useful for the deployment of allogeneic MSCs, which would otherwise trigger a proliferative response from allogeneic lymphocytes, and thus abrogates the need for donor- recipient matching. Despite this ‘immunopriviledged’ property, recent data indicates that allogeneic MSCs may elicit detectable humoral and cellular immune responses [26-28] . In a recent phase 3 clinical trial in fistulizing CD, serological testing performed in a subgroup of patients receiving allogeneic adipose derived MSCs or placebo demonstrated that 36% of MSC treated patients mounted donor specific anti-HLA class I antibodies as compared to 0% of placebo treated patients. However, there were no adverse events associated with antibody formation and no impact on clinical response to MSCs [29]. 

MSCs are not constitutively immunosuppressive but rather acquire this ability during exposure to the inflammatory microenvironment, which then activates them to produce growth factors, promote tissue regeneration and adopt immunosuppressive functions. Pro-inflammatory cytokines such as IFN, TNF and IL1 are key players in this ‘licensing step’ [30, 31].  MSCs pre-treated with IFN demonstrated enhanced inhibition of peripheral blood mononuclear cells and T-lymphocyte proliferation in vitro compared with resting MSCs, and exhibit superior immunosuppressive function and improved migration to inflamed gut in preclinical models of intestinal inflammation[32]. However, one theoretical problem associated with IFN licensing is the tendency of this cytokine to increase expression of MHC I and co-stimulatory molecules and potentially increase the risk of immunogenicity. 

More recent data has shown that IL17 can also license MSCs. Whole genome transcriptional profiling of MSCs treated with IFN or IL17A, confirmed that IFN induced expression of MHC, co-stimulatory molecules and transcripts encoding proteins involved in antigen presentation, which could potentially enhance their immunogenicity [33]. On the other hand, IL17A activation of MSCs failed to induce transcripts involved in these pathways, and instead triggered induction of transcripts encoding molecules involved in chemotaxis (e.g. CCL2, CXCL6, CCL8), and molecules that might permit MSCs to invade inflamed tissues by degrading extracellular matrix networks (e.g. MMP13, MMP1). Notably, IL17A licensed MSCs exhibit increased suppression of Th1 cells and enhanced potentiation of regulatory T-cells [34].              

As discussed above effector T-cell lineages, including Th1 and Th17 cells play a central role in orchestrating the pro-inflammatory response in inflamed tissue in CD.  There are multiple studies demonstrating that MSCs can suppress IFN production by Th1 T-cells, however, the role of MSCs in suppressing Th17 cells is more controversial. One study reported that MSCs can suppress IL17 production by T-cells, which was cell contact independent and could be reversed by inhibiting Indoleamine 2-3-dioxygenase (IDO) [35]. Although MSC mediated suppression of Th17 cells  results have been corroborated by other groups [36] other studies have observed a reciprocal expansion of Th17 cells after exposure to MSC, whilst confirming the potent suppression of Th1 cells [37]. Irrespective of their effects on cytokine production it is well documented that MSCs inhibit T-cell proliferation [38, 39], and induce apoptosis [40], which would of course serve to downregulate effector T-cell responses. 

The anti-proliferative effects of MSCs are at least partly mediated by cyclin D2 which arrest the cell cycle arrest in the G0/G1 phase [38, 41]. Importantly, T-cell lines isolated from the intestine of CD patients exhibit reduced proliferative responses, augmented apoptosis and impaired production of IFN, IL17, IL21 and TNFα when co-cultured with MSCs [42]. These inhibitory effects were dependent on IDO and cell contact. Although the immunosuppressive effects of MSCs on T-cells has received a lot of research attention, it is important to remember that MSCs also modulate other lymphocyte populations, including B-cells (inhibiting activation, proliferation and IgG secretion) [43] and Natural killer (NK) cells [44]. 

MSCs also impact on the phenotype and activation of cells of the mononuclear phagocyte system. MPs play a key role in priming and activating adaptive immunity, but also responding to T-cell signals to drive inflammation. MSCs suppress the differentiation and maturation of DCs from monocytes or hematopoietic stem cells [45, 46]. DCs suppressed by MSC fail to upregulate co-stimulatory molecules, such as CD80, CD86 and CD40, and fail to produce key cytokines involved in T-cell polarization, such as IL12, which is critical for Th1 development [46, 47].

In addition to suppressing pro-inflammatory immune pathways, MSC also promote the expansion and immunosuppressive action of immune cells involved in countering excessive inflammation. Regulatory T-cells (Tregs) are the best known immunomodulatory lymphocytes, and they play a key role in supressing gut inflammation. MSCs promote the generation of Tregs, increase their suppressive action, and in models of autoimmunity MSCs act synergistically to promote disease amelioration [48]. In vivo administration of MSCs is association with expansion of FoxP3+ regulatory T cells and reduced severity of colitis [49, 50].

More recent work suggests that a new regulatory subset of IL-10 producing CD5+ B-cells (Bregs), may also contribute to suppression of exaggerated immune responses in experimental colitis [51], and in vivo administration of MSCs has been shown to promote the expansion of Bregs in different disease settings [52, 53]. 

Myeloid cells also participate in the anti-inflammatory processes. MSCs promote the differentiation of IL-10 producing immunosuppressive macrophages, which potently suppress T-cell activation [54]. Notably, adoptively transfer of MSC conditioned regulatory macrophages attenuates preclinical models of IBD.

Although the molecular mechanisms responsible for mediating the immunosuppressive effect of MSC have yet to be resolved, there is experimental support for IDO as an important contributor to this process. IDO depletes the microenvironment of tryptophan, resulting in cell proliferation arrest [55]. Besides IDO, other soluble factors implicated in the delivery of MSC immunosuppression includes prostaglandin E2 (PGE2) [56], human leukocyte antigen-G5 (HLAG5) [57], transforming growth factor beta-1 (TGFb1) and leukocyte inhibitory factor (LIF) [58].
      

2.3 Tissue repair properties

As well as their anti-inflammatory effects, MSCs have been shown to accelerate tissue repair. Whilst they may differentiate into the wound, they mainly achieve healing by promoting increased epithelialization, formation of granulation tissue and neovascularisation[59, 60].  The exact mechanisms are not well understood but one pathway is via the secretion of paracrine growth factors including VEGF-alpha, keratinocyte growth factor, insulin like growth factor and angiopoietin-1 which facilitate the recruitment of macrophages and fibroblasts to the site of inflammation. This enhances angiogenesis, collagen production and reduces scar formation at the wound site [61]. In a mouse model, local injection of MSCs into inflamed gut mucosa was more effective in preventing the development of penetrating ulcers, than intravenous injection of MSC. Locally injected MSC were observed to be more efficiently recruited to sites of colonic inflammation and stimulated angiogenesis in a VEGF-dependent manner [62].


2.4 Therapeutic application of MSCs in immune mediated disorders

The capacity for MSCs to regulate inflammation and promote tissue restitution renders them an attractive therapeutic tool for immune mediated disease. Therapeutic application of MSCs has perhaps gained most traction in graft versus host disease (GvHD), a feared complication of bone marrow transplantation that results in immune mediated damage from donor immune cells. This manifests with inflammation in the gut, liver and skin.  The first case report suggesting a benefit was in 2004 when MSCs were administered in a patient with severe treatment-resistant grade IV acute GvHD, who then went into complete remission for at least a year following treatment with MSCs [63]. Since then, their efficacy has been suggested in several early clinical trials, including a breakthrough phase 2 multicentre study where 30 out of 55 patients with steroid-resistant grade II-IV acute GvHD entered remission following MSC therapy [64]. These results have been largely corroborated in other early phase trials [65-67]. The key phase 3 clinical trials (NCT00366145 and NC00562497) using the commercial MSC product (Prochymal®, Osiris Therapeutics) have yet to be published.

Encouraging results of MSC therapy have also been reported in other inflammatory disease settings, including acute respiratory distress syndrome [68], multiple sclerosis [69] and renal transplantation [70], consistent with the conceptually attractive notion that MSCs may also be effective in chronic gut inflammation. 


2.5 Autologous vs allogenic MSCs

Currently, both autologous and allogeneic MSCs are under investigation (Table 1).  The quality of autologous MSC from CD patients was initially questioned given earlier findings that autologous MSC derived from patients with systemic lupus erythematosus (SLE) showed lower proliferation rates and immunosuppressive capacity compared to healthy controls [71]. However, this does not appear to be the case with MSCs from CD patients [72, 73]. Even though the tolerability and safety of autologous MSC therapy has not been challenged, their clinical application has been hampered by the lack of standardisation in terms of sourcing and manufacturing as well as the time needed to expand cells. This has been overcome using allogenic MSCs, which can be mass produced and readily available at the point-of-care. For example, Prochymal® has already been approved in the US and Canada. MSCs are derived from BM of healthy donors and expanded ex vivo with one donor being able to provide up to 10,000 doses [74]. 


Table 1. Comparison of allogenic and autologous mesenchymal stromal cells. 

	
	Allogenic
	Autologous

	Source
	Healthy donor
	Patient

	Sourcing
	Sourced commercially- therefore can be used by any centre
	Generation of MSCs dependant on centre expertise

	Consistency
	Commercial production fosters consistency 
	Consistency varies between patients

	Time to administration
	Immediate- ‘off the shelf’ 
	Following extraction and in vitro expansion (days-weeks)

	Number of doses per specimen 
	Up to 10,000. Provisions for many patients.
	More limited especially in elderly or thin patients.  Provision for one patient. 

	Immunogenicity
	Minimal                                                    
	Nil

	Cost
	More cost effective
	Less cost effective         

	Efficacy
	Equivalent
	Equivalent




3.0 MSC therapy in Crohn’s disease

3.1 Fistulizing disease

Fistulae commonly complicate CD. In a population based cohort study from Olmsted county the cumulative incidence of fistula development was 33% after 10 years and 50% after 20 years, with perianal fistulae accounting for 54%, entero-enteric (24%) and rectovaginal (9%) [75]. The goal of treatment is to achieve complete fistula closure without compromising anal sphincter function. However this is challenging and many patients experience high rates of recurrence even with the combination of maximal pharmacotherapy (antibiotics and biologics) and surgical drainage. Failure to respond leaves proctectomy or diversion ileostomy as the last resort, which significantly impairs quality of life [76]. The pathophysiology of CD fistulae is complex, however, dysregulated adaptive and innate immune responses play a prominent role. Large numbers of macrophages, which are the chief source of TNF in the gut, line the fistula tract and are surrounded by pockets of T-cells and B-cells in deeper layers of the lamina propria [77]. The phenotype of T-cells shows significant accumulation of IL17A and IFN producing CD161+ memory CD4+ T-cells [78]. Given the robust activation of host immunity and significant degree of tissue injury in CD fistulae, coupled to striking accumulation of immune cell types and pathways that have been shown to be amenable to suppression by MSCs, there has been intense interest in exploring the therapeutic potential of these cells in this disease setting.       

There have been several clinical trials investigating the utility of locally injected MSC into perianal fistulae (Table 2). The safety and therapeutic potential of MSCs in treating perianal CD was first demonstrated in 2005 when injected autologous adipose derived MSCs into 9 perianal fistulae from 4 patients. After 8 weeks, complete healing was observed in 6 fistulae [79]. The same group later performed the first randomized controlled trial of expanded autologous adipose derived MSC in perianal fistulae, which included both CD and cryptoglandular fistulae [80]. In this study, all patients received adjunctive surgical therapy with tract curettage and closure of the internal opening of the fistulae with a stitch. Control patients were then treated by sealing of the tract with fibrin glue. In MSC treated patients, prior to tract closure with fibrin glue, 20 million MSCs were superficially injected (≤2mm) into the fistula tract wall. A second dose of 40 million MSC was administered if no closure was observed at 8 weeks. The primary endpoint was fistula closure 8 weeks after the last treatment administered. Fistula tract healing was observed in 71% of patients treated with MSC and fibrin glue as compared to 16% of patients treated with fibrin glue alone, with similar results observed in patients with CD or cryptoglandular fistulae. In patients receiving MSCs closure was observed in 46% of patients after a single treatment and in a further 25% after a second rescue treatment. In patients treated with fibrin glue alone, healing occurred in 8% after a single treatment and a further 8% after a second treatment.

 An alternative approach is to adjust the MSC dose according to the length of the fistula tract. In an open label study, 43 patients received adipose derived autologous MSCs with fibrin glue, at a dose that was proportional to the length of the fistula tract. Complete closure was achieved in 64% of patients at 8 weeks (82% in the per protocol analysis), and 88% of this group had sustained closure at one year with no MSC- related adverse events [81]. 

Impressive early phase results have also been reported using allogeneic MSCs, including statistically significant improvements in radiological closure of fistulae, defined as the absence of collections >2 cm in three axes on magnetic resonance imaging (MR) [82]. An open label study of autologous MSCs injected into fistula tracts confirmed radiological healing using axial T1-weighted MRI imaging with the emergence of regenerative tissue replacing the fistula track in the absence of fibrosis - an invaluable consideration since fibrotic repair can compromise anal sphincter integrity and continence [50]. Interestingly, this study also showed expansion of Tregs in the rectal mucosa following of MSC treatment. Furthermore, MSCs co-cultured with lamina propria T-cells resulted in significantly increased production of the anti-inflammatory cytokine IL-10.    
 
Crucially, there is now a phase 3 study evaluating the efficacy of MSC versus placebo in 212 patients with treatment refractory, perianal fistulizing CD [29]. Patients were randomised to allogenic adipose derived MSC local injections (Cx601, 120 million cells injected directly into the tract) or placebo (saline injected directly into the tract). The primary endpoint was combined clinical and radiological remission at 24 weeks. In the intention to treat analysis, significantly more patients treated with intralesional MSC achieved the primary endpoint in comparison with patients treated with intralesional saline (50% vs 34%, absolute difference 15·2%, 97·5% CI 0·2–30·3; p=0·024). All patients received adjunctive surgical management including fistula curettage, drainage and internal oriﬁce closure, performed as part of the protocol 2 weeks prior to the study. This may account for the high remission rate observed. In terms of safety outcomes, proctalgia (5 in the treatment group vs 9 in placebo) and anal abscesses (6 vs 9) were the most commonly reported events but their presence in both groups suggests the preparation procedure may account for these events, rather than the cell therapy. 

The only study that looked at long term outcomes beyond one year, was a retrospective analysis of patients that had initially received autologous local injections of MSCs and fibrin glue in perianal fistulae. From the Crohn’s cohort, 5 out of 7 had complete closure at 24 weeks [80] and from these, 2 out of 5 had sustained closure
at 3 years [83]. There were no new safety issues identified suggesting a favourable safety and tolerability profile, although the small number of patients in the study limit interpretation of the longer-term efficacy and safety data. 







Table 2. Completed clinical trials for local MSC injections in fistulizing perianal Crohn’s disease

	Study
	Phase
	N receiving treatment
	Source
	Regimen and dose (/106 cells)	Comment by Nick Powell: I would take the units out of the title and give the cell number x106/kg for each study
	Follow up
	Response
(n)
	Treatment related AE

	Garcia-Olmo et al., 2005 [79]
	1
	4
(8 fistulae)
	Autologous
Adipose derived
	1 dose:

3–30 cells

	8w
	Clinical closure:

  X6 (complete) 
  X2 (partial) 
	Nil

	Garcia-Olmo et al., 2009 [80]
	2
	14
	Autologous
Adipose derived

	1 +/- 2nd dose:

Fibrin glue or fibrin glue plus 20 cells +/-40 cells or fibrin glue at week 8 if incomplete closure 
	12m
	Clinical closure:

5/7 in  MSC + fibrin group

1/7 in  fibrin group
	Nil

	Ciccocioppo et al., 2011 
[50]
	1
	10
	Autologous
BM derived
	4 doses (week 0,4,8,12):

20 cells
	12m
	Clinical closure:

X7 (complete)
     X3 (partial) 
   X7 rectal mucosal healing
	Nil

	Cho et al., 2010 
[84]
	1
	10
	Autologous
Adipose derived
	1 dose:

 10, 20 or 40 cells/ml 
(proportional to 
size of fistula tract)

	6m
	Clinical closure:

X3 (complete) 
	Nil

	De la Portilla et al., 2013
[85]
	2
	24
	Allogenic
Adipose derived
	1 dose +/- 2nd dose:

20 millions cells +/40million cells at week 12 if incomplete closure
	24w
	Clinical and radiological closure:

X9 reduction in no. draining fistula

X7 (complete)
(6/7 clinical and radiological closure)
	X3 anal abscess

X1 pyrexia

X1 uterine leiomyoma

	Lee et al., 2013
[81]
	2
	43
	Autologous
Adipose derived
	1 dose +/- 2nd dose

30–60 cells/cm, with fibrin glue +/- 1.5 times more cells at week 8
if incomplete closure

	12m
	Clinical closure:

X27 (complete) at week 8

X23 (complete) at 12 months

X6 (partial) 
(5/6 >50% closure)
	Nil

	Molendijk et al., 2015
[86]
	2
	21
	Allogenic
BM derived
	1 dose:

10, 30 or 90 cells, or placebo

	24w
	Clinical and radiological closure:

X7 (complete )

(x2 in placebo)
	Nil

	Panes et al., 2016 
[29]
	3
	212
	Allogenic
Adipose derived
	1 dose:

120 cells or
placebo

	24w
	Clinical and radiological closure:

53/107 (complete) 


	18/103 MSC group

30/103 placebo

Mainly anal abscess and proctalgia 



AE: adverse events; BM: bone marrow; M: months, N: number; W: weeks


There is a paucity of data on the role of MSCs in fistulae at other anatomical locations. Rectovaginal fistulae are particularly detrimental to quality of life, but there is no clear consensus on their management, probably due to a lack of large scale clinical trials. Surgical treatment is challenging with unsatisfactory response rates and high complication rates. A recent systematic review reported that anti-TNFα therapy led to a complete response in 41%, partial response in 21.8% and no response in 37.9% [87]. This low response rate has been partly attributed to a poorly vascularised rectovaginal septum [88] which renders local therapy with MSC even more attractive in this group. However, there is hardly any MSC data from this cohort even though the first ever case of a patient treated with MSCs was in a 33 year-old with a refractory rectovaginal fistula who achieved complete healing after 3 months, despite flares of intervening perianal disease [89]. A small proof- of- concept study investigated the impact of autologous MSC on enterocutaneous fistulae,  reported complete closure (defined as complete epithelialization of the external closure) at 8 weeks and 1 year in 3 out of 4 patients, consistent with a potential signal of efficacy [90]. 


3.2 Luminal disease

Despite advances in biological therapy, the number of patients requiring surgical resection for the stenosing and uncontrolled inflammatory complications of CD has not declined significantly. Moreover, following a surgical resection many patients will require a second operation [91]. The potential for systemically infused MSCs to attenuate a dysregulated inflammatory response and repair damaged tissue, has exciting implications for reducing the need for surgery. Furthermore, there is still an important unmet need to develop multifaceted anti-inflammatory therapies for patients with inflammatory luminal disease, since biological therapies frequently fail in this setting [3]. 

One of the first studies to demonstrate the safety and feasibility of MSC in luminal disease was an early phase 1 trial in the Netherlands where 9 patients with refractory CD received 2 infusions of autologous bone marrow -derived MSC (days 0 and 7, with a dose of 1-2 million cells/kg body weight). At 6 weeks, endoscopic improvement was reported in 2 patients, clinical improvement in 3 whilst 3 patients required surgery due to worsening disease [73]. This study also demonstrated a trend towards fewer infiltrating CD4+ T cells, increased numbers of regulatory T cells and lower cytokine levels (TNFα, IL-1β, IL-10 and IL-6) in colonic biopsies at week 6, which is in line with earlier in vitro work and experimental colitis studies in mice [49]. The phenotype of MSCs from the CD patients was reported to be comparable to MSCs from healthy donors, which is also consistent with previous studies [72] . 

Another study confirming the safety and feasibility of autologous MSC therapy, administered a single dose of either 2, 5 or 10 million cells/kg in 12 refractory CD patients. Clinical response (decrease in CDAI >100) was observed in 5 patients and worsening disease in 5 others at 9 weeks follow up [92].	Comment by Nick Powell: Adipose or BM?

Prochymal® was used in a study by Onken el al. in 2006 where 9 patients with active refractory CD (CDAI≥220 and CRP ≥5) were randomised to 2 doses a week apart, of either 2 million cells/kg or 8 million cells/kg. A reduction in CDAI score at day 28 was experienced by all patients (mean reduction of 105 points, p=0.004), with 3 patients achieving the primary endpoint of a CDAI score reduction ≥100 points. The mean reduction in CDAI was greater in the higher-dose group although this did not reach statistical significance. All infusions were well tolerated, with no treatment related adverse events [93]. Lazebnik et al. went a step further to demonstrate that as well as reducing CDAI scores, MSC therapy enabled the majority of the 10 steroid refractory CD patients to discontinue or reduce their corticosteroid burden [94]. 

Promising results were also seen in 15 CD patients with moderate to severe active disease that was refractory to anti–TNFα therapy. Study patients received weekly infusions of BM derived allogenic MSC at 2 million cells/kg for 4 weeks [95]. At 6 weeks, a clinical response (decrease in CDAI>100 points) was observed in 12 patients (80%), clinical remission (CDAI<150) in 8 patients (53%), and endoscopic improvement in 7 patients (47%). Treatments were well tolerated but a serious adverse event related to the diagnosis of a malignant sigmoid dysplastic lesion was observed in one patient at the 6-week endoscopy. However, this patient had previously documented low-grade dysplasia at other sites and had been recommended to undergo colectomy for cancer prophylaxis. The investigators suggested that the malignancy was probably present before the endoscopy at 6 weeks but potentially missed due to active colitis, however the possibility of MSCs contributing to progression of dysplasia to cancer should not be excluded. There is currently no evidence that MSC therapy contributes to neoplastic development, and this is supported by findings from a systematic review that followed patients up to 5 years, and reported no significant difference in incidences of malignancy between 103 MSC treated IBD patients (56 UC and 47 CD) and 208 matched controls [96]. However since not all these patients were assessed by repeat endoscopy at follow up, the presence of dysplastic lesions cannot be excluded. Although there have been no suggestions of increased risk of malignancy from the numerous MSC trials in patients with GvHD, there remains a need for long-term prospectively collected safety data in MSC treated patients to confidently address this line of enquiry. 

Whilst clinical outcomes for MSC therapy in luminal Crohn’s are modest at best, it is worth noting that the small patient numbers, the heterogeneous study designs, sourcing and dosing regimens of trials, as well as absence of phase 3 data, render meaningful conclusions premature (Table 3). There is an ongoing phase 3 randomized double-blind placebo controlled multi-centre study which is investigating the safety and efficacy of Prochymal® in treatment refractory moderate to severe CD. Patients are randomized to receive four infusions over 2 weeks of 600 million cells, 1200 million cells or placebo with an expected completion date of 2018.  The primary endpoint is remission at day 28 [97]. 


Table 3. Completed clinical trials for systemic infusion of MSCs in active luminal Crohn’s disease
	Study
	Phase
	N receiving treatment
	Source
	Regimen and dose 
[bookmark: _GoBack](106 cells/kg)
	Follow up
	Response
(n)
	Treatment related AE

	Onken et al., 2006 [93]
	1
	9
	Allogeneic
BM derived
	2 doses (day 0 and 7):
either 2 or 8 cells/kg
	4w
	3x clinical response (reduction in CDAI>100) 

	Nil

	Duijvestein et al., 2010 [73]
	1
	9
	Autologous
BM derived
	2 doses (day 0 and 7):
1–2 cells/kg

	6w
	3x clinical response (reduction in CDAI>70)

2x endoscopic improvement
	3x headache

1x transfusion reaction 

	Lazebnik et al., 2010 [94]
	1
	11
	Allogeneic
BM derived
	1 dose:
1.5–2 cells/kg

	4-8m
	9x clinical response

Reduction in steroid dose (number N/A)
	Mild transfusion reaction (number N/A)

	Forbes et al., 2014 [95]
	2
	16
	Allogeneic
BM derived
	4 doses (week 0, week1, week 2 and week 3):
2 cells/kg
	6w
	12x clinical response (reduction CDAI>100)

8x clinical remission (CDAI<150)

7x endoscopic improvement
	In 1 patient:
1x low grade dysplasia
1xcolonic adenocarcinoma

	Dhere et al., 2016 
[92]
	1
	12
	Autologous
BM derived
	1 dose:
either 2, 5 or 10 cells/kg

	9w
	5x clinical response  (reduction CDAI>100)
	?Treatment related:
X1 severe Crohn’s colitis flare and appendicitis

X1 C.diff colitis



AE: adverse events; BM: bone marrow; C.diff: clostridium difficile; M: months, N: number; N/A: not available, W: weeks


4. Conclusion

MSCs are an attractive therapeutic strategy in CD owing to their capacity for active participation in tissue regeneration at sites of inflammation and ability to mediate anti-potent inflammatory effects. Their low immunogenicity permits the use of reliable and reproducible sources of allogenic preparations, which appear to be efficacious and safe.  Although MSC therapy in CD is still in its infancy, preliminary findings from early phase clinical studies 1 and 2 trials, and now convincing corroborated by a phase 3 trials places MSCs as viable therapeutic options in perianal fistulising CD. The possibility of using a minimally invasive procedure to induce repair and regeneration of damaged tissue and potentially reduce the need for surgical intervention has favourable implications for patient outcomes, quality of life as well as cost effectiveness. However, there are hurdles that that still need to be addressed before MSC therapy can be widely adopted in clinical practice. Future work needs to be directed at determining the optimal source of MSC, treatment dose, timing and frequency of administration, long term safety as well as the mechanisms underlying in vivo immunomodulatory properties.



5. Expert opinion

Mucosal healing is considered an important treatment goal in CD since it predicts sustained clinical remission and resection-free survival [98, 99]. Therefore, the ideal CD therapy should attenuate inflammation and promote tissue restitution and remodelling without incurring loss of tissue function. Unfortunately, in many patients, current therapies including combinations of immunomodulators and biological drugs fall short of this desirable treatment target. 

The ability of MSCs to exhibit potent immunosuppressive effects and promote tissue repair has favourable implications on clinical, endoscopic and quality of life markers. Clinical trial data, including a phase III study show positive results [29], especially in the context of perianal fistulizing CD where the safety, feasibility, and short term efficacy are very encouraging [79, 80, 50, 83, 82, 81]. A meta-analysis of all perianal MSC CD studies reported that 61.3% (95% CI 35.6% – 84.6%) of patients had fistula closure after local MSC administration, albeit with considerable heterogeneity (I2 = 68.9%) [100]. Some of this heterogeneity can be explained by differences in clinical protocols, source of MSCs, endpoints used and the type of adjunctive surgical and medical therapy administered in addition to the MSCs. 

Although these outcomes herald the emergence of a new treatment modality in the armamentarium of physicians and surgeons treating CD, important questions remain unanswered. These include the optimal dosing regime, frequency of administration and in fistulizing disease, where to inject these cells and the optimum adjunctive surgical therapy. There are also outstanding questions about the long-term safety of MSCs and the durability of response.  Moreover, whilst it is clear that fistulizing perianal CD will be at the vanguard of MSC deployment, their effectiveness for other fistulae including rectovaginal and enterocutaneous fistulae, remains to be seen. Similarly, harnessing MSCs for isolated luminal disease and maybe even in UC, remains an intriguing possibility and the results of large scale controlled trials are eagerly awaited. Additional questions include identifying where to place MSC therapy in current treatment algorithms and developing strategies to identify patients most likely to benefit from treatment. Given the need for cytokine mediated licensing of MSCs to elicit their immunosuppressive and tissue repair actions, it is conceivable that patients with significant inflammatory burden and/or tissue damage may benefit the most. Alternatively, identifying patients with host immune responses most likely to support effective in vivo MSC licensing, such as patients with pronounced Th17 responses, is an interesting concept to consider in a personalised medicine approach.            

Another pertinent issue relates to uncertainty of the fate of MSCs following systemic administration both in terms of survival as well as where they home to. Whilst evidence from pre-clinical trials suggest that MSCs home to areas of inflammation regardless of their origin or route of administration [101-103], less is known about their survival and persistence in tissues. MSCs have been found in inflamed colonic tissue 15 days after injection in mice [104]. However, the proportion of cells that reach the site of inflammation in human studies has not been evaluated.

In summary, emerging data in this rapidly evolving field strongly supports the likelihood that MSCs will soon find a place in the treatment algorithm in perianal fistulizing CD. This may well pave the way for use in other IBD disease settings including the pregnant and paediatric cohort.  


6. Five-year view 

The clinical impact of MSC on CD outcomes is currently being evaluated in multiple clinical trials. Indeed, there are currently 13 active clinical trials registered with the clinical trials.gov database, investigating the safety and efficacy of MSC in CD. If the early promise of existing clinical trial experience is replicated , it is tempting to speculate that MSC therapy may well become established as part of the treatment algorithm in the management of perianal fistulizing disease, and potentially in other CD settings including luminal disease. More work is needed to determine optimal dosing schedules, best adjunctive surgical practice, requirement for concomitant medical therapy, methods for maximising MSC survival and engraftment (e.g. the need for licensing with cytokines) and development of biomarker strategies such that these therapies can be tailored to patient populations most likely to benefit. In the next 5 years, it is anticipated that MSC therapy will become firmly established as a robust, evidence based therapeutic option in the management of CD, and at least in the first instance, this is most likely in the context of perianal disease.  


7. Key issues

· MSCs are non-hematopoietic multipotent cells present in most tissues that are capable of differentiating into osteoblasts, chondrocytes and adipocytes. 
· In addition to multilineage differentiation and participation in the hematopoietic niche, MSCs can home to sites of inflammation where they exert potent immunomodulatory effects.
· This includes inhibition of DCs, NK cells and B and Th1 and TH17 proliferation as well as promotion of regulatory T cell differentiation.  
· MSCs do not express MHC class II or co-stimulatory molecules permitting allogenic MSCs to be used safely and conveniently. 
· Successful preclinical studies using MSCs in models of autoimmunity, inflammation and tissue damage
have prompted a sharp rise in the number of clinical trials using MSC in treatment of immune mediated diseases including CD.
· MSC therapy has been administered either locally (for external fistulae) or systemically (for luminal disease) with good short term safety and tolerability.
· The most encouraging therapeutic benefits have emerged from locally administered MSCs into perianal fistulas.
· Preliminary findings for systemic therapy in luminal disease shows some benefit in terms of signals of efficacy but there is no data from phase 3 studies to substantiate this.
· There is an unmet need to broaden the evaluation of MSC therapy to include internal fistula, other external fistula apart, the pediatric population, pregnancy and early CD.
· Enthusiasm is this field needs to be driven by more phase 3 trials.   
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