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Abstract. 
In 2001, researchers at the University of California, Los Angeles, described the isolation of a new population of adult stem cells from liposuctioned adipose tissue. These stem cells, now known as adipose-derived stem cells or ADSCs, have gone on to become one of the most popular adult stem cells populations in the fields of stem cell research and regenerative medicine. As of today, thousands of research and clinical articles have been published using ASCs, describing their possible pluripotency in vitro, their uses in regenerative animal models, and their application to the clinic. This paper outlines the progress made in the ASC field since their initial description in 2001, describing their mesodermal, ectodermal, and endodermal potentials both in vitro and in vivo, their use in mediating inflammation and vascularization during tissue regeneration, and their potential for reprogramming into induced pluripotent cells.


1. The ASC
In 2001, Zuk and colleagues at the David Geffen School of Medicine at UCLA identified and described a putative population of multipotent stem cells that they termed Processed Lipoaspirate Cells or PLA cells [1]. These cells, initially characterized in the journal Tissue Engineering, were named as such due to their derivation from processed lipoaspirate tissue obtained through cosmetic surgery. Zuk et al. based their isolation method for these PLA cells on existing enzymatic strategies for the isolation of the stromal vascular fraction (SVF) from adipose tissue. The SVF has been defined as a minimally processed population of red blood cells, fibroblasts, endothelial cells, smooth muscle cells, pericytes, and preadipocytes that have yet to adhere to a tissue culture substrate [2, 3]. Culturing of this SVF over time thought to eliminate many of these cell populations, resulting in an adherent population primarily composed of preadipocytes. However, Zuk et al. suggested, through histology and preliminary PCR analysis, that the adherent population derived from the SVF contains a significant number of cells that display characteristics of a multipotent stem cell. Specifically, Zuk et al. proposed that the culturing of the SVF results in a relatively homogenous population of PLA cells, free of contaminating cell populations, and capable of displaying phenotypic characteristics of adipocytes, osteoblasts, and chondrocytes [1]. Moreover, this article also showed that clonal cell populations derived from single PLA-derived could also be differentiated into the cell types—an important prerequisite along the path to identifying a stem cell.
Since this study, thousands of articles have been published on PLA cells using a variety of terminology, including adipose-derived stem cells (ADSCs), adipose-derived adult stem (ADAS) cells, adipose-derived mesenchymal stem cells (AD-MSCs), adipose MSCs (AMSCs), and adipose stromal/stem cells (ASCs). In an attempt to ameliorate some of the confusion, the 2nd annual IFATS conference proposed that researchers using the PLA cell should come to some sort of consensus with regards to their terminology. The International Society for Cellular Therapy has suggested that plastic-adherent cells derived from mesenchymal tissues and showing multipotency should be termed mesenchymal stromal cells, regardless of their tissue source, while the term stem cell should be used to describe a subset of cells showing definitive stem cell characteristics, including (1) adherence to tissue culture plastic; (2) multipotency and the maintenance of multipotency upon in vitro expansion; and (3) self-renewal capacity over the long term [4]. Despite the absence of data confirming the last qualification, the IFATs conference determined that the term ASC, or Adipose-derived Stem Cell, would be used to refer to plastic-adherent, cultured multipotent stromal cells isolated from the SVF. A schematic summary of ASC isolation and their potentials is shown in Figure 1. While many researchers still continue to use their own designation, this review article will conform to the IFATS designation.



Figure 1: ASC isolation and utilization. Schematic outline of the isolation of ASCs from lipoaspirates  showing the enzymatic digestion of adipose tissue with collagenase type IA and the isolation of the SVF via centrifugation. Plating of the SVF results in eventual selection and expansion of the ASC population. Induction of ASCs under defined conditions can result in their differentiation to multiple cell types of the mesodermal (bone, fat, cartilage, muscle types), ectodermal (endothelium, neurons, epidermis/skin), and endodermal (liver) lineages.


The original article on PLA cells/ASCs resulted in a significant paradigm shift in the field of adult stem cells. While the presence of stem cells has been postulated since the late 1990s in nearly every adult tissue [5, 6], the gold-standard of adult mesenchymal stem cells has been the bone marrow MSC. Since its initial identification by Friedenstein et al. in 1968, the MSC has dominated much of the literature describing the use of adult stem cells in regenerative medicine [7]. Initially described as possessing multipotent mesodermal potential both in vitro and in vivo, the potential of the MSC has been expanded with subsequent articles suggesting ectodermal and endodermal potentials (reviewed in [8, 9]). Such trigerm layer potentials could make the MSC an excellent stem cell choice for a wide variety of translational applications and eventual transition into the clinic. However, one could argue that this clinical use might be limited for several reasons. First, there is a stigma associated with a bone marrow harvest as the harvest is considered a relatively painful procedure. Second, the bone marrow harvest may actually yield very few stem cells. While bone marrow aspirates yield on average 6 × 106 nucleated cells per mL, only 0.001 to 0.01% are thought to be stem cells [10]. As a response to these drawbacks, the ASC has been suggested as an alternative stem cell population. While there is pain associated with the cosmetic procedures used to obtain fat, most would consider the pain of the adipose tissue harvest to be an acceptable “trade-off” in light of the positive aesthetic effects liposuction or lipoplasty provide. Moreover, in comparison to bone marrow, an adipose tissue harvest yields significantly more stem cells. Indeed, as source of regenerative stem cells, adipose tissue may have no equal. Recent studies have documented that 1 gram of adipose tissue can yield approximately 2 × 106 cells, with 10% of these cells thought to be ASCs [11–13]. Recent work directly comparing ASCs and MSCs has measured tenfold more CFU-F units following an ASC harvest [14]. As such, the ASC may be a more suitable stem cell than the MSC for eventual clinical application. However, clinical use of the ASC first requires extensive characterization both in vitro and in vivo to ensure that the cells are multipotent.
2. The First Few Years: In Vitro Characterization of the ASC
2.1. The ASC CD Profile and Niche
The first ASC article published in Tissue Engineering has since been followed by over 3000 articles available through PubMed. The earliest of these articles detailed a basic in vitro characterization of the ASC in the hopes of identifying a unique CD “signature” that could be ascribed specifically to the ASC. For this Gronthos et al. [15] examined the expression of cell surface CD antigens. Subsequent articles have since continued this work and are summarized in Table 1. While some minor differences in this profile have been described from research group to group, there is a general consensus among these characterization articles that the ASC is positive for CD13, CD29, CD44, CD49d, CD90, and CD105, and negative for the majority of hematopoeitic antigens such as CD14, CD31, CD45, and CD144 [16–21]. The expression of CD29, CD44, and CD90 is consistent with cells of mesodermal/stromal original and their expression on the ASC is not surprising, leading many to classify the ASC as a stromal stem cell based on the expression of these markers. Additional research has refined this profile to suggest that the ASC is specifically CD34+ and CD31−/CD45−, with groups isolating this subset of cells and specifically observing their multipotent differentiation [17, 18, 22]. In vivo transplantation experiments using lipodystrophic mouse models and lineage tracing studies suggest that the ASC population within the SVF is a Lin−, CD29+/CD34+/Sca-1+ population [23, 24].
Table 1: Cell surface expression profiles of human ASCs.
	

	Author and Year	Reference	Expression profile
	Positive expression	Negative expression
	

	Gronthos et al. 2001	[15]	CD9, CD10, CD13, CD29, CD34, CD44,  CD49d, CD49e, CD54, CD55, CD59,  CD105, CD146, CD166,  HLA-ABC	CD11a, CD11b, CD11c, CD31, CD45, CD50, CD56, CD62e, HLA-DR
	Zuk et al. 2001	[1]	CD13, CD29, CD44, CD49d, CD71, 	CD14,CD16, CD31,CD34, CD45,  
	Zuk et al. 2002	[21]	CD90, CD105, STRO-1,  SH3	CD56, CD62e, CD104, CD106, SMA
	Katz et al. 2005	[20]	CD29, CD49b, CD49d, CD49e, CD51, CD61, CD90, CD138, CD140a	CD11a, CD11b, CD11c, CD18, CD41a, CD49f, CD62L, CD62P, CD106, CD117, CD133, HLA-DR,  ABCG2
	Mitchell et al. 2006	[16]	CD13, CD29, CD34, CD44, CD49a, CD63, CD73, CD90, CD146, CD166	CD31, CD144
	Yoshimura et al. 2006	[17]	CD34, CD90	CD31, CD45, CD105, CD146
	Oedayrajsingh-Varma et al. 2007	[18]	CD34, CD54, CD90, CD105, CD117, HLA-ABC, HLA-DR	CD31, CD45, CD106, CD146,  CD166
	Zannettino et al. 2008	[19]	CD44, CD90, CD105, CD106,  CD146, CD166, STRO-1, 3G5	CD14, CD31, CD45
	Traktuev et al. 2008	[27]	CD10, CD13, CD34, CD90, CD140a,  CD140b,  SMA	CD31,  CD45, CD144
	Zimmerlin et al. 2010	[26]	CD34, CD90	CD31, CD146, SMA
	Lin et al. 2008	[25]	CD34	CD31,  CD140b, SMA
	

	Proposed phenotype of ASCS	CD13, CD29, CD34, CD44, CD49d, 	CD11a, CD11b, CD11c, CD14, 
	(common between two or more studies)	CD54, CD90, CD140a, HLA-ABC	CD31, CD45, CD106, CD144
	Controversial markers in ASCs	CD105, CD140b,  CD146,  CD166, SMA,  HLA-DR	 
	

	Stromal cell markers	CD29, CD44, CD73, CD90, CD166	 
	Hematopoietic markers	CD31, CD34, CD45, ABCG2	 
	Pericyte markers	CD146, Stro-1,  3G5	 
	


Markers in common between studies shown in bold.SMA: smooth muscle actin.HLA: human leukocyte antigen.ABCG2: multidrug transporter protein G2.3G5: pericyte marker.

Stem cells reside in a specialized environment known as a niche that can control many aspects of the stem cells’ behavior including proliferation, differentiation, and apoptosis (jones and wagers 2008). Several recent studies have suggested that the niche for the ASC is the vasculature of adipose tissue [25–27]. Zimmerlin et al. 2010 have gone so far as to identify the ASC as a supra-adventitial ASC, located in the outer adventitial ring of the vasculature. The migration of ASCs to areas surrounding blood vessels after reinjection into adipose tissue supports this theory [28]. Recently, the expression of CD146 by ASCs, together with the expression of 3G5-a pericyte marker, has led others to suggest that the ASC may actually be a pericyte located within the adipose vasculature [19, 29]. To investigate this further, Tang et al. 2008 describe a system for maintaining the stromal vascular structure within adipose tissue so that the niche is preserved [23]. In this study, they claim to localize ASCs expressing pericyte markers arrayed around blood vessels. Pericytes have been described as possessing multipotency similar to stem cells [19, 30]. Since adipose tissue is a highly vascularized tissue that would yield a good supply of pericytes upon harvest, this hypothesis may have merit. Moreover, adipogenesis and angiogenesis are known to be intimately linked [31]. However, there still remains disagreement as to whether the ASC expresses CD146, making it difficult to conclude that ASCs and pericytes are one in the same. In addition, the absence of smooth muscle actin/SMA (a pericyte marker) in the majority of isolated ASC populations might also argue against its classification as a pericyte. Whether these differences are due to isolation and/or expansion techniques remains unknown. However, a 2009 review by Zeve et al. 2009 suggests that the SVF of adipose tissue might be a source for several stem cell populations—an endothelial precursor population, a supra-adventitial ASC population, and a pericyte population [32]. Each population, while sharing many CD markers, shows distinct differences in the expression of CD146 and SMA (in the pericyte population only). Added to this, a recent study suggests that a population of smooth muscle cells may be isolated through adherence from fresh SVF pellets, with a phenotypic profile distinct from the ASC population [33]. Therefore, it is possible that the discrepancies observed with regards to these markers may be due to the isolation and expansion of distinct cellular subsets from the SVF and that the CD146+ ASC populations isolated by Lin et al. 2008, Traktuev et al. 2008 and Zimmerlin et al. 2010 are not the same as those isolated by Yoshimura et al. 2006 or Oedayrajsingh-Varma et al. 2007. So while the origin of the ASC is an interesting intellectual exercise, from a translational or clinical perspective, knowing that multipotent stem cells like the ASC can be isolated from adipose tissue and used for the benefit of the patient may be more important.

One cell surface marker that has received significant attention in the stem cell field is the HLA class of cell surface antigens. Divided into classes such as HLA (or MHC) class I (i.e., HLA-A, B, and C) and HLA (or MHC) class II (i.e., HLA-DP, DM, and DR), HLA receptors display proteins on the cell surface for immune surveillance. Of particular interest is the HLA/MHC class II protein, which is found on the surface of antigen-presenting cells and plays critical roles in immunotolerance and transplantation (for reviews see [34, 35]). Immunophenotyping of ASCs has confirmed the absence of the HLA-class II antigen on the ASC surface and the absence of this HLA protein may allow the ASC to evade the host’s immune surveillance machinery. This may make it possible to use ASCs in xenogeneic model systems of tissue regeneration. An excellent review of these models can be found in a recent article by Lin et al. 2012 [36] and will not be discussed in this chapter. However, the general consensus from these studies is that the ASC is capable of evading the host’s immune system. Of additional interest is a recent study by DelaRosa et al. 2012 [37], who note that human ASCs have lower susceptibility to natural killer (NK) cell-mediated lysis in comparison to bone marrow MSCs. This finding may be part of the reason for xenogeneic tolerance of ASCs in that NK-ASC crosstalk does not result in immediate recognition of foreign cells. Continued research in this area is sure to expand the possible uses of ASCs in translational model systems.
2.2. The Mesodermal Potential of ASCs: In Vitro Bone, Fat, and Cartilage Potentials
In 2002, Zuk and colleagues expanded upon their initial characterization of the ASC with a more in-depth molecular analysis in the journal Molecular Biology of the Cell [21]. Specifically, the osteogenic, adipogenic, and chondrogenic potentials of ASCs were confirmed using a combination of immunofluorescence, PCR analysis and functional assay for bone, cartilage, and fat formation. In support of their work, the tri-lineage mesodermal potential of human ASCs has since been confirmed in a series of in vitro articles using a variety of induction conditions (Table 2), including dexamethasone [38, 39], (VD3) [40], hypoxia [41, 42], numerous growth factors and hormones [43–48], mechanical stress [49–51], and even scaffolding materials such as akermanite [52] and amorphous calcium phosphate nanoparticles [53]. Osteogenesis by human ASCs has also been reported under 3D culture on a wide variety of scaffolds such as collagen [54], PLGA [55, 56], tricalcium phosphate substrates [57], sintered matrices [58], multiwalled carbon nanotubes [59], silk sponges [60], bioactive glass [61], and polycaprolactone [62]. ASC-derived osteogenic precursors from both murine and rat adipose tissues, together with other animals such as rabbits, dogs, horses, rhesus monkey, and even brown bear, have also been described [63–68]. Most recently, the isolation of ASCs from human cadaveric adipose tissue and their adherence and survival on demineralized bone allografts has been reported [69], suggesting that viable ASCs for osteogenic differentiation may also be obtained from cadavers within 24 hours of their death. Using in vitro culture systems, the expression patterns of key osteogenic genes have been assessed using live-cell, temporal gene expression analysis of ASC osteogenesis under dexamethasone/VD3 induction [70], and numerous studies characterize the role of key signaling pathways in this lineage [71–78]. Recent studies have expanded upon this work to identify the role of miRNA in this lineage, identifying putative roles for miRNAs such as miR-22, miR-17, miR-637, and miR-196a in osteogenesis [79–82]. In addition to osteogenesis, the chondrogenic potential of human and rodent ASCs under high-density monolayer or pellet culture, in combination with TGFβ1 or TGFβ2, has been described by many [63, 66, 83, 84]. In vitro chondrogenesis has also been reported using additional TGFβ family members such as TGFβ2 [85] and TGFβ3 [86]. Like bone, recent in vitro work has also suggested role for miRNA, implicating miR-194 in the control of chondrogenesis through its ability to inhibit Sox5 expression and chondrogenesis [87]. Increased expression of collagen type II, aggrecan, and sulfated proteoglycans, all established markers of chondrogenesis, has also been observed in ASCs cultured on a variety of 3D scaffolds, including agarose, alginate and gelatin, cross-linked hyaluronate scaffolds and elastin-like hydrogels [88–91], with modifications to the scaffold capable of delivering chondrogenic growth factors, like TGFβ1 or insulin, to the ASC and inducing their differentiation [92, 93]. In addition to preinduced ASCs, freshly isolated SVF cells from infrapatellar fat pads increase their expression of key chondrogenic genes when seeded and induced on 3D scaffolds, demonstrating that the SVF may be used as a source of ASCs in future one-step surgical procedure to regenerate cartilage [94]. Finally, the accumulation of lipids and expression of key adipogenic genes by ASCs has also been described in vitro [95, 96].
Table 2: In vitro differentiation potentials of ASCs.
	

	Germ layer	Lineage	Author and year	Reference	Induction conditions
	

	Mesoderm	Bone-2D	Zuk et al. 2002 	[21]	Dexamethasone induction
	Leong et al. 2006 	 [40]	Vitamin D3 induction
	Behr et al. 2011 	[43]	VEGF supplementation
	Hong et al. 2007 	[44]	17
	
		
			

				𝛽
			

		
	
-estradiol supplementation
	Knippenberg et al. 2007 	[45]	Prostaglandin supplementation
	Park et al. 2011 	[46]	Growth factor-coupled microspheres
	Song et al. 2011 	[47]	BMP2 + vitamin D3 induction
	Chen et al. 2012	[48]	BMP2 + platelet-rich plasma
	Bone-3D	Hao et al. 2008 	[55]	PLGA scaffolds
	
									Lee et al. 2008 	[56]
	Marino et al. 2010 	[57]	Tricalcium phosphate scaffolds
	Haimi et al. 2009 	[61]	PLA/Bioactive glass scaffolds
	Leong et al. 2008	[62]	PCL scaffolds
	Cartilage-2D	Zuk et al. 2002 	[21]	Micromass culture + TGF
	
		
			

				𝛽
			

		
	
1
	Awad et al. 2003 	[84]
	Ogawa et al. 2004 	[66]	Micromass culture + TGF
	
		
			

				𝛽
			

		
	
1-GFP+ve mice
	Jin et al. 2007 	[85]	Micromass culture + TGF
	
		
			

				𝛽
			

		
	
2-expressing ASCs
	Lu et al. 2012	[86]	Micromass culture + TGF
	
		
			

				𝛽
			

		
	
3-expressing ASCs
	Cartilage-3D	Awad et al. 2004 	[88]	Agarose, alginate and gelatin scaffolds
	Lin et al. 2005 	[89]	Alginate scaffolds
	Yoon et al. 2011 	[91]	Hyaluronate scaffolds
	Adipose	Zuk et al. 2002 	[21]	Dexamethasone, insulin, IBMX, indomethacin
	Ogawa et al. 2004 	[95]	GFP+ve mice
	Rodriguez et al. 2004 	[96]	Serum-free adipogenic medium + rosiglitazone
	Skeletal muscle	Mizuno et al. 2002	[98]	Reduced serum, hydrocortisone  induction
	
									Lee and Kemp 2006 	[99]	ASC/myoblast co-culture, hypoxic conditions
	Eom et al. 2011 	[100]	Myoblast fusion
	Choi et al. 2012 	[101]	Mechanically patterned hydrogels
	Smooth muscle	
									Rodriguez et al. 2006 	[102]	Heparin induction medium
	Wang et al. 2010	
									[103]	TGF
	
		
			

				𝛽
			

		
	
1 + BMP4 induction
	Park et al. (In press)	[108]	Elastic nanofibers + stress
	Harris et al. 2011 	[105]	Decellularized vascular grafts
	Wang et al. 2010	[109]	PGA mesh + pulsatile conditions
	Cardiac muscle	
									Planat-Bénard et al. 2004 	[115]	5-azacytidine induction
	Gaustad et al. 2004 	[114]	Cardiomyocyte cellular extracts
	Choi et al. 2010 	[118]	Cardiomyocyte/ASC co-culture
	Chang et al. 2012 	[119]	PMA treatment
	

	 	Neural	Zuk et al. 2002 	[21]	
	
		
			

				𝛽
			

		
	
-mercaptoethanol induction
	 	Safford et al. 2004 	[121]	Valproic acid, butylated hydroxyanisole, hydrocortisone induction
	 	Jang et al. 2010 	[124]	bFGF and forskolin induction
	 	Ashjian et al. 2003	[128]	IBMX, indomethacin, insulin induction
	 	Motor neuron	Liqing et al. 2011 	[127]	Retinoic acid + Sonic hedgehog supplementation
	 	Schwann cell	Radtke et al. 2009 	[123]	Neurosphere induction
	 	Xu et al. 2008 	[131]	Neurosphere induction
	 	Kingham et al. 2007 	[130]	Glial growth factor induction (PDGF, bFGF, forskolin)
	 	Wei et al. 2010 	[132]	Schwann cell/ASC co-culture
	 	Epithelial	Brzoska et al. 2005	 	Retinoic acid treatment
	Ectoderm	Epithelial-vocal fold	Long et al. 2010 	[142]	Air-liquid interface culture
	 	Epithelial-urothelium	Liu et al. 2009 	[144]	Epithelial/ASC co-culture
	 	Epithelial-retinal	Vossmerbaeumer et al. 2009 	[139]	Retinal pigment epithelial cell-conditioned medium
	 	Epidermis	Du et al. 2010 	[134]	Fibrin gel or pellet culture + ascorbate
	 	Epidermis	Li et al. 2012 	[135]	Air-liquid interface culture
	 	Epidermis/Dermis	Trottier et al. 2008 	[136]	Self-assembly culture system
	 	Labbe et al. 2011 	[137]
	 	Epithelial-Endothelial	Cao et al. 2005 	[145]	VEGF supplementation
	 	Colazzo et al. 2010 	[146]
	 	Epithelial-Endothelial	Fisher et al. 2009 	[147]	Shear stress exposure
	 	DiMuzio et al. 2007 	[148]
	

	Endoderm	Pancreatic	Timper et al. 2006 	[151]	Pancreatic induction medium
	Chandra et al. 2009 	[152]
	Pancreatic	Lee et al. 2008 	[154]	Pancreatic extract
	Hepatic	Banas et al. 2009 	[159]	Hepatocyte induction medium/CN-coated plates
	Hepatic	Bonora-Centelles 2009 	[160]	HNF4
	
		
			

				𝛼
			

		
	
 overexpression
	Lue et al. 2010 	[161]
	Hepatic	Lee et al. 2012 	[162]	Hepatocyte induction medium/CN-coated plates
	


PLGA: polylactic coglycolic acid; PLA: polylactic acid, PCL: polycaprolactone; PGA: polyglycolic acid, CN: collagen, HNF4
	
		
			

				𝛼
			

		
	
: hepatocyte nuclear factor 4 alpha.

2.3. Mesodermal Potentials Expanded: Skeletal, Smooth, and Cardiac Muscle
Molecular characterization of ASCs has not only described osteogenic, adipogenic and chondrogenic differentiation in vitro but has also expanded the mesodermal lineage potential of the ASC further by suggesting myogenic potentials (Table 2). In vitro studies have described the development of multinuclear cells, together with the expression of several genes consistent with myoblasts, including MyoD1, myogenin and skeletal muscle myosin together with the expression of several genes consistent with myoblasts, including MyoD1, myogenin, and skeletal muscle myosin [21]. Skeletal muscle myogenesis under defined induction conditions has since been described by others in vitro [97, 98] and myogenesis following coculture of ASCs with mouse myocytes has been reported by Lee and Kemp 2006 [99]. However, while these articles describe phenotypic and molecular events consistent with myogenesis, the contractile capacity of these differentiated ASCs is not reported in these articles. Furthermore, while Eom et al. 2011 report early myogenic differentiation using induction with 5-azacytidine and bFGF, terminal differentiation in the form of myotube formation can only be seen upon fusion with myoblasts [100]. This finding may be due to something as simple as substrate, as ASCs cultured on mechanically-patterned hydrogels for stiffness not only undergo myogenesis but fusion into myotube-like structures [101].
While the differentiation of ASCs into skeletal muscle would greatly benefit those suffering from disorders like muscular dystrophy, the differentiation of these stem cells to smooth muscle could conceivably have a greater impact, with the regenerated smooth muscle capable of being used for bladder and urethral reconstruction, intestinal muscle regeneration, and vascular repair. Consistent with smooth muscle myogenesis, induced ASCs are found in vitro to express established smooth muscle markers like calponin, caldesmon, and smooth muscle myosin at both the gene and protein level [102–107]. Differentiation of ASCs on elastic nanofiber scaffolds subject to mechanical stress has also been observed [108]. More importantly, many in vitro studies also report the contraction of collagen substrates, similar to smooth muscle control cells, indicating functional smooth muscle capacity. This capacity, combined with the adhesion and proliferation of ASC-derived smooth muscle cells on decellularized vascular grafts, suggests that the ASC could be used for vascular tissue engineering [105], a possibility strengthened by the finding that ASCs, seeded into polyglycolic acid (PGA) meshes and subject to pulsatile conditions in vitro in a bioreactor, acquire a dense and well-organized collagen-rich histology similar to native vessels [109].
But perhaps a more exciting development is the possible differentiation of ASCs into cardiomyogenic cells capable of contracting in a rhythmic fashion. Early work with murine MSCs describe this differentiation in 5-azacytidine treated stem cells, resulting in the production of myotubes, capable of rhythmic beating, expression of myosin and actinin, and demonstration of both SA and ventricle-like action potentials [110]. Cardiomyocyte formation using human MSCs has also been reported [111, 112]. In 2003, researchers in Singapore, identified beating cells expressing specific cardiac markers at the gene and protein level from rabbit ASCs induced using 5-azacytidine [113]. Confirmation of this work followed shortly using both human ASCs exposed to rat cardiomyocyte extracts [114] and murine ASCs induced without 5-azacytidine [115]. In vitro cardiomyogenesis has also been reported upon the culturing ASCs on laminin (LN)-coated plates to drive their terminal differentiation [116], through serum deprivation and phorbol esters [117] and by direct coculture of ASCs with rat neonatal cardiomyocytes, inducing the expression of the cardiac markers GATA4, Nkx2.5, myosin heavy chain, and troponin I at the protein level [118]. Differentiation to cardiomyogenic cells expressing adrenergic receptors (α1 and β), together with muscarinic receptors, L-type calcium channels, and sarcoplasmic reticulum Ca2+ ATPase has also induced through treatment of ASCs with the PKC activator phorbol myristate acetate [119]. Such in vitro results raise the possibility that ASCs may be useful in the treatment of myocardial infarctions.
2.4. Increased Potential of ASCs: In Vitro Ectodermal Capacity
In addition to mesodermal markers, Zuk and colleagues in 2002 reported the expression of several neural markers in induced ASCs, including nestin, NeuN, and neuron-specific enolase (NSE) [21]. Expression of these markers has been used previously in bone marrow MSCs to document their ectodermal potential [120]. However, the Woodbury et al. 2000 study used β-mercaptoethanol (BME) to induce their cells toward the neurogenic lineage. While the induction of ASCs with BME does result in cells with morphologies strikingly similar to neurons, such morphologies are also seen upon apoptosis. However, additional studies inducing ASCs with alternate agents such as valproic acid, butylated hydroxyanisole, insulin, and hydrocortisone, appear to confirm the 2002 study, not only producing cells with morphologies similar to neurons, but also resulting in cells that express markers of both the neuronal (NSE, NeuN, nestin, MAP2, tau, β-tubulin III) and glial lineages (GFAP, NG2, S100, p75 NGF receptor) [121–124]. A summary of these studies is outlined in Table 2. Many studies now achieve remarkable differentiation results through the creation of neurospheres [125], thus duplicating how neural progenitor populations grow and differentiate in culture [126]. Human ASC differentiation specifically into motor neurons of ventral spinal fate expressing Nkx2.2, Pax6, and Olig2 has also been suggested, offering ASCs as a potential candidate for motor neuron disease [127]. More importantly, many studies have also documented the expression of more specific neuronal markers by induced ASCs, such as components of the glutamate receptor, synapsin, and voltage-gated calcium channels [121, 124], in addition to voltage-gated sodium and potassium channels [124]. While these results are exciting, gene expression is often not sufficient to confirm potential. Therefore, several groups have shown not only differentiation at the molecular level but document electrophysiological activity with Ashjian et al. [128], identifying a delayed-rectifier K+ current and Anghileri and colleagues measuring TTX-sensitive sodium currents in human ASC-derived neurospheres [129]. TTX-sensitive sodium currents, in addition to outward potassium currents have also been measured through whole patch-clamp recordings in induced ASC monolayers [124]. However, Arboleda et al. 2011 [122] do note that while membrane currents can be measured in ASCs, they are unable to detect the fast-acting Na+ currents of mature neurons. As such, recent in vitro differentiation conditions may not allow for terminal differentiation of ASCs into mature, functional neurons, but the potential might be there if the appropriate culture conditions are provided.
As an alternative to forming functional neurons, other in vitro characterization studies have studied the glial capacity of ASCs [121, 123] in the hopes of using this stem cell population as a source of Schwann cells (SCs) capable of myelinating peripheral neurons. In support of this, human ASCs can form nestin-positive neurospheres that, upon dissociation, express characteristic SC markers like S100, GFAP, and the p75 NGF receptor [123]. Similar markers have also been seen in rat ASCs induced with mixture of glial growth factors [130, 131]. Moreover, SC-induced ASCs also appear to possess functional capacity, demonstrating the ability to stimulate neurite outgrowth of dorsal root ganglia neurons (DRGNs) under coculture [123, 132], NG108-12 motor neurons [130], and SH-SY5Y neuroblastoma cells [131]. Interestingly, Wei et al. also report neurite formation after coculturing noninduced rat ASCs with DRGNs, suggesting that ASCs may constitutively secrete SC-derived factors [132]. However, while neurite outgrowth can be stimulated by undifferentiated ASCs, DRGN myelination is specifically seen by ASC-derived SCs—a finding also reported upon coculture of rat ASC neurosphere cultures with PC12 cells [131]. Therefore, complete SC function requires differentiation of ASCs.
In 2005, the first of a series of articles suggesting that human ASCs can differentiate into epithelial cells appeared (Table 2) [133], with the cells increasing their expression of cytokeratin 18 fibers and decreasing vimentin at the protein level upon retinoic acid exposure. The expression of additional epithelial markers, like keratan sulfate, keratocan, and aldehyde dehydrogenase 3 family, member 3 has also been reported in human ASCs induced in fibrin gels or as pellet cultures [134], suggesting a potential to not only undergo epithelial differentiation but to form an epidermis. Consistent with this, rabbit ASCs induced in a 3D culture system using an air-liquid interface to induce epidermal differentiation express cytokeratins 13 and 19 consistent with the formation of this tissue [135]. Based on these studies, ASCs have been proposed as a stem cell source for skin regeneration using a novel in vitro “self-assembly” approach [136, 137]. Specifically, human ASCs, induced with ascorbic acid, produce a dermal stromal layer that is comparable to that made by dermal fibroblast controls. Moreover, this ASC-produced stroma is capable of supporting the proliferation and differentiation of keratinocyte cultures superimposed over this stroma, inducing their production of epidermal keratins and producing a well-defined dermoepithelial junction and even the formation of epidermal stem cells [136].
In addition to markers of the epidermis, ASCs can also be induced to express markers of other epithelial tissues (Table 2), including those of renal tubules [138] and the retina [139]. Coculture of ASCs with tubular epithelial cells has been observed to increase their expression of cytokeratin 18 at the gene level, together with two more mature epithelial markers-zona occludens 1 (ZO-1) and ZO-2 [140]. Expression of cytokeratin 18 and ZO-1 has also been reported upon the treatment of ASCs with a combination of retinoic acid, activin A and BMP7 [141]. Differentiation into cytokeratin 8- and E-cadherin-positive epithelial cells of the vocal fold has also been reported in ASCs when cultured under air-liquid 3D conditions upon fibrin matrices [142], with the resulting cord constructs assuming a functional phenotype capable of phonating similarly to cadaveric vocal folds [143]. Uroepithelial differentiation has recently been described in ASCs when placed into direct coculture with urothelium cells with the ASCs expressing uroplakins and cytokeratin 18 at the gene and protein level [144]. Finally, numerous in vitro studies have described the in vitro differentiation of ASCs into endothelium—a specialized epithelial tissue. Using simple in vitro induction conditions involving exposure to VEGF, ASCs express typical markers of endothelial cells, such as von Willebrand Factor (vWF) and function as endothelial cells, forming tubular structures on Matrigel substrates and taking up acetylated LDL [107, 145, 146]. Fisher and colleagues also confirm tubule formation by human ASCs, but suggest that functional LDL uptake and CD31 expression by the ASCs can only be seen upon their exposure to shear stress [147], results similar to that obtained by DiMuzio and Tulenko 2007 [148]. Furthermore, additional groups have specifically identified endothelial differentiation by CD31−ve, S100+ve ASCs [149], or CD34−ve subpopulations [150]. Therefore, these results, combined with the neural work discussed above, strongly support the theory that the ASC may also possess ectodermal lineage potential—at least under in vitro conditions.
2.5. In Vitro Endodermal Differentiation by ASCs
With these in vitro articles expanding ASC potentials to mesodermal and ectodermal, the possibility that ASCs possess pluripotent capacity like the ES cell becomes more likely. However, in order to complete the trigerm lineage potential for the ASC, confirmation of endodermal lineage differentiation is required. In response, numerous studies describing hepatic and pancreatic differentiation from human and rodent ASCs have been performed (Table 2). While hepatic differentiation has been more prevalent in the literature, there have been a few studies to suggest that murine and human ASCs may be induced in vitro to express pancreatic markers, such as Pdx-1, Pax4, Isl-1, Ipf-1, and Ngn3, plus their hormones insulin, somatostatin, and glucagon [151–155]. Moreover, in vivo studies can confirm the suppression of pancreatic islet damage and recovery of glycemia in STZ-induced and autoimmune models of diabetes through the administration of ASCs [156–158]. In the field of liver regeneration, Banas and colleagues were the first to show possible in vitro formation of hepatocytes by ASCs by measuring increased albumin expression by the induced ASCs at the protein level [159]. Bonora-Centelles et al. 2009 also confirm increased albumin expression, together with increased gene expression of the liver markers α2-macroglobuline (an acute phase protein), complement C3, selenoprotein/SEPP1 (an antioxidant), cytochrome P450 3A4, apolipoprotein E, and HNF4α, albeit at low levels [160]. This low level of HNF4α appears to have functional consequences, apparently restricting ASC-derived hepatocytes to more immature stages, as the HNF4α targets PEPCK, apolipoprotein C3 and aldolase B, are not expressed in their hepatic induced ASCs. However, when these ASCs are transduced with an HNF4α adenovirus, expression of these plasma proteins is detected at both the gene and protein level, confirming that HNF4α-driven terminal hepatogenesis is possible in ASCs [160]. Consistent with this, Lue and coworkers find that induced ASCs exhibit low levels of five key hepatic transcription factors, including HNF4α [161]. When transduced with all five factors using lentiviruses, followed by induction, a dramatic increase in albumin expression relative to untransduced controls is measured. In addition to these results, are those that also show in vitro function of ASC-derived hepatocytes, with induced cells increasing their glycogen synthesis and storage, together with increases in several enzymes involved in drug metabolism [160]. However, like many other in vitro differentiation studies, the induction conditions may only allow a certain level of differentiation as hepato-induced ASCs have been shown to exhibit no difference in urea production versus controls or in HGF secretion [162].
2.6. Pluripotency of ASCs: ES Markers
When discussing the potential of the embryonic stem (ES) cell for eventual clinical application, the most powerful argument for their use is their development into multiple cell types across all three-germ lineages. However, with the ethical issues associated with ES cell use and their potential to form teratomas in vivo, an alternate pluripotent stem cell population is greatly desired. With the in vitro differentiation of ASCs into cell types from all three germ lineages, the ASC has been suggested as one of these alternatives. When defining the characteristics of a pluripotent stem cells many groups list the following: (1) the ability to integrate into a blastocyst and form a chimera, (2) the expression of numerous cell surfaces markers such as the Stage-Specific Antigens SSEA-1/3/4, Tumor Rejection Antigens TRA-1-60/1-81, Alkaline Phosphatase, and E-cadherin, (3) enhanced telomerase activity, and (4) the expression of several key pluripotent genes including the transcription factors Oct4 (also known as Oct3/4 or POU5F1 transcription factor), Sox2, and Nanog, in addition to the transcription factors Klf4, Rex-1 (also known as zinc finger protein/ZFP-42), and the oncogene c-myc [163, 164]. However, in the developing embryo and its ES cells, Oct4 is thought to be the key transcription factor of “stemness” with its activity controlling the expression and activity of its downstream partners Nanog, Sox2, and Rex-1 [165–172]. Additional signaling pathways, including those of the Wnt-frizzled pathway, BMP4, and integrin signaling have also been identified for their putative roles upstream of Oct4, Sox2, Nanog, and Rex-1 (for review see [173]).

In 2006, researchers at Tulane University described the expression of Oct4 and Sox2 in human and primate ASCs at the gene and protein level and Rex-1 at the gene level [67]. Expression of these pluripotency factors has since been confirmed in human ASCs [117, 174–176], canine ASCs [177], rodents [174], and pig [178]. While a functional role for such factors in ASCs remains unclear, Kim et al. have shown that exogenous overexpression of OCT4 results in increased telomerase activity, increased expression of numerous pluripotency markers including Nanog, Sox2, and Klf4 [179], and decreases in other genes associated with differentiation, such as nestin, Smad3, and FOXO1. Earlier studies have proposed that the increased expression of Oct4, Nanog, and Rex-1 upon the treatment of ASCs with selenium results in their reprogramming and produces more “primitive stem cells” capable of enhanced mesodermal differentiation [179]. Moreover, they show that knockdown of Rex-1 is able to significantly decrease the proliferative potential of their ASCs, a finding also reported upon Oct-4 knockdown [180]. In addition to this work, Cheng et al. have shown that the transdifferentiation capacity of human ASCs is significantly enhanced following spheroid culture—a condition found to upregulate Oct4, Sox2, and Nanog gene expression [181]. Furthermore, exogenous overexpression of Oct4 has been shown to increase their neural differentiation both in vitro and in vivo [179]. While these studies suggest roles for these pluripotent genes in ASC proliferation and potential, the precise role for Oct4, together with Sox2 and Nanog in ASCs will require more in-depth studies. Such studies are currently being performed in human ES cells. Specifically, siRNA knockdown of Sox2 has been found to result in the loss of the ES cells’ undifferentiated state, while siRNA directed to Oct4 results significant changes in the expression of numerous lineage genes such as Dkk1, brachyury, and dlx5 [182, 183].
3. The True Differentiation Potential of ASCs: In Vivo Translational Models
While these in vitro characterizations are exciting, some of them often require rather complicated induction protocols, using a combination of powerful inductive agents and growth factors. These “robust” induction conditions may not mimic the true signaling pathways that occur in vivo. As a result, the true test for the ASC is their differentiation and function in translational model systems. To this end, multiple translational model systems using ASCs have appeared in the literature over the last 5 years describing the beneficial use of ASCs from bone regeneration to the formation of complex tissues such as skin (outlined in Table 3). While their success does suggest that the ASC can be used in a myriad of regenerative models and protocols (as discussed below), one important question does stand out. Is tissue regeneration by ASCs a direct result of their differentiation into the desired cell type or does the ASC direct the host’s ability to heal itself through paracrine signaling mechanisms? While a host of in vitro studies do support the former hypothesis, it is important to reiterate that in vitro systems are not biomimetic. Added to this, an increasing number of translational systems suggest that tissue regeneration is the result of ASC-secreted soluble factors that either induce vascularization, tissue protection or suppress the host’s inflammatory pathways.  In support of this, ASCs are known to secrete multiple growth factors, including VEGF, HGF, NGF and BDNF and numerous interleukins (for review see [184]). Therefore, the ASC possesses a unique “secretome” that may have powerful paracrine effects on the health, repair, and function of a tissue and has resulted in an exciting, new theory that proposes the ASC as a mediator of tissue regeneration through the secretion of specific soluble factors. However, whether direct or indirect participation may be the root cause of ASC-mediated tissue regeneration is unclear and it may be possible that the ASC uses both approaches to ensure tissue healing and health.
Table 3: In vivo differentiation potentials of ASCs.
	

	Germ layer	Tissue	Author and year	Reference	Model system
	

	Mesoderm	 	Hicok et al. 2004 	[185]	HA/TCP scaffolds + hASCs, subQ implantation, athymic mice
	 	Cowan et al. 2004 	[188]	HA/PLGA scaffolds + mASCs, cranial defects, mice
	 	Levi et al. 2010 	[190]	HA/PLGA scaffolds + hASCs, cranial defects, athymic mice
	 	Levi et al. 2011 	[189]	Intravenous administration of hASCs, cranial defects, athymic mice
	 	Dudas et al. 2006 	[197]	Gelatin foam + osteo-induced rabbit ASCs, BMP2 treatment, cranial defect, rabbits
	 	Yoon et al. 2007 	[193]	PLGA scaffolds + osteo-induced hASCs, cranial defect, athymic rats
	Bone	Cui et al. 2007 	[186]	Coral scaffolds + osteo-induced canine ASCs, cranial defects, dogs
	 	Conejero et al. 2006 	[194]	PLA scaffolds + osteo-induced rASCs, palatal defects, rats
	 	Yang et al. 2005 	[198]	CNI scaffolds + rASCs, Ad-BMP7 transduction, subQ implantation, rats
	 	Sheyn et al. 2011 	[199]	Fibrin gels + porcine ASCs, BMP6 plasmid transfection, vertebral defects, athymic rats
	 	Chen et al. 2010 	[200]	Acellular bone matrix + porcine ASCs, BMP2 and VEGF plasmid transfection, ulnar defect, minipigs
	 	Lee et al. 2010 	[201]	PLGA scaffolds + hASCs, BMP2/Runx2 bicistronic plasmid transfection, subQ implantation, athymic mice
	 	Peterson et al. 2005 	[203]	CNI/ceramic scaffolds + hASCs, Ad-BMP2 transduction, femoral defects, athymic rats
	 	Chou et al. 2010 	[204]	HA/PLGA scaffolds + hASCs, BMP2 treatment, femoral defects, athymic rats
	 	Smith et al. 2011 	[207]	CNI scaffolds + rabbit ASCs,  BMP2 treatment, cranial defects, rabbits
	 	Dragoo et al. 2003 	[208]	Fibrin glue + pre-induced hASCs, intramuscular implantation, athymic mice
	 	Jin et al. 2007 	[209]	Alginate scaffolds + TGF
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2-induced hASCs, subQ implantation, athymic mice
	Cartilage	Mehlhorn et al. 2009	[210]	PLGA scaffolds + TGF
	
		
			

				𝛽
			

		
	
1-induced hASCs, subQ implantation, athymic mice
	 	Dragoo et al. 2007 	[212]	Fibrin glue + rabbit ASCs, full-thickness subchondral defects, rabbits
	 	Cui et al. 2009 	[213]	PGA scaffolds + pre-induced porcine ASCs, full-thickness subchondral defects, pigs
	Fat	Hong et al. 2006	[218]	Gelatin scaffolds + pre-induced hASCs, subQ implantation, athymic mice
	Ito et al. (In press)	[220]	bFGF-coupled CN/gelatin scaffolds + hASCs, subQ implantation
	Mizuno et al. 2008 	[217]	Fibrin glue + GFP+ve mASCs, subQ implantation, mice
	Skeletal muscle	Rodriguez et al. 2005	[229]	hASCs + mdx murine model, hMAD subpopulation
	Goudenege et al. 2009 	[230]	hASCs + mdx murine model, hMAD subpopulation
	Liu et al. 2007 	[231]	Pre-induced hASCs + mdx murine model
	Vieira et al. 2008 	[232]	hASCs + limb girdle muscular dystrophy murine model, tail vein administration
	Smooth muscle	Jack et al. 2005 	[104]	hASCs + bladder/urethral injection, athymic mice
	Zhang et al. 2012 	[80]	hASC/bladder smooth muscle co-culture + bladder injection, athymic mice
	Lin et al. 2010 	[234]	rASCs + SUI  model, rats
	Zhao et al. 2011 	[106]	rASCs + periurethral injection, PLGA/NGF microspheres, SUI model, rats
	Zhao et al. 2012 	[236]	Rabbit ASCs + decellularized vessel grafts, ureter defect, rabbits
	Zhu et al. 2010 	[237]	Rabbit ASCs + bladder acellular matrix grafts, bladder reconstruction, rabbits
	Cardiac muscle	Mazo et al. 2008 	[247]	mASCs + MI model, athymic rats
	Cai et al. 2009	[249]	hASCs + MI model, athymic rats
	Okura et al. 2012 	[241]	hASC-derived cardiomyoblasts + pig MI model
	Léobon et al. 2009 	[246]	mASC-derived cardiomyocytes + murine MI model
	Zhang et al. 2007 	[252]	Rabbit ASC-derived cardiomyocytes + rabbit MI model
	Beitnes et al. 2012 	[244]	ASCs + intramyocardial injection, MI model, athymic rats
	Zhang et al. 2010 	[248]	rASCs + rat MI model, injectable fibrin glue scaffolds
	Yang et al. (In press)	[253]
	

	Ectoderm	Nerve repair	Orbay et al. 2012	[272]	Neural-induced ASCs + peripheral nerve gaps, rats, silicone conduits
	Yang et al. 2011 	[261]	Neural induced rASCs + focal cerebral ischemia, rats
	Park et al. 2012 	[267]	Neural induced canine ASCs + spinal cord injury, dogs, matrigel implants
	Lopatina et al. 2011 	[279]	Neural induced mASCs + peroneal nerve injury, mice, matrigel implants
	Tomita et al. 2012	[269]	rASC-derived Schwann cells + nerve denervation model, rats
	Chi et al. 2010 	[271]	rASC-derived Schwann cells + spinal cord injury, rats
	Di Summa et al. 2010 	[273]	rASC-derived Schwann cells + sciatic nerve injury, fibrin conduits, rats
	Wei et al. 2009 	[276]	rASC-conditioned media + ischemia model, rats
	Zhang et al. 2010 	[282]	rASCs + xenogeneic acellular nerve matrices, sciatic nerve injury, rats
	 	Planat-Benard et al. 2004 	[150]	mASC/hASC + muscle vascularization and hindlimb ischemia, intramuscular injection, athymic mic
	 	Moon et al. 2006 	[297]	hASCs + hindlimb ischemia model, mice
	 	Miranville et al. 2004 	[300]	hASCs (CD34+/CD31−) + hindlimb ischemia model, athymic mice, IV administration
	 	Kim et al. 2011 	[303]	hASCs + ischemic limb wound, diabetic model, athymic mice, local injection
	 	Liu et al. 2011 	[304]	rASCs + pulmonary hypertension model, rats
	 	Gao et al. 2011
						[306]	hASCs + skin flaps, STZ-diabetic model, athymic mice, local injection
	Endothelial-vascularization	Mazo et al. (In press)	[311]	Porcine ASCs + cardiac IR injury model, mini-pigs, trans-endocardial injection
	 	Sun et al. 2011 	[312]	rASCs + lung IR injury model, rats, IV administration
	 	Furuichi et al. 2012 	[313]	mASCs + kidney IR injury model, mice, IV administration
	 	Traktuev et al. 2009 	[317]	hASC + endothelial precursors, subQ implantation, athymic mice
	 	Matsumoto et al. 2006 	[224]	hASCs + lipoaspirate fat grafts, local administration
	

	 	Liver	Kim et al. 2003 	[254]	hASCs + partial hepatectomy, athymic mice, IV administration
	 	Ruiz et al. 2010 	[257]	hASCs + CCL4-induced liver injury, athymic mice
	 	Banas et al. 2008 	[258]	hASCs + CCL4-induced liver injury, athymic mice, IV administration
	 	Wang et al. 2010 	[255]	Pre-induced hASCs + PLGA scaffold implantation, hepatectomized rats
	Endoderm	Harn et al. (In press)	[256]	Pre-induced hASCs + TAA-induced liver fibrosis model, rats, direction injection
	 	Banas et al. 2009 	[159]	Pre-induced hASCs + CCL4-induced liver injury, athymic mice
	 	Pancreas	Timper et al. 2006 	[151]	Pancreatic induction medium
	 	Chandra et al. 2009 	[152]
	 	Lee et al. 2008 	[154]	Pancreatic extract
	


hASCs: human ASCs; mASCs: mouse ASCs;  rASCs: rat ASCs; HA: hydroxyapatite; TCP: tricalcium phosphate; PLGA: polylactic co-glycolic acid; PGA: polyglycolic acid; CNI: collagen type I; MI: myocardial infarct; SUI: stress urinary incontinence; I/R: ischemic/reperfusion; Mdx: murine muscular dystrophy model.

3.1. In Vivo Bone Regeneration
Not surprisingly, the earliest translational model systems using ASCs focused on the mesodermal potential of the ASC in bone regeneration. In bone repair, numerous translational model systems combining a variety of defect systems (i.e., cranial/parietal, craniofacial-palatal, maxillary/mandibular, long bone segmental-tibial, femoral) with ASCs from rodents, rabbits, canines, and humans have been described in the literature for well over the last decade. The first in vivo paper to describe osseous tissue formation by ASCs was reported in 2004 by Hicok et al., who seeded HA/TCP cubes with osteogenically induced human ASCs and implanted them subcutaneously in athymic mice [185]. Tissue, histologically consistent with osteoid, forms in 80% of the scaffolds. More importantly, their group also confirms the presence of human ASCs within the newly formed osteoid—a finding that is frequently overlooked in many subsequent bone regeneration studies and is required in order to assess the direct participation of the ASC in bone formation. The papers that follow appear, at first glance, to indicate that ASCs are an excellent cell source for bone regeneration. For example, Cui et al. 2007 report healing in 84% of cranial bone defects in dogs through implantation of dexamethasone-induced ASCs versus 25% healing in acellular defects, with these acellular defects containing fibrous tissues rather than bone tissue as found in the ASC-seeded implants [186]. But a closer examination of these papers yields a more complex picture with results that are varied and dependent upon model system.
For example, bone formation has been reported by many groups using ASCs without any prior “priming” through osteoinductive agents, including (1) increased lumbar spinal fusion upon implantation of scaffolds containing syngeneic or allogeneic rat ASCs versus scaffold alone [187], (2) the induction of in vivo osteogenesis by murine ASCs using hydroxyapatite scaffolds [188], (3) near complete osseous healing of rat calvarial defects by human ASCs [189, 190], (4) parietal defect homing and healing following IV injection of humans ASCs without preinduction [191], and (5) increased healing of porcine mandibular defects using either systemic or local injections of ASCs [192]. In contrast, other groups have reported rather poor results if ASCs are implanted without this preinduction. An absence of bone formation has been found using rabbit ASCs implanted intramuscularly via polylactic coglycolic acid/beta-tricalcium phosphate (PLGA/βTCP) scaffolds [55]. Similarly, only 35% of calvarial defect area is healed using undifferentiated ASCs [193]. Such results have led other bone researchers to speculate that the osteogenic potential of the ASC must be enhanced through pretreatment with osteogenic factors like dexamethasone. Indeed, the level of calvarial defect healing in the Yoon et al. 2007 study climbs significantly when the ASCs are preinduced with dexamethasone and VD3 [193]. In support of this, osteogenically primed ASCs implanted into palatal defects result in substantial bone formation versus undifferentiated ASC controls [194], osteoinduced rabbit ASCs on fibronectin polylactic acid (PLA) scaffolds to distinguish this from processed lipoaspirate (PLA) cells scaffolds outperform uninduced controls in cranial defects [195] and significant healing of cranial defects is achieved using primed rat ASCs [196].
As a natural extension to these results, ASCs pretreated with, or combined with, more powerful osteogenic growth factors like the BMP family have been studied with the thought that they may improve the osteoregenerative capacity of the ASC even further. To support this theory, Dudas et al. 2006 have shown that rabbit ASCs preinduced with BMP2 form significantly more bone versus noninduced ASC controls [197]. Similar to this, Yang et al. 2005 [198] have transduced rat ASCs with an adenoviral-BMP7 virus and concluded that these cells formed extensive new bone in vivo. ASCs transfected with a BMP6 plasmid forming more bone within a vertebral bone defect [199] have also been published. More recently, Chen et al. 2010 and Lee et al. 2010 have described the transfection of ASCs with BMP2 (in combination with VEGF or Runx2, resp.,) for the healing of ulnar defects and subcutaneous formation of bone tissue [200, 201]. Both groups report increased bone regeneration within their defects when compared to untreated ASC controls. Therefore, the studies outlined above appear to support that ASCs modified for the delivery of BMPs can regenerate bone and that this bone formation may be enhanced through the autocrine action of the BMP on the ASC. However, in many of these studies, a key factor is missing—the amount of bone formed due to the action of the BMP itself—making it difficult to determine if the BMP-induced ASCs are directly enhancing bone formation. At a minimum, these studies do illustrate that the ASC can be used as a “cellular biopump” for the delivery of osteogenic factors capable of inducing bone regeneration. Consistent with this, ASCs transduced with BMP2 and VEGF, delivered via baculovirus and transplanted into “massive” femoral defects in rabbits, were found to express these growth factors over a significant time frame with little host immune involvement [202]. In this regard, whether the ASC responds to such growth factors in an autocrine fashion and enhances bone formation may not be necessary if bony healing by the host is sufficient.
Whether BMP-treated ASCs enhance bony healing is also made more difficult when the following studies are considered. The first paper to describe the bone forming capacity of human ASCs in a bony defect model using adenovirally-delivered or recombinant BMP2 [203] reports no statistically significant difference in the amount of bone formed between the BMP2+ASC and BMP2 only groups, suggesting that the ASC does not contribute in any significant way to bone regeneration. In support of this, a recent paper in the journal Connective Tissue Research shows that femoral defect healing is comparable using either human ASC+BMP2 scaffolds or BMP2 control scaffolds [204]. Moreover, a companion paper in this journal suggests that this lack of effect may be due to a failure of the ASC to respond to the BMP2 [205]. In fact, two recent articles may suggest a deleterious effect in combining ASCs with BMP2 with Keibl’s research group reporting reduced callus volume upon ASC+BMP2 administration [206] and Smith et al. measuring significantly reduced healing in rabbit cranial defects using BMP2+ASC compared to BMP2 alone controls [207].
3.2. In Vivo Cartilage Regeneration
Like bone, most in vivo studies using ASCs for cartilage regeneration also employ preinduction. One of the earliest studies implanted TGFβ1-induced human ASCs into intramuscular pockets in nude mice and noted the histological appearance of hyaline cartilage [208]. Similar results have since been reported using high-density, preinduced ASC monolayers or preinduction through the formation of micromass nodules, followed by seeding onto 3D scaffolds and subcutaneous implantation [89, 209–211]. Cartilage formation has also been reported upon the subcutaneous implantation of human preinduced ASCs transduced to express TGFβ2 and seeded onto alginate or alginate/PLGA scaffolds, suggesting that the ASC can demonstrate chondrogenic potential in vivo under the influence of the TGFβ family [85]. Using a more translational full-thickness cartilage defect, TGFβ1-induced rabbit ASCs in fibrin glue scaffolds have been found to form cartilage within the articular surface, with healing continuing down into the subchondral bone [212]. Neocartilage formation with integration with the surrounding host cartilage and bone has also been found in a larger model system using pig ASCs and full thickness articular defects [213], a model system that could provide important information on the way to the use of ASCs in the clinic. As a precursor to clinical application, successful cartilage formation in vivo has recently been reported using large-scale in vitro differentiation methods for the production of multiple spheroids suitable for implantation from human ASCS [214]. Finally, chondrogenic differentiation by ASCs in vivo cannot only be induced through their preinduction with TGFβ1, but induced in vivo by using the scaffold itself. Enhanced synthesis of cartilaginous GAGs has been reported upon the subcutaneous implantation of ASCs seeded onto fibrin/poly(lactide-co-caprolactone) constructs loaded with TGFβ1 nanoparticles [215]. In a similar vein, PLGA scaffolds, modified to slowly release plasmid DNA containing SOX-5,-6 and -9 for ASC transfection, has been found to increase the expression of collagen type II protein and decrease the expression of collagen type X when implanted into rabbit osteochondral defects [211]. This work by Im et al. 2011 is the first to report enhanced cartilage protein synthesis by manipulating downstream chondrogenic pathways. Such work could eliminate the need for upstream growth factors in the regeneration of cartilage and could alter the chondrogenic potential of seeded ASCs by using the scaffold itself.
3.3. In Vivo Fat Regeneration
The most obvious application of the ASC would be in its development of soft tissues like adipose tissue. Yet, in comparison to articles on bone and cartilage generation, adipose tissue regeneration is underrepresented. The studies that are found can be divided into two categories: (1) de novo fat formation using ASCs and (2) the use of ASCs for the improvement/maintenance of fat grafts. In category one, ASCs, derived from GFP-transgenic mice and preinduced toward the adipogenic lineage, form tissues histologically confirmed as adipose tissue [216, 217]. Furthermore, the presence of GFP+ve cells can be confirmed in the new tissue, indicating that the ASC is, at a minimum, retained within the forming tissue and has a positive effect on adipose generation. Similar findings have also been reported using ASCs in combination with a variety of scaffolds including silk fibroin, collagen type 1, collagen/gelatin, alginate, polypropylene, and scaffolds modified for the controlled release of growth factors such as bFGF [218–222]. Human ASCs have also been used to form fat using a “self-assembly” approach in which the ASC is used to produce not only adipocytes but also its own supportive stroma [223]. Rather than trying to generate adipose tissue de novo, the studies of category two involve the improvement of transplanted fat grafts through the mixing with ASCs. In a procedure frequently termed cell assisted lipotransfer or CAL, adipose graft survival and volume can be significantly improved when combined with ASCs [224, 225]. However, it is important to note that the increased volume of fat may not be due to direct ASC adipogenesis, but by paracrine support of the tissue through the secretion of angiogenic and/or adipogenic factors by the ASC [224].
3.4. In Vivo Muscle Regeneration
Original models for muscle regeneration focused on skeletal muscle formation using established murine models of dystrophy and muscle derived stem cells (for review see [226]). Not surprisingly, the myogenic differentiation capacity of bone marrow MSCs has been explored [10, 227]. However, functional recovery in dystrophin-deficient mice has not been observed with MSCs [228]. Unlike MSCs, recent studies using ASCs have reported some exciting results—that the implantation of human ASCs without immunosuppression into murine models of dystrophy can yield good engraftment levels and improvements in muscle function, thus allowing researchers to make more accurate conclusions about the myogenic differentiation of human ASCs in vivo. Pioneering work from Rodriguez et al. 2005 were among the first to suggest that a xenogeneic transplantation model is possible for muscle repair, with their transplantation of human ASCs into a mdx murine model resulting in substantial expression of human dystrophin in both the injected and adjacent muscle and long-term engraftment without any murine inflammatory infiltration [229]. Good engraftment with ASCs located around muscle fibers is also reported upon the injection of human ASCs virally engineered to overexpress MyoD [230]. However, both studies use a rather rare population of human ASCs, termed hMADs, produced through rapid adherence of ASCs to tissue culture polystyrene, followed by culture for up to 200 doublings. Therefore, it cannot be confirmed that these ASCs have undergone some atypical transformation making them more apt to undergo myogenesis in comparison to ASCs maintained for less time in culture.
However, there are additional studies that seem to confirm the findings of these hMAD cells. ASCs, induced to differentiate in vitro then injected into mdx mice, preferentially home to injured muscle and differentiate, producing transient and sequential peaks in MyoD, myogenin, myosin, and dystrophin, with each differentiation marker colocalizing with human b2-macroglobulin, suggesting the engraftment and direct differentiation of the human ASC within the muscle [231]. Several of these ASCs also appear to differentiate into Pax7+ve cells, a marker of muscle satellite cells, leading to the possibility of long-term engraftment and regenerative support. Like Vieira et al. 2008 human ASCs, preinduced to the myogenic lineage and injected multiple times via tail vein into a murine model for limb girdle dystrophy also show preferential homing to the injured muscle [232]. Moreover, these cells also improve the muscle’s motor ability. However, these researchers suggest that their results are due to the fusion of the ASC with the host muscle, a finding that may be substantiated by that of Goudenege, who observe ASCs within the muscles fibers themselves [230] and by that of de la Garza-Rodea et al. 2012 who report the formation of “hybrid” fibers upon the implantation of labeled ASCs [227]. Whether the ASC differentiates within muscle de novo, fuses with the host muscle to drive regeneration or is involved in a combination of both, these studies do provide support for the use of human ASCs in the repair of skeletal muscle tissue. Moreover, these stem cells may be used without a substantial host immune response.
While 2005 saw the use of human ASCs in the regeneration of skeletal muscle, this year also saw their use in smooth muscle differentiation in vivo with the injection of human ASCs into athymic rats and mice, resulting in their incorporation into the smooth muscle of the bladder [104]. This incorporation and resulting smooth muscle regeneration was eventually confirmed in this group to be due to differentiation and not to fusion of the ASC to host cells [233], suggesting that ASCs may be capable of in vivo smooth muscle formation. Similar incorporation into bladder muscle and improvements in bladder function and smooth muscle content have been reported in models of stress urinary incontinence, with confirmation of ASC differentiation into smooth muscle cells being reported [234, 235]. Increased smooth muscle bundles, together with formation of stratified urothelium, have been observed upon injection of ASCs preinduced to the smooth muscle lineage [236]. In addition to this work, results from Zhao et al. in 2011 also suggest that the injection of ASCs can improve the functional capacity of smooth muscle [106]. Specifically, the injection of rat ASCs seeded onto PLGA scaffolds designed for the controlled release of NGF results in significant improvements in smooth muscle development, abdominal leak point pressure, and retrograde urethral perfusion pressure when compared to controls. More interestingly perhaps may be their finding that there are also improvements in ganglia formation within these treated urethras, suggesting that the injected ASCs, plus NGF, work together to produce innervated smooth muscle. This finding has also been observed upon the injection of rabbit ASCs seeded onto bladder acellular matrix grafts [237]. However, it is possible that these observed improvements in smooth muscle differentiation and function are due to paracrine actions of the ASC, decreasing apoptosis and maintaining vascular supply as proposed in models of diabetic bladder dysfunction [238].
In a 2007 study by Fotuhi et al., freshly isolated ASCs injected into porcine transmural infarcts were shown not to cause arrhythmia, bradycardia, or conduction block. Moreover, these ASC treated hearts required extrastimuli to induce an arrythmia, suggesting that ASCs could be used in the treatment of cardiac muscle infarcts [239]. With in vitro studies confirming the cardiomyogenic potential of these stem cells, infarct treatment could be mediated through the differentiation of ASCs into cardiomyocytes. Previous work on bone marrow MSCs supports this theory, as implantation of these stem cells has been shown to improve heart function in several model systems [111, 240]. Transplantation of human cardiomyoblast-like cells derived from ASCs results in improved cardiac function, together with the development of human cardiac α-actin positive cell “bundles” that not only costain with a DiI label but also with the cardiac transcription factors Nkx2.5 and GATA4, supporting a role for human ASCs in cardiac repair [241]. However, there is a debate on whether the ASC contributes directly to cardiac muscle regeneration or supports this event through the production of angiogenic growth factors and cytokines.
In support of vascularization, bone marrow mononuclear cells and endothelial progenitors are known to improve cardiac function by incorporating into newly forming capillaries and releasing angiogenic factors [242, 243]. Similar events may also be induced by ASCs. In support of this, Beitnes and coworkers show significant improvement in left ventricle ejection fraction (LVEF), decreases in infarct sizes, and increases in vascularization when human ASCs are injected into infarcts in nude rats. Moreover, they specifically observe an absence of ASC engraftment, suggesting paracrine action [244]. Conditioned media from hypoxia-treated ASCs can also improve cardiac function following infarction, possibly through their specific paracrine section of VEGF-A, bFGF, and TGFβ1 [245]. Increased capillary densities/angiogenesis have also been reported using mouse ASCs injected into murine infarcts, with the ASCs taking up residence in the infarct area and EKGs showing stability of LVEF [246]; murine ASCs [247] or rat ASCs transplanted into rat infarcts resulting in significant improvement in heart function and tissue viability [248]; and human ASCs into rat infarcts, where not only increased peri-infarct capillary density is noted but increased numbers of nerve sprouts [249]. Finally, endothelial cells created from induced pluripotent ASCs (iPSCs) and injected into murine infarcts are found localized specifically around, but not directly integrated into, newly formed microvessels near the regenerating infarct region, suggesting paracrine action of these cells on the host vasculature [250]. Furthermore, these iPSC-derived ECs are specifically found to release pro-angiogenic factors in the ischemic environment of the heart. However, the possibility of direct differentiation of ASCs into cardiomyocytes cannot be discounted. Coexpression of β-galactosidase with myosin heavy chain, Nkx2.3, and troponin I has been observed following implantation of ASCs derived from Rosa26 mice into B6129S recipients [251]. Furthermore, while Zhang et al. 2007 do note increased capillary densities in their infarct regions, with ASCs differentiating into endothelial cells, when the infarct regions are examined histologically, the ASCs are thought to form islands of cardiac tissue in and around the scar [252]. Finally, real-time tracking of labeled ASCs transplanted into infarct regions via implanted fibrin scaffolds also confirms costaining of the ASC label with cardiac troponin in the infarct region [253]. Therefore, cardiac muscle regeneration by ASCs may be a combination of both direct transdifferentiation of ASCs into cardiomyocytes combined with their promotion of vascularization.
3.5. In Vivo Endoderm Regeneration
With in vitro studies suggesting hepatic potential for ASCs, translational models have attempted to confirm this capacity using parameters such as production of albumin protein together with functional assays. Initial studies in 2003 show increased engraftment of human ASCs into regenerating livers following partial hepatectomy [254]. Indicative of liver regeneration, preinduced human ASCs, loaded onto PLGA scaffolds and implanted into the peritoneum of hepatectomized rats, not only survive on-scaffold at least 14 days after implantation but aslo, like their in vitro counterparts, exhibit increased expression of liver-specific genes [255]. However, this study is unable to confirm differentiation at the functional level. In contrast, human ASCs induced toward the hepatocyte lineage and directly injected into models of liver fibrosis are found to secrete albumin and α-fetoprotein, decrease fibrosis and inflammation and improve liver function [256]. Similarly, induced human ASCs transplanted into CCl4-injured livers in nude mice not only increase their production of albumin protein but also restore liver functions such as ammonia and purine metabolism and decrease liver injury markers, such as alanine aminotransferase and aspartate aminotransferase activity [159]. However, the authors do point out that they are unable to rule out ASC fusion with endogenous hepatocytes. Finally, whether ASCs need preinduction to increase liver regeneration is called into question as Ruiz et al. 2010 [257] have shown robust engraftment into injured livers using noninduced ASCs and Banas et al. 2008 confirm restoration of liver function using these controls [258].
3.6. In Vivo Ectoderm Regeneration-Nervous Tissue
Implantation of bone marrow MSCs into the cerebral cortex surrounding an ischemic infarct has been shown to significantly improve functional recovery, with the transplanted cells also expressing glial markers (GFAP, GalC) and markers of neurons (β3-tubulin, neuron-specific enolase, and several neuronfilament proteins) [259]. In addition, GFP-labelled MSCs injected into the subarachnoid space of the lumbar spine have been found on the surface and within the parenchyma of a spinal cord lesion, suggesting that adult stem cells may be used to repair nervous tissue injuries [260]. Like these MSC studies, early studies with ASCs used simple transplantation into nervous tissue injuries followed by histologic analysis and functional assessment of recovery. Improvement of deficits by transplanted ASCs has been reported in models of middle cerebral occlusion or ischemic stroke, where infarct size can be decreased upon ASC administration and sensimotor dysfunction improved [261–263], spinal cord contusion injury, where GFP-labelled canine ASCs are able to improve pelvic limb function significantly versus controls, together with nerve conduction velocity [264] and peripheral nerve gaps, where ASCs seeded into acellular nerve grafts promote sciatic nerve regeneration and functional recovery in some cases at levels comparable to autografts [265, 266]. Histologic analysis of these injury sites has suggested that ASC differentiation into neurons and/or glial cells may play a role in the functional recovery, with transplanted cells staining positively for MAP2 [262], GFAP, Tuj-1, and an oligodendrocyte marker [264]. However, differentiation into glial cells may be more likely as Ryu et al. 2009 observe less colocalization between their labeled ASCs and neurofilament marker expression [264].
As such, current in vivo studies have begun to explore the regenerative capacity of ASCs predifferentiated into Schwann cells (SCs), rather than hoping for the direct in situ differentiation of the ASCs into neurons. Current theories propose that such preinduced ASCs would support nervous tissue regeneration through their ability to support the endogenous healing response of neurons and/or to decrease gliosis (glial cell-mediated scar formation). In support of this, rats implanted with ASC-derived SCs show not only significant locomotor function recovery compared with untreated ASCs but also a reduction in gliosis [261]. Reduced fibrosis and inflammation are also observed upon implantation of predifferentiated canine ASCs into spinal cord injuries [267] and upon intrathecal administration of ASCs into a model of ischemia/reperfusion neuronal damage in rabbits [268]. In addition to reducing gliosis, ASC-derived SCs also appear to mediate the host’s regenerative response through their ability to direct re-myelination. Rat ASCs, differentiated to SCs and transplanted into denervated nerves, survive and maintain their differentiated state for up to 10 weeks, forming myelin sheaths and expressing key glial cell markers [269]. Additional studies utilizing ASC-derived SCs in a variety of nerve injury/regeneration model systems report similar integration and myelination results [270, 271], together with improvements in function versus controls [122, 272], often giving rise to comparable nerve conduction velocities when compared to nerve grafts [272]. When examined histologically, increased axonal regeneration comparable to implantation of primary SCs can be observed using these stem cells [273]. However, more importantly, these preinduced ASCs appear to retain their SC function, with myelin fiber density and the number of myelinated fibers to unmyelinated fibers increasing upon ASC implantation and the transplanted cells being observed to wrap around NF160+ve axonalstructures [122].
While early in vitro studies suggest a neurogenic potential for ASCs, the majority of in vivo studies fail to show direct differentiation in situ of the transplanted ASCs into neurons. For example, less then 1% of transplanted ASCs are found within spinal contusive injuries, with those remaining appearing to be oligodendrocytes [274]. In addition, extremely low levels ASC differentiation into mature neurons is noted in a model of cerebral cortex injury [275]. So while the transplantation of ASCs may be successful in improving neural function, it is likely due to a supportive role in tissue healing. In 2002, Zhao et al. suggested that their observed functional recovery in ischemic brain injury models was not due to direct MSC differentiation into neurons but to secreted paracrine factors that acted on the host [259]. A similar hypothesis has been put forth by Wei et al. [276], who, upon infusion of ASC-conditioned medium, note protection against cortical and hippocampal volume loss. In vivo protection of cerebellar granule neurons from apoptosis has also been observed using ASC-conditioned media [277]. In addition, injection of ASCs or ASC lysates into models of cavernous nerve injury is found to significantly decrease fibrosis and improve erectile function [278]. This effect is likely due to the paracrine secretion of neurotrophic factors, such as brain-derived neurotrophic factor/BDNF, nerve growth factor/NGF or glial cell-derived neurotrophic factor/GDNF, by the ASC capable of protecting host nervous tissue and/or inducing their repair. In support of this, functional deficits in a model of middle cerebral artery occlusion can also be dramatically improved using ASC transduced to overexpress BDNF [262]. Moreover, enhanced nerve fiber growth is observed in models of mice limb reinnervation using ASCs preinduced toward the neural lineage thus enhancing their production of brain-derived neurotrophic factor (BNDF) [279]. BDNF, NGF, and GDNF secretion by ASCs predifferentiated toward the SC phenotype are thought to be the basis for axonal regeneration in sciatic nerve gap models, with these factors providing neuroprotection through their antiapoptotic behavior [280]. In a similar vein, ASC-conditioned medium containing VEGF, BDNF, and NGF may protect against glutamate excitotoxicity on PC12 cells, a key factor implicated in stroke and neurodegenerative diseases, thus increasing their viability in situ [281]. Finally, an immunosuppressive role for the ASC and its paracrine factors cannot be discounted as xenogeneic acellular nerve matrices combined with autologous ASCs can be implanted without host rejection [282], making it possible that peripheral nerves repair can be accomplished using commercial nerve matrices combined with the patient’s own ASCs.
3.7. In Vivo Ectoderm Regeneration-Epithelial and Epidermal Differentiation
Studies detailing nervous tissue healing are strongly supportive of the in vivo ectodermal capacity of ASCs. In vivo ectodermal capacity of ASCs is also indicated by their regeneration of epithelial tissues. ASCs, combined with scaffolds, and implanted into rat tracheal defects show the development of a pseudostratified epithelium with goblet cells [283, 284]. In addition, a large field of research has developed suggesting the use of ASCs in epidermal and/or dermal regeneration. Increased collagen content is measured upon subcutaneous implantation of rat ASCs seeded on decellularized dermal matrix [285]. Furthermore, Trottier et al. 2008 show that skin grafts made through their “self-assembly” approach, and containing human ASCs in the dermal layer, graft well onto athymic mice and result in the production of a well-organized epidermis in vivo [136]. With their ability to differentiate into epithelial and dermal layers when seeded onto hydrogels [286, 287], the ASC may replace dermal fibroblasts in the treatment of skin wounds and disorders.
However, as with other in vivo regenerative models, studies have yet to confirm whether these ASCs directly contribute to tissue formation through differentiation or support differentiation through the production of soluble factors. A 2009 study using GFP-labelled human ASCs seeded into silk fibroin-chitosan scaffolds and implanted into full-thickness skin defects finds increased wound closure [288]. In addition, this study shows coexpression of both the GFP marker and those of epidermal epithelial cells, suggesting that wound closure is due, in part, to the differentiation of the ASC. However, wounds also show increased microvascular density and ASC differentiation into endothelial cells, possibly indicating that wound closure is due also to vascularization. In support of paracrine action, keratinocyte and/or fibroblast proliferation, together with collagen transcription/synthesis by fibroblasts, can be enhanced using ASC-conditioned medium or coculture systems [289–291]. Conditioned medium made from a mixture of ASCs and dermal fibroblasts can also increase keratinocyte proliferation and migration [292, 293] and increased levels of HGF and KGF can be found in the media, suggesting a role for these factors [293]. Similar to this, stromal layers derived from human ASCs can induce the proliferation and expression of appropriate epidermal keratins when overlaid with keratinocytes, leading the authors to conclude that the ASC can be used to create a biomimetic stroma capable of stimulating epidermal development [136]. Autologous ASCs have also been found to favor epidermal healing in porcine models of cutaneous radiation injury [294] and the effects of ASC-conditioned media on aged fibroblasts have been studied as a means of developing antiaging strategies [290]. Finally, implantation of 3D skin “rafts” made from adult skin explanted onto dermal tissues containing fibroblasts and human ASCs form completely healed multilayered epidermis upon implantation into skin injuries, whereas rafts without ASCs still show significant areas of injury [295]. What paracrine factors are involved in these studies of epidermal/dermal formation remain unknown but possible paracrine factors may include HGF, VEGF, TGFβ1, TGFβ3, G-CSF, GM-CSF, IL6, and IL8 [292]. In support of this, Jung and colleagues have reported that conditioned medium from ASCs can increase CNI, CNIII, and hyaluronic acid synthesis by human dermal fibroblasts and that neutralizing antibodies to TGFβ1 can abolish this effect [296].
4. ASC-Directed Tissue Regeneration: The Role of Vascularization
It has long been known that vascularization is critical to tissue healing. The in vitro differentiation of ASCs to endothelial cells is not under dispute as they quickly and easily form vessel-like structures in Matrigel substrates that assume endothelial function [145, 146, 297]. Consistent with this, vessel formation has been observed in several ASC models of cardiac infarct treatment, epithelial regeneration, and neural tissue healing (discussed above). In addition, multiple studies of ischemia describe increased vascularization following ASC administration [145, 150, 297–303]. Hemodynamic abnormalities in pulmonary arterial hypertension may be reversed using ASCs—a finding thought to be attributable to their induction of angiogenesis and increased formation of small, pulmonary arteries [304]. Increased capillary densities and higher blood flow have been reported in several studies using ASCs for the healing of skin wounds and improvement of skin flap survival [305, 306]. At the cosmetic level, adipose grafts, transplanted with ASCs survive at higher levels, are 35% larger and show increased neoangiogenesis when compared to grafts transplanted without these stem cells [224, 225]. Finally, there are numerous studies detailing the use of ASCs in the treatment of ischemia/reperfusion (IR) injury. While tissue damage associated with ischemia has been well described, it is important to note that the reperfusion period is also associated with damage. Amelioration of IR damage has been described previously using MSCs, cardiac stem cells and induced pluripotent stem cells [307–310]. Transendocardial injections of ASCs in a minipig model of IR injury results in long-lasting improvements in cardiac function, along with increased angiogenesis and vasculogenesis [311]. Higher numbers of CD31+ve and vWF+ve cells have also been found in models of lung IR following ASC injection, suggesting increased vessel formation [312]. Amelioration of kidney IR injury can be achieved using ASCs [313]. However, it is important to note that the improvement in IR models may not be solely due to the ASC’s effect on mediating vasculogenesis/angiogenesis. The ASCs may also mediate the damage of oxidative stresses incurred during IR. In support of this, Chen et al. 2011, using a model of kidney IR treated using direct injection of ASCs, find increased clearance of creatinine and urea from blood plasma, together with higher levels of the antioxidant markers NAD(P)H quinine oxidoreductase, heme-oxygenase 1/HO-1, glutathione peroxidase, and glutathione reductase [314]. Increased antioxidant marker levels versus controls (i.e., NAD(P)H quinine oxidoreductase and HO-1) have also been reported, together with decreased hepatic oxidative stress upon multiple injections of ASCs in hepatic IR models [312].
In vivo, GFP-labelled ASCs can improve the vasculature in excisional wounds in normal and diabetic rats and are found to coexpress CD31, suggesting their endothelial differentiation [315]. Similar to this, DiI-labeled ASCs costaining for CD31 and vWF have also been found in ischemic kidneys following administration of ASCs [314]. Such results suggest that ASC administration can result in increased vessel formation through their direct differentiation. However, there are other studies that suggest the ASC participates in tissue regeneration through their production of angiogenic factors and mediation of endogenous vasculogenesis/angiogenesis [147, 316]. For example, both in vitro and in vivo studies suggest that the ASC drives endothelial differentiation and stabilizes it through paracrine action [317]. As a candidate for mediating vessel formation, the most obvious paracrine factor is VEGF and many studies propose that it is the secretion of VEGF as the underlying reason for the improved vascularization by the ASCs [303, 306, 315, 318–321]. The ability of VEGF to stimulate neoangiogenesis is well known [322–324] and the secretion of VEGF by ASCs under normal and abnormal conditions (i.e., hypoxia) has been reported by many as the factor underlying ASC-mediated angiogenesis [145, 184, 318, 325, 326]. Conditioned medium, obtained from ASCs under hypoxic culture conditions in order to increase production of HGF, VEGF, and TGFβ, increases endothelial cell (EC) growth and reduces their apoptosis [318]. In addition, Gao et al. 2012 report increased capillary density, together with increased expression of VEGF within the dermis of ASC-treated skin flaps [306]. Increased VEGF expression, together with increased collagen density and microvascular density, is also measured in fill-thickness rat skin grafts injected with ASCs [327]. VEGF secretion by ASCs is significantly upregulated in vitro upon metabolic induction of ischemia [328] and ischemic limbs in diabetic nude mice treated with ASCs show earlier and more abundant neovessel formation, together with increased levels of plasma VEGF [303]. Inhibition of VEGF secretion by ASCs through RNA interference (RNAi), followed by their transplantation into syngeneic models of small-for-size liver injury results in significant disturbances to graft microcirculation, serum liver functional parameters, and graft survival [329]. Finally, recent studies suggest that AKT/c-myc signaling pathways may mediate increased VEGF secretion in ASCs as the injection of constitutively active AKT/v-myc-expressing ASCs promote better wound healing compared to normal controls [330]. However, the role of other secreted factors cannot be ruled out as suppression of HGF production by ASCs through RNA interference significantly impairs ischemic tissue revascularization [321] and SDF-1α from ASCs has been identified as being involved in myocardial vascularization [331]. From these studies, it can be concluded that the ASC is capable of increasing vascularization in regenerating tissues—most likely through a combined action of direct endothelial differentiation and paracrine action.

5. ASC-Directed Tissue Regeneration: The Role of Inflammation
Successful tissue regeneration is also reliant upon control of inflammation. Multiple in vitro and in vivo studies suggest that bone marrow MSCs possess anti-inflammatory properties that may mediate the host’s immune response [332–334], thus making these cells a therapeutic approach for mediating inflammatory responses, including tissue regeneration and transplantation [332–334]. In light of the numerous similarities found between bone marrow MSCs and ASCs, it may be that ASCs are also capable of modulating host immunity through immunosuppression. Consistent with this, early in vitro work identifies numerous inflammatory mediators secreted from human ASCs, including IL6, IL8, G-CSF, GM-CSF, and MCP-1 [258]. Furthermore, ASC-mediated immunosuppression has been observed in numerous in vitro experiments utilizing the gold-standard mixed lymphocyte reaction (MLR) system [335–338]. More recently, dendritic cells cocultured with ASCs and then cultured with CD4+ T cells have been found to inhibit T cell activation, suggesting that the dendritic cells’ ability to mediate immunity has been altered through its exposure to ASCs [339]. With regards to in vivo model systems, reduced inflammatory infiltration and airspace enlargement results upon the systemic administration of human ASCs to murine models of emphysema. Moreover, the ASCs are also observed to rescuing the suppressive effects of cigarette smoke on bone marrow hematopoietic progenitor function [340]. Decreased airway inflammation has been seen using murine ASCs in models of airway allergic disease [341] and decreased brain inflammation has been reported upon the administration of human ASCs into a hemorrhagic stroke model [342]. Furthermore, when ASCs are administered to an experimental model of osteoarthritis, chondroprotective effects are observed and thought to be due to anti-inflammatory actions by the ASC [343]. When the host immune response is examined closely upon the introduction of ASCs, increased T cell responses are observed using human ASCs engineered to express IL-4 [344] and increased proliferation or development of regulatory T cells has also been reported in hind limb allotransplantation [345] and rheumatoid arthritis [346, 347]. In contrast, decreased proliferation and/or activity of several Th subtypes capable of suppressing T cell responses have also been observed in numerous model systems [341, 348–351]. While the putative immunosuppressive actions of the ASC are unclear at this time, many groups have observed increased expression of anti-inflammatory factors such as IL-10 within their model system. Increased production of IL10 by splenocytes is measured in a model of experimental autoimmune hearing loss created in mice [349]. Increased IL-10 and IL4 synthesis has been measured along with decreased renal fibrosis following treatment with murine ASCs after reperfusion [352]. Increased IL-10 production has also been reported upon the administration of ASCs into models of rheumatoid arthritis [347, 348], murine dystrophy [353], experimental colitis [354], and orthotopic liver transplantation [355]. What remains unknown is whether immunosuppression by ASCs is mediated through direct cell-to-cell contact [336] or the secretion of soluble factors by the ASC that mediates the eventual reaction by the host’s immune system. In support of the latter theory, inhibition of prostaglandin E2 production by indomethacin can abolish the immunosuppressive properties of ASCs [335], as can neutralizing antibodies to leukemia inhibitory factor or IL6 [356, 357]. FIn addition to these model systems, the immunosuppressive properties of ASCs is exciting in that it may allow the xenogeneic use of these stem cells in tissue regeneration without the fear of significant immune response. Moreover, the ability to use ASCs in xenogeneic models systems could allow for a more direct study of human ASCs in vivo, thus allowing researchers to more accurately predict what these cells could do clinically.
Despite not knowing the precise mechanism of ASC-induced immunosuppression, their success in mediating inflammation has led to their recent clinical application. As of 2010, there were nearly 80 diseases approved by the FDA for treatment using autologous stem cells. One of the first diseases targeted for treatment by ASCs has been in their mediation of inflammation and healing in Crohn’s disease [358–364], with phase III trials currently recruiting (Clinicaltrials identifiers: NCT01011244, NCT01157650, NCT00999115, http://clinicaltrials.gov/ct2/results?term=adipose+derived+cells), in addition to one phase III trial (NCT00475410) recently completed [365]. Results from these trials are encouraging with ASC-treated patients showing significant healing of their fistulas with no safety issues. The treatment of multiple sclerosis (MS) using the SVF of adipose tissue has been described by Riordan et al. 2009, with the three enrolled patients showing improvement in numerous functional categories including balance and coordination [366]. A recent 2011 paper has discussed the application of culture expanded ASCs in the treatment of MS, in addition to other autoimmune diseases like hearing loss and rheumatoid arthritis [367]. Finally, ASCs have been proposed as a viable therapy for suppression of graft versus host disease (GVHD). GVHD is a complication frequently observed following ASCT—that is, allogeneic hematopoietic stem cell transplantation. Current therapies to extend the long-term effects of ASCT include cyclosporine A and corticosteroids to limit the host’s rejection of the nonmatchd HSCs. In those patients for whom this therapy is ineffective, non HLA-matched allogeneic ASCs may offer an alternate approach through their putative immunosuppressive actions. To test this, several studies assessing the use of ASCs in GVHD have appeared in the literature, reporting relatively successful results [368–371]. More importantly, no toxic side effects are observed in these studies. In addition, the presence of donor ASCs can be verified within the epithelium of the recipient in one study, showing survival and engraftment of the ASC population [370]. Immunosuppression has also been reported clinically in a patient with pure red cell aplasia [372]. While these ASC clinical studies are not as numerous as their animal model counterparts at this time, they are beginning to appear more and more in the literature. Therefore, as more clinical studies report their findings, we should learn whether ASCs will prove useful in the clinic.
6. The Future of ASCs
6.1. Growth Factor Delivery
This review has presented evidence on the secretory capacity of ASCs. The ability to “fine-tune” this ability, so that the ASC becomes a “cellular biopump, secreting a desired factor could make the ASC a power therapeutic agent in a wide variety of applications. A cellular biopump is not a new concept as the engineering of numerous cell types to secrete a variety of factors has been reported in the literature for over a decade. In the field of stem cell research, bone marrow MSCs have been modified to secrete various factors, including BMP2 [373, 374], bFGF [375], IFN-β [376], and IL12 [377]. Similar to these studies, ASCs in several osteochondral regeneration models have been engineered for the delivery of BMP4 [378], BMP2 [379, 380], BMP6 [381], and TGFβ2 [382]. Adenovirally-mediated VEGF secretion by ASCs has been used to induce vascular growth in a bone defect model [383] and adipose tissue grafts [384]. Finally, BDNF delivery by transduced ASCs has been used to improve functional deficits following middle cerebral artery occlusion when compared to control ASCs [262]. In addition, engineered ASCs may also be used in the treatment of disease. Delivery of an oncolytic myxoma virus by ASCs specifically targeting gliomas has recently been described, leading to a significant reduction in glioma size [385]. Restricted localization of ASCs to tumors and their increased apoptosis has also been reported following intravenous or subcutaneous injection of ASCs engineered to express TRAIL [386]. This approach may have far-reaching effects on autoimmune diseases through the ASC’s ability to deliver a wide variety of immune mediators. Administration of ASCs engineered to overexpress IL4 at the time of T cell priming attenuates autoimmune encephalomyelitis and reduces peripheral T cell responses inducing an anti-inflammatory response in the host [344]. With the development of inducible viral systems, ASC cellular biopumps could conceivably be controlled not only at the dose level through the number of cells delivered, but also at the temporal level, giving clinicians more precise control over their therapeutic regimen.
6.2. Induced Pluripotent Stem Cells (iPSCs)
In 2009, the use of ASCs to create induced pluripotent cells (iPS cells) was reported in the Proceedings of the National Academy of Sciences, expanding the potential of the ASC even further [387]. The ectopic expression of Oct4, Sox2, Klf4, and c-myc has been shown previously to transform somatic cells, like skin fibroblasts, into iPS cells with potentials remarkably similar to ES cells [388]. The Sun et al. 2009 study confirmed that a similar approach could be used on human ASCs to create iPS cells capable of expansion with and without fibroblast feeder layers [387]. Since that time, iPS cell creation from human ASCs has been confirmed using both fresh, commercial ASC lines [389, 390] and commercial, cryopreserved ones [391]. In addition mouse ASCs [392], pig ASCs [393], and canine ASCs [191] have been used. In these studies, transformation and reprogramming is accompanied by the expression of additional pluripotent markers like the SSEAs and TRA cell surface markers in the isolated iPS colonies. Moreover, these studies confirm the in vitro formation of embryoid bodies (EBs) by their iPS cell lines and the expression of germ layer markers by cells within these EBs, such as a-smooth muscle actin, desmin and vimentin (mesoderm), GFAP and Tuj-1 (ectoderm) and a-fetoprotein, Sox17 and PDX1 (endoderm). Interestingly, while several of these studies confirm increased expression of endogenous Oct4, Nanog, Sox2, and Rex-1 following reprogramming, they point out that this expression occurs only following reprogramming, as their parental ASC lines do not express these pluripotent markers. This is in direct contrast to numerous studies that have documented their basal expression (see previous section on pluripotency). Why the discrepancy is unclear. The studies of Aoki et al. 2010, Shimada et al. 2012 and Ohnishi et al. 2012 [389–391] use commercial ASC lines, which may not truly be ASC populations. It is also possible that culture conditions and passage numbers between these studies and those reporting pluripotent gene/protein expression may differ. Finally, in addition to proposing ES-like pluripotency in vitro, these iPS studies also report teratoma formation in vivo, describing the presence of endodermal epithelia such as gut and respiratory epithelia, neuroepithelia, adipose tissue, and cartilage.
In their derivation of iPS cells from ASCs, researchers cite the enormous clinical utility for an ES-like stem cell population that can be easily derived and used without the ethical issues of an ES cell. Recent studies have begun to explore this potential. Recently, porcine ASC-derived iPS cells have been used in the creation of endothelial cells and these endothelial cells used to treat myocardial infarctions through their secretion of proangiogenic and antiapoptotic factors [393]. In addition, canine iPS cells from ASCs have also been used to treat models of myocardial infarction and hindlimb ischemia [191]. However, additional studies are lacking at this time and may represent an exciting new area of ASC research. Whether ASC-derived iPS cells will be ultimately be used clinically will depend on a couple of important factors—namely, how easy is it to develop iPS lines and their safety. It is well known that the number of iPS cell colonies capable of expansion in vitro may be low. In one study, iPS colonies were found with frequencies ranging from 1 per 5,000 ASCs to 1 per 500,000 ASCs [389]. The first paper on ASC-derived iPS cells report reprogramming efficiencies from 0.01% on feeder free Matrigel substrates to 0.2% on mEF lines [387]. Such low colony numbers could possibly limit their future clinical use. In addition, while karyotype analysis in the majority of ASC-derived iPS studies fails to see any abnormalities, genomic instability has been reported in induced mammary stem cells, with a high frequency of genomic deletions and amplifications observed suggestive of oncogene-induced DNA replication stress [394]. Such instability could result from the transfection of the c-myc onocogene and iPS cells from ASCs have been derived without the use of c-myc [389], making possible that genomic instability could be decreased in these cells. Therefore, at this juncture, it remains unclear whether the pursuit of iPS cells from ASC lines will be beneficial.
6.3. Dedifferentiated Fat Cells (DFAT)
Another interesting avenue of research being explored in the ASC field is whether dedifferentiated fat (DFAT) can be used as an additional source of stem cells [395]. Conventional wisdom used to be that once a progenitor cell had committed to its specific lineage, it remained committed. However, studies now suggest that this may not be the case as mature adipocytes can now be dedifferentiated back to a more primitive progenitor population that may be an ASC or may, at the least, share many similarities with the ASC. In support of this, DFAT cells have the same CD profile as ASCs. However, DFAT populations also appear to be more pure in comparison [396]. In addition, DFAT cells express OCT4, Sox2, c-myc, Nanog, SSEA1, and telomerase activity like ASCs, but again at higher purity levels [397]. The immunosuppressive capacity of ASCs appears to be retained in DFAT cells as they can suppress the proliferation of cocultured lymphocytes [398]. When examined for their differentiation potentials in vitro, DFAT cells exhibit differentiation similar to their ASC counterparts. For example, all-trans retinoic acid can induce the osteogenic differentiation of DFAT cells [399] and increased osteocalcin expression and calcium deposition is observed when DFAT cells are seeded onto titanium fiber meshes [400]. Moreover, osteogenically induced DFAT cells are also capable of forming osteoid when subcutaneously implanted in athymic mice [396]. The adipogenic capacity of DFAT cells has also been confirmed in vitro [401]. Beyond the mesodermal lineage, DFAT cells can express established cardiac markers when cocultured with rat cardiomyocytes or when cultured alone in methycellulose [402]. When implanted into infarcted cardiac tissues in rats, these DFAT cells convert to cardiomyocytes and express sarcomeric actin, in addition to increasing capillary density [402]. Finally, improved sphincter contraction and bladder regeneration is observed upon transplantation of DFAT cells [403, 404]. Therefore, it appears that the mature adipocyte may retain some of its potency despite having committed to the adipogenic lineage. This finding may now make not only the SVF fraction of adipose tissue a source of ASCs but also the adipose tissue itself, greatly increasing the potential number of multipotent (or pluripotent) cells available for eventual clinical application.
6.4. ASCs for Somatic Cell Nuclear Transfer, Immortalized ASCs, and Other Uses
While this review has concentrated on well-established and popular emerging fields in ASC research, there are smaller areas of research being done that may not receive as much attention or accolades. For example, numerous articles on the use of ASCs for the creation of iPS cells are quite popular in today’s research. However, there are studies that describe the use of ASCs in reprogramming using Somatic Cell Nuclear Transfer or SCNT. Porcine ASCs selected for their long life span have been used as nuclear donors for SCNT embryos [405]. Fusion rates of up to 80% have been reported with pregnancy rates approaching 50%. Cloned pigs have also been created via SCNT using pre-adipocytes obtained from DFAT cells [406]. Researchers at Pusan University in South Korea have produced immortalized ASC lines by stably transducing them with the catalytic subunit of the human telomerase gene (hTERT). The resulting cell lines show normal karyotypes, enhanced longevity in culture and increased differentiation potential in comparison to nontransduced controls [407]. Furthermore, no differences in engraftment levels and survival in vivo are observed using these immortalized ASCs.  Similar results have been reported by Wolbank et al. 2009 [408], who also note that immortalization does not alter the immunosuppressive capacity of their ASCs. ASCs have been cultured with sutures to create “biosutures” capable of repressing inflammation in tracheal resections [409]. Finally, while decellularized dermal matrices have become quite popular in ASC-driven regeneration, the field is being expanded through studies seeding ASCs into other decellularized tissues, such as lung matrices [410] and tendons [411].
Since its first appearance in the literature in 2001, the ASC has made quite an impact on the fields of adult stem cells and regenerative medicine. It is remarkable to see how many researchers around the world have adopted the ASC as their stem cell of choice and how they continue to “push the envelope” of ASC research in new and exciting directions. As the years go on, it will be exciting to see just how many applications the ASC will have and, ultimately, how it will benefit the patient.
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