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Abstract 
This review found that adipose-derived stem cells are suitable for treating osteoarthritis. Besides joint replacement the current treatments do not reverse the underlining pathology, whereas this therapy replaces lost or damaged tissue and could represent a cure. Bone marrow is the traditional source of stem cells, however adipose tissue is more appropriate because of ease of harvesting, abundance, the concentration of stem cells and potential cosmetic benefits. Subcutaneous fat derived stem cells more effective for treating osteoarthritis when compared to visceral fat derived. Human and animal models have shown its efficacy but with limitations. It has been less successful in older and/or patients with greater joint degeneration. Its cost-effectiveness when compared to current treatment has not been shown. A gold standard production and implantation method have yet to be developed, meaning there are no guidelines for its use. Current studies aim to address these issues, with implementation on the horizon.

Introduction 
The aim of this review is to explore whether fat tissue is a suitable source of stem cells for musculoskeletal (MSK) regenerative medicine therapies. Regenerative medicine has huge potential for treating MSK disorders because it re-establishes cells or tissues that have been lost and thereby recover original function.(1) Techniques that come under regenerative medicine include gene therapy, tissue recycling and bone growth, but the focus will be on stem cell therapy.

Stem cell therapy uses native or engineered cells to replace defective tissues. Stem cells are undifferentiated and have the potential to become specialised cells. They can be defined either by their function or source. The main type of cell used in MSK therapy is mesenchymal stem cells (MSC); which can develop into osteoblasts, chondrocytes, myocytes or adipocytes. Sources of MSCs can be adipose derived (ADSCs) or bone marrow derived (BMDSCs). These different sources can affect their potential uses and suitability for treatment. 

Overall, MSK disorders cost the NHS £10.3 billion in direct costs alone and the cost of presenteeism (attending work while ill) is £30 billion.(2) They incorpated conditions such as Carpel Tunnel Syndrome, rotator cuff disorders, rheumatoid arthritis or bone fractures. However, the focus of this review is osteoarthritis (OA). 

[bookmark: _Hlk4152721]OA is ‘a degenerative disease of joints resulting in loss of the articular cartilage, remodelling of adjacent bone and inflammation.’(3) It is the most common form of peripheral joint arthritis and cause of disability in the UK.(4) The primary cause is unknown but it is associated with aging and may be due to ‘wear and tear’ on the joints. In contrast, secondary OA is associated with predisposing conditions such as injury or infection of joints. Both types are diagnosed clinically in patients 45 or over, who have activity-related joint pain and either no morning joint-related stiffness or morning stiffness that lasts no longer than 30 minutes.(4) It is not normally diagnosed by X-ray because there is no correlation between structural changes and associated symptoms or pain severity.(4) 

OA results in joint pain and stiffness. Due to this, OA alone costs an estimated 1% of annual gross nation production, 36 million working days (1999/2000) with an estimated cost of £3.2 billion in lost production.(5) OA has no cure, but stem cell therapy is aiming to change this. This review will explore that possibility, in relation to the use of ADSCs when compared to current treatment and other sources of stem cells, and its current or potential limitations.  

The raw material: adipose tissue. 
[bookmark: _Hlk4152838]When studying any new product or material we must first understand the raw components. In this case we are dealing adipose tissue, which is a ‘fibrous connective tissue packed with masses of fat cells – adipocytes.’(3) This can be further divided into white and brown fat, but that goes beyond the scope of this review. As stated by Young et al,(6) adipocytes develop from primitive mesenchyme where they mature as lipoblasts. They are found in abundance all over the body but are primarily clustered under the skin and surrounding abdominal organs. A recent study, undertaken by the Centres of Disease Control (CDC),(7) found that the average percentage body fat  (PBF) was 28.1%, age adjusted. Therefore, adipose tissue could be said to be the most abundant tissue type in an average person. 

Having considered what adipose tissue is we must briefly consider the functionality of it in the normal person before exploring its potential uses. Each adipocyte contains a droplet of triacyclglycerols which is the prominent source of energy for cells.(8) Therefore, its main function is to act as an energy store. Yet it also has an active role in body metabolism, regulation of body mass, production of adipocytokines and temperature homeostasis.(6,8) We also know that adipose tissue can act as an endocrine gland with the production of leptin, a key hormone in the control of appetite.(8) While adipose tissue has many roles, its abundance in most people means removal of a relatively small amount would have little impact on the body as a whole. 

Briefly, adipose tissue has multiple types of cells including, mature adipocytes, connective tissue, adipose stem cells (ASCs), progenitor cells, smooth muscle cell and pericytes.(9)  Importantly, adipose tissue contains stem cells, but the percentage varies between extraction techniques. 

The abundance of adipose tissue alone, does not make it a prime source of stem cells, but due to its ease of access, it is a favourable source. It also might be considered an agreeable source in a westernised culture for cosmetic reasons; by removing and reusing unwanted fat. If you consider that during 2017 around 247,000 and 2,300 liposuctions were performed in the United States and United Kingdom respectively;(10,11) it would be easy to conclude the same. If we improve patient wellbeing whilst relieving pressure on their joints the process will be doubly beneficial. 

Stem Cells 
Comparison of sources of stem cells 
Gimble, Katz, and Bunnel set out criteria for the ideal source of stem cells for regenerative medicine,(12) which can be used to compare adipose tissue to bone marrow as potential sources of stem cells. These are described in Figure 1.   

[bookmark: _Hlk4152864]Adipose tissue is the most appropriate source when discussing Criteria 1 (Figure 1). As described above, adipose tissue is more abundant than any other cell type in a human as 90% of total volume and two-thirds body cell number are adipocytes.(13)  

[bookmark: _Hlk4152884]In addition, harvesting BMDSCs is harder and more problematic than ADSCs. This is because bone marrow aspiration, the process used to harvest BMDSCs, is painful and has several morbidities whereas harvesting ADSCs is completed by a non-invasive, simple method.(14,15) Therefore, adipose tissue offers significant advantage over bone marrow tissue when reviewing Criteria 2 (Figure 1). 

[bookmark: _Hlk4152898]When investigating Criteria 3 (Figure 1), it is important to consider the proliferation potential and capacity of the two stem cells, especially the chondrogenic capacity. Mohamed-Ahmed et al states that ADSCs shows significantly higher proliferation and BMDSCs demonstrate significant higher chondrogenic capacity,(15) however this capacity varied between donors. Similarly, Liao found that there is a negative correlation between age and the osteogenic potential and cell proliferation of BMDSCs,(16) whereas ADSCs do not demonstrate this attribute. Therefore, adipose tissue is an enhanced source of MSCs in higher age groups when compared to bone marrow. This means that both sources pass Criteria 3 (Figure 1), but it remains unclear which is more effective. 

The author believes that the two stem cells are equal when debating Criteria 4 and 5 (Figure 1). This is because both have been used in clinical trials. The problem is that, if you expand Criteria 5 to include drug administrations or governing bodies there is a large gap in guidelines. This limits the use of both sources and is discussed further below. 

Comparison of harvesting locations of adipose tissue 
There are a variety of potential harvesting locations of adipose tissue. The two main sources are subcutaneous, predominantly from the hip/thigh region and visceral fat from the abdomen.  

Tang et al concluded that both regions are suitable sources of stem cells however subcutaneous ADSCs are more appropriate for OA treatment.(17)  This is because it  
showed significantly greater improvement than cartilage treated with phosphate-buffer saline (control) or visceral ADSCs when investigating using immunohistochemistry, histology and gene expression analysis of cartilage‐related markers. Subcutaneous ADSCs was found to regenerate, in surgically induced, OA into smooth cartilage  Whereas, the control showed fibrotic tissue formation with damaged cartilage and visceral ADSCs showed no significant improvement.(17) Likewise, Tang et al ascertained that subcutaneous ADSC showed better immunosuppression in vitro,(17) meaning there would be a reduced immunological response when compared to visceral ADSCs, reducing potential side effects. 

In addition to this subcutaneous ADSCs were found to have greater chondrogenic potential than visceral ADSCs, as it showed increased expression of cartilage markers including Col2AI, Sox9, aggrecan.(17) In contrast, Jurgens et al found no differences in the differentiation capacity of the two sites when comparing chondrogenic and osteogenic pathways, using quantitative real-time polymerase chain reaction and immunohistochemistry. (18) Therefore, it remains unclear which region is more effective due to their differential capacity. 

Jurgens et al and Tang et al both agreed that visceral adipose tissue showed greater proliferation of stem cells than subcutaneous.(17,18)  Therefore it could be seen to be more effective because this would accelerate production; as visceral fat took 5 days to reach 80-90% confluency whereas subcutaneous took 9 days.(18)  Therefore, Jurgens et al commented that visceral fat was the preferable source of ADSCs rather than subcutaneous.(18) Although, this was in the context of skeletal tissue engineering rather than OA therapy. 

Overall, it could be concluded that both regions are appropriate sources of stem cells but for different MSK therapies.

Comparison of production techniques 
Having dealt with the raw material and where it is harvested from, we must now study the crafting of the product itself. This begins with the isolation of the stem cells from the adipose tissue. There are a variety of methods that can be applied to this from exclusively mechanical, mechanical and enzymatic isolations and primary explant techniques. All have been found to be suitable sources of ADSCs but each have their individual benefits and drawbacks.(19,20)

The exclusively mechanical method involves washing, vibrating and centrifuging the sample to produce a concentrated, stem cell solution.(21) However, this has been found to be less effective than the mechanical and enzymatic method, which uses repeated centrifuge along with enzyme digestion, mainly collagenase and trypsin, to isolate the stem cells.(19-22) This method has been shown to harvest around 4 x105 more stem cells than the solely mechanical.(19) This is supported by Aronowitz, Lockhart and Hakakia whom concluded that enzymatic methods could gain 1000 times more stromal vascular fraction [SVF] cell than just using the mechanical methods, but it has the downside of being more expensive and time consuming than the latter.(23) However, the use of collagenase has been associated with some serious side effects;(19,24) although no study has found residual traces in the final product, more research is needed to demonstrate its safety21,28.

[bookmark: _Hlk4153008]An alternative method is primary explant culture. This is where adipose tissues adhere to a growth surface.(25) It was concluded by Jing et al that it reduced isolating time when compared to enzymatic methods.(25) In contrast to this Glittel et al determined that the later method was more advantageous due to the higher yields produced when compared to primary explant culture method.(20)  However the  balance of time saving and potential yields of the methods need to be further investigated  to determine which factor is more beneficial. 

After isolation, the stem cells are then expanded and differentiated into the desired cell type. This involves placing the isolated cell on a petri dish and allowing it to grow. The chemical combination used will determine what they will develop into. The specific details of these steps go beyond this review. 

An issue with the techniques described above is that they do not allow for large scale manufacture. It is also expensive and time consuming; therefore, limiting its use. A high-yield method with minimal steps would be the advantageous for clinical application.(19,24)  

Clinical significance 
Current treatment of OA
[bookmark: _Hlk4153070]Before we can evaluate novel treatments, we must consider current therapy and the existing policies and guidelines. The National Institute for Health and Care Excellence (NICE) clinical guidelines (CN177) on OA care and management advocates that the frontline intervention is education and self-management.(4) This includes exercise and manual therapy which is intended to reduce comorbidities, as described by the Osteoarthritis Research Society International (OARSI) guidelines.(26) After this both guidelines described other non-pharmacological managements such as thermotherapy, electrotherapy and weight loss.(4,26) OARSI states that a 5% weight loss in under 20 weeks could treat knee OA.(26) Likewise, a Cochrane review found that any regular exercise programme which is strongly monitored could reduce OA symptoms but only in the short term,(27) however land-based/weight baring exercise have been found to be the best for knee OA.(26,27)

Leading on from these interventions, NICE recommend an escalating pharmacological therapy starting with oral analgesics to intra-articular (IA) injection then leading to surgery and IA corticosteroids.(4) This begins with non-steroidal anti-inflammatory (NSAID) and selective cyclooxygenase-2 (COX-2) inhibitors.(4)  However, paracetamol is no longer recommend by OARSI in patients with co-comorbidities due to toxicity concerns.(26) Likewise, a Cochrane review demonstrated that corticosteroids have a short duration of effectiveness and its use should be limited due to safety concerns.(28) Another Cochrane review found no difference between exercise and analgesia for knee OA pain.(29) This shows that both self-management and pharmacological interventions have limited efficacy. 

Taking advantage of these higher quality studies we can conclude that these treatments offer only short-term efficacy. Except for surgery, these therapies are symptomatic and intended to merely decelerate progression rather than address the underlining pathology.   

Review of Animal Studies 
Animal models can provide evidence that stem cells, either adipose derived- or bone marrow derived-, are effective treatments of OA (Figure 2).

As mentioned, adverse effects were described as minimal and associated to the procedure of implantation rather than the medium or stem cells that were injected. All the animal studies showed some significant improvement or benefits after IA injections of stem cells into OA effected joints. The greatest improvements have been seen by Murphy et al and Toghraie et al with evidence of repair and a decrease in OA score in 70% and 80% of treated participants,(30,31) respectively. These findings were after 20 weeks and represented some of the longer trials, whereas others only lasted approximately 12 weeks. This might explain why other models were less effective. Conversely, Shah et al found that 12% of participants showed no change from the base line after 10 weeks.(32) However, the longest trial by Black et al that lasted 25 weeks only demonstrated significant benefits in half of the measured criteria but at 90 days showed significant improvements in all areas.(33) This shows that there might be a peak period of effectiveness in using stem cells, however this was not stated in any of the models.

We must consider that these models are limited. Firstly, because all the studies used different mediums in the injections along with the stem cells, consequently this downgrades the possibility of using them as a single group of evidence. Likewise, many of the studies were conducted following traumatic injury of the joint, induced by surgery, rather than naturally occurring OA. Further to this, the veterinary clinical scores and grading used in these studies bears only a limited correlation to human procedures. Also, some lacked control groups and just compared to baseline measures.  

Having said that animal models have been used to provide evidence for the current treatment such as by Ding when evaluating NSAIDs on OA;(36) therefore the models discussed can be used as limited evidences for the use of stem cells in human OA. 

Review of Delivery Methods 
The method of ADSCs delivery can have an impact upon clinical outcomes, however, the author could only find one study that compared delivery methods. This may be because most animal models, see Figure 3, and human trials use direct IA injections. The article by Kim et al compared injection versus implantation of the stem cells when treating OA.(37) They found that implantation was significantly more effective over the long-term compared to injections. Having said that, both methods of delivery were found to have efficacy,(37) which is in line with the animal models. 

[bookmark: _Hlk4153136]There have been further developments around potential scaffolds to insert the stem cells in the correct locations. This is because injected cells has limited retention and a low survival rate without additional elements.(38) For example, Snyder et al found that fibrin and hyaluronic acid hydrogel is an applicable delivery method for stem cells.(39) The scaffold was found to increased mechanical strength as well as being a suitable environment for stem cell proliferation. (39) Further, Kim et al found that using a fibrin glue scaffold improved the outcome score after 24 to 34 months.(41)

Review of Efficacy and Limitations 
ADSCs have been shown to be effective against OA with animal models (Table 1), and Song et al demonstrated that ADSC, delivered by IA injections, improved pain, function and cartilage volume of the knee joint.(40) Additionally, this study showed long-term efficacy of up to 96 weeks, after repeated injections.(40) Song et al concludes, similarly to others, that ADSCs are safe and they showed limited adverse effects, with one patient suffering from oedema and cramps.(40) However, there were repeated adverse effects resulting from the injections which were described as transient pain and swelling of the joints; but these subsided within 7 days which is in line with the animal models.(40)

These findings are in line with a systematic review by Touserkani et al that examined all the potential uses of ADSCs in clinical trials, including as treatment for renal transplantation and rheumatoid arthritis excitor.(41)  This study has limited application for this review, due to its unspecific framework. Having said that, Touserkani et al also shows that any adverse effects were limited to individual cases.(41) However, Touserkani et al found that 32 out of the 70 studies reviewed have no safety assessment method, casting doubts on the use of ADSCs in any regenerative medicine. (41) This may be an indication of why there are no national or international guidelines for the use of ADSCs in OA therapy. 

Another limitation is the potential pre-clinical factors limiting the effectiveness of the treatment. This includes the size of the lesion being greater than 5.7 cm2 or 6.0 cm2. (38,42) Kim et al found that patients treated who were older than 60 years had decreased outcomes compared to younger participants.(42) Equivalently, patients with a BMI greater or equal to 27.5 kg/m2 demonstrated significantly poorer outcomes.(38) These pre-clinical factors could reduce the utilisation of stem cell therapy to younger patients with smaller lesions.  

A further limitation of these treatments could be cost. In the United Kingdom current cost of primary care treatment is around £230 million per year and secondary care treatment is around £890 million, with the majority of this going to total knee arthroplasty (TKA).(5) This current treatment was found to be cost effective and had a low cost per quality-adjusted life year (QALY).(43) In the United States, patients pay an average of around $11,500 (≈£8,830) pre-annuum, with TKA cost around $17,433 (≈£13,400) per surgery.(44) In contrast, Alcerro and Lavernia found that the average cost of stem cells therapy using injections was $3,100 (≈£2,388) with a range of  $1,200 (≈£920) to $6,000 (≈£4,930) but this research was focussed on Southern Florida.(45) Although the upfront cost may seem cheaper, there are still many unknown factors. For example, the cost-effectiveness, cost per QALY, running costs, large scale production costs and training costs. Likewise, the author was unable to find any studies comparing the cost-effectiveness of conventional OA treatment and stem cell therapy. 

Review of Potential Future Developments 
A search on clinicaltrials.gov reveals the number of clinical studies that are underway in this field, Table 3.(46) A report that stood out was an observational cohort study run by StemGenex which is exploring the long-term impact of SVF on joint pain and functional changes. It consists of 100 participants over 12 months following SVF treatment.(46) This is an indication of the interest in using stem cells in regenerative medicines and how well-established current studies are. When this is published in late 2019, it will be a step forward in demonstrating the efficacy of stem cells in dealing with OA. This is important as it deals with the long-term impacts whereas previous studies were relatively short-term. However, StemGenex received a warning letter from the Food and Drug Administration about the misuse of adipose derived stem cells and as a result their findings may not be accepted for ethical reasons.(47) 

Secondly, a similar study from Emory University is comparing the use of SVF, Bone marrow aspirate concentrate and corticosteroid injection in a multicentre double-blind trial with 480 participants. (46) This study should support the findings from StemGeneX in demonstrating the efficacy of ADCS compared to other treatments. 

An additional study was an interventional clinical trial run by the Russian Academy of Medical Sciences which aims to assess the safety and clinical efficacy of IA injection of SVF to treat OA, with 40 participants. (46) Unlike previously discussed studies this one is non-randomized and has no blinding.(46) Therefore, its results will be less compelling as compared to other trials. Nonetheless, this study will help to demonstrate the long (up to 12 months) and short-term impact of these injections both on the pain scale and structural changes by using ultrasonography. (46) This is unlike the previously discussed trials which focussed on pain and functionality of the effected joints. 

More significant is an interventional clinical trial from Stanford University. This trial is comparing standard treatment and standard treatment combined with ADSC transplantation. This is a randomized, double blind trial with 45 participants.(46) Although this study will not prove the efficacy of ADCS as a stand-alone treatment it will however demonstrate the possibility of ADCS acting as a complimentary therapy, which would be its primary role due to its expense. Also, this study will further the knowledge of structural changes brought about by this intervention by using magnetic resonance imaging. 

Finally, another interventional clinical trial from Peking University’s People’s Hospital aims to assess the maximum tolerated dose of MSC. (46) There are nine participants, which is consistent with a trail of this kind and is quadruple blind.(46) However, the source of the MSC is the umbilical cord rather than adipose tissue. (46) This will further the finding from Song et al who found that the optimal dosage to be 5 x107 cells however this was the maximum dosage given.(40)

These articles demonstrate what is currently underway and are at the upper end of the hierarchy of evidence and most show strong internal validity. As a result they can begin to act as the basis of government and speciality guidelines, which is critical to begin implementation of this novel treatment. 

Conclusion 
To summarise adipose tissue is a suitable source of MSC as it passes the criteria set out by Gimble, Katz and Bunnel.(12) It is an ameliorate source of MSC when compared to BMDSC because of the high abundance of adipose tissue in the human body. Moreover, ADSCs are more appropriate because of the ease of harvesting when compared to bone marrow. In addition, both BMDSC and ADSCs have been shown to be superior to conventional treatment.

Stem cell therapy aims to halt or reverse the underlining pathology of OA consequently if successful it would affectively cure OA. This has been shown to a degree in animal and human studies, as it reduces joint pain and increases functionality. However, finding a maximal dosage and number of injections and whether to use a scaffold need to be addressed. Limitations to stem cell treatments are clear when dealing with large lesions and elderly patients.  In these worst cases of OA, TKA would be required. 

 
The author judges the main challenge is to find a safe, effective and inexpensive method of producing quality stem cells in high quantities adhering to high standards. The fact that the guidelines have yet to be written poses a challenge which limits its current and future application. Further to this, stem cell therapy faces an economic constraint as it needs to be more cost-effective than current treatment to warrant the change. However, the margins are small as it is either fewer ‘expensive’ injections with enhanced outcomes or more numerous ‘cheaper’ less effective medication,
 
Overall, the author believes adipose tissue is a suitable source for regenerative therapies in OA treatment, but several issues will need to be resolved prior to clinical use and limitations will still restrict its effectiveness in some cases. The same cannot be said about all MSK disorders which will require further individual study.
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