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1. Mesenchymal stem cells 

Mesenchymal stem cells (MSC) are adult stem cells that can self-renew, are pluripotent 
and have multilineage differentiation potential (1). MSC can be isolated from multiple 
tissues including bone marrow (2), adipose tissue (3), umbilical cord (4), periodontal 
ligament (5) and skin (6). According to the Mesenchymal and Tissue Stem Cell 
Committee of International Society for Cellular Therapy (ISCT) (7), besides plastic-
adherent ability, MSC can be defined by surface marker expression; they are positive for 
stem cell markers CD73, CD90, CD105 and have minimal expression of hematopoietic 
and endothelial markers such as CD14, CD34, and CD45, including human leukocyte 
antigen-D related (HLA-DR). They should also possess the ability to undergo 
differentiation towards the adipogenic, osteogenic and chondrogenic lineages (7). 
Because of their multilineage differentiation potential and their paracrine actions MSC 
are used in regenerative medicine research. In terms of clinical application, MSC can be 
applied systemically by intravascular injection or locally and can even be used as a 
vehicle in gene therapy to generate tissues (8). 

1.1 Adipose tissue-derived stem cells (ASC) 
 

Enzymatic digestion of adipose tissue yields a mixture of stromal and vascular cells 
called the stromal vascular fraction (SVF)(9), containing multiple cell types including 
preadipocytes, MSC, endothelial progenitor cells, T-cells, B-cells, mast cells as well as 
adipose tissue macrophages (10). After in vitro culture of the SVF, adherent and 
expanded cells are more homogenous and termed adipose tissue-derived stem/stromal 
cells (ASC), as first described by Zuk et al (11).  

 

  

Figure 1. A schematic illustration of the cellular compositions of adipose tissue before and after ASC 
isolation and the application of ASC after expansion in regenerative medicine. This figure was partially 
modified from Alabdukarim et al.,(12). 
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These ASC have the ability to differentiate into endodermal (13, 14), mesodermal (15-
17) and ectodermal (18) lineages. The differentiation of ASC to these lineages requires 
specific culture conditions and external factors. ASC can also secrete multiple trophic 
factors that are able to stimulate cell proliferation, differentiation and migration of other 
cell types. Previous research has shown the ability of ASC to stimulate angiogenesis in 
cardiac infarction (19) or in other ischemic tissues (20, 21), which can occur after tissue 
trauma. Important angiogenic factors that are secreted are vascular endothelial growth 
factor (VEGF), hepatocyte growth factor (HGF), fibroblast growth factor (FGF) 
endothelial growth factor (EGF), and platelet-derived growth factor (PDGF). In addition, 
other growth factors such as transforming growth factor (TGF) and insulin-like growth 
factor-1 (IGF-1) are also secreted by ASC. Besides that, ASC are able to modulate 
inflammation due to their ability to secrete pro-inflammatory agents such as interferon 
gamma (IFNγ), tumour necrosis factor alpha (TNFα), Interleukin 10 (IL10) as well as 
anti-inflammatory cytokines (namely, interleukin-1 receptor antagonist (IL1RA), 
IL4)(22, 23). These cytokines can influence immune cell behaviour and properties, for 
example T-cell proliferation and macrophage phenotype transition.  

There are certain factors that potentially affect ASC performances and should be 
considered in future applications. First, ASC donor variations such as age, gender, and 
body mass index (BMI) can influence the potential, yield, growth rate, and multilineage 
differentiation of ASC (24). Second, ASC from distinct locations within the human body 
may differ in their functions and characteristics (23, 25, 26), since adipose tissues 
(either brown adipose tissue or white adipose tissue) in different locations of the body 
have different functions. Even in the same area, superficial adipose tissue tends to have 
more yield of stem cells and more stemness (higher CD105 positive) than deeply located 
adipose tissue (27). Finally, culture conditions including but not limited to isolation 
method, plating density, media formulation and oxygen concentration can also affect 
ASC proliferation, differentiation, and paracrine function (28-30). 

 
1.1.1 ASC versus BMSC  
 
MSC are found in almost all organs of the body and comprise a heterogeneous 
population of cells. Bone marrow-derived MSC (BMSC) were discovered first, and the 
bone marrow was considered the main source of MSC for clinical application. 
Subsequently, MSC have been isolated from a variety of other sources with adipose 
tissue, serving as one of the main alternatives to bone marrow. Compared to BMSC, 
isolation of adipose tissue-derived MSC (ASC) is easier; the approach is generally safer, 
and also, considerably larger amounts of ASC can be obtained (23). Generally, the MSC 
yield from adipose tissue is higher than from an equivalent amount of bone marrow 
aspirate; one gram of adipose tissue contains approximately 5,000 MSC whereas 1 ml of 
bone marrow generally yields 100-1,000 MSC (31). In addition, ASC also showed a 
higher proliferation rate and angiogenic factor secretion in vitro (32).  

 

2. Cell sheet technology  

Traditionally, single cell suspension injections are used in cell-based therapies, but 
problems with loss and migration of cells or uncertain homing after injection (33, 34) 
have led to development of three-dimensional (3-D) cultures such as for example cell 
sheets, which may help to overcome these issues (35). Cell sheets are 3-D cell structures 
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consisting of multiple layers of confluent cells arising from high-density cell seeding (36) 
that are transplantable without an additional carrier and avoid cell loss and migration.   

2.1 Cell sheet culture techniques 

There are several methods used for culturing cell sheets; high-density seeding or by 
incubation with magnetic nanoparticles-liposomes (37, 38). Also, different culture 
surfaces are used to form cell sheets and assist cell sheet detachment; besides 
conventional tissue culture polystyrene (TCPS) dishes with or without a special coating 
and temperature-responsive culture dishes (39) are being used. Temperature-
responsive culture dishes allows cell sheets to be easily harvested; by changing the dish 
temperature. Temperature responsive culture dishes are coated with a polymer named 
poly (N-isopropylacrylamide) (PIPAAm), which has extraordinary properties; at 37°C 
the surface is slightly hydrophobic, allowing cell attachment and proliferation. When 
lowering the temperature to 32°C or below the surface become hydrophilic and the 
polymer will extend and swell causing spontaneous detachment of cell sheets (40). This 
technique leads to less cell damage compared to traditional methods of cell detachment, 
since there is no enzymatic digestion or mechanical peeling needed which may disrupt 
cell structures. Moreover, temperature-responsive culture dishes preserve cell surface 
adhesion proteins and extracellular matrix (ECM) connecting the cells which may 
facilitate cell sheet attachment to tissue (41). 

2.2 Cell sheet advantages and challenges in regenerative medicine 

Cell sheet technology is a promising cell-based treatment strategy that can be used in 
both tissue engineering and regenerative medicine (35, 36, 42-48). Cell sheets can be 
stacked to create a 3-D tissue in culture. Even more, cell sheets of different types of cells 
can be used to enhance tissue repair and revascularization. Different cell types also can 
be combined in a cell sheet. The most popular combination is that of endothelial cells 
with different tissue cell types to promote angiogenesis in for example cardiac tissue 
(49, 50), skin (38) or oral mucosa (51) repair. 

Cell sheet transplantations are characterized based on the type of cell used: non-
stem cell sheet, MSC sheet, other stem cell sheet or induced pluripotent stem cell (iPS) 
sheet (35). MSC sheets have been studied in several disease models in order to enhance 
healing of injured tissue, such as cardiac muscle (35, 38, 52-57), skin (58-61), bone (62, 
63) and cartilage (64, 65). 

There are many advantages of cell sheet technology as mentioned above such as 
spontaneous engraftment, less cell loss after transplantation, and enhance tissue repair, 
however, there also some challenges. Cell sheet production can be a time-consuming 
process; in particular, the expansion of cells to the correct density to make the cell sheet 
may take some time. In addition, the thickness of the cell sheet is critical. Thin cell sheets 
are prone to tear or difficult to manipulate. Stacking multiple cell sheets is done to solve 
this issue (38). However, some studies have indicated that stacking multiple cell sheets 
thicker than 80-100 μm might lead to insufficient oxygen and nutrient penetration to 
cells inside the sheet (47).  
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3. Tissue healing 

Tissue healing is a complex multistage process, which is initiated by tissue injury in an 
attempt to restore tissue functions. Certain types of cells, and their cytokines or growth 
factors are involved in each stage of tissue healing. In general, tissue healing can be 
divided into four stages. 

1. Hemostasis; platelets stick to the injured site and activate fibrin to form a clot which 
plugs the break in a blood vessel. Besides that, platelets release cytokines and growth 
factors to recruit other cells to the wound. This process occurs within minutes to a 
few hours after the injury.  

2. Inflammation; in this stage damaged and dead cells are removed along with 
debris, bacteria and other pathogens. The first cells involved in this stage are 
polymorphonuclear leukocytes (PMN) followed by macrophages (66) , mast cells, and 
T-cells. The different types of cytokines present in the wound influence migration and 
function of many cell types. Vice versa recruited cells can secrete multiple factors and 
cytokines themselves and thereby influence the tissue healing process (67). This 
stage can take a few hours to a few days after injury. 

3. Proliferation and angiogenesis; following inflammation, numerous cells will 
proliferate when stimulated by growth factors to repair the tissue structures. For 
instance, endothelial cells will form microcapillaries and local cells will proliferate to 
fill tissue gaps. Collagen will also be synthesized to provide tissue strength in the 
meantime. This step can take a few days up to weeks after the injury. 

4. Remodelling; newly formed tissue will rearrange into the normal tissue structure. 
Especially collagen fibers realign along tension lines to regain normal tissue strength. 
Also, cells that are no longer needed will be removed by apoptosis. This stage takes 
weeks to months after tissue injury. 
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Figure 2. The wound healing process and possible causes of impaired wound healing. The timeline 
of each process is indicated on the top of each stage. Four main steps of wound healing (in the blue box) 
overlap in the healing process. The predominant cells types involved in each process (in the light blue 
box) function as a stimulating factor or agent to control a cellular event (in the green box). The common 
causes of delayed healing are indicated below the red arrow. EPC = Endothelial progenitor cells. This 
Figure is adapted from Balzis et al (68). 

 Cellular communication involves complex signalling driven primarily by 
paracrine factors such as cytokines and growth factors (69). These paracrine factors are 
secreted from multiple cells involved in the tissue healing process.  

3.1  Impaired tissue healing  

Impaired tissue healing arises when the normal processes of tissue healing are 
disrupted. There are numerous local and systemic factors affecting the successful 
completion of the tissue healing process. Local factors such as tissue oxygenation, 
infection, and inflammation play a vital role in wound healing (70). Although 
inflammation is an essential step in tissue healing, excessive inflammation can delay 
tissue healing by causing more damage to the tissues and excessive scarring (67, 71). In 
addition, limited blood supply to the wound can cause poor oxygenation and nutrient 
delivery to the cells, compromising cellular migration, proliferation, and secretion of 
paracrine factors (72). Similarly, patient factors such as age, obesity, medication, stress, 
and systemic diseases including diabetes (73) can interfere with this process as well. 
Delayed healing of some tissue types can lead to a life-threatening event; for instance, in 
the case of intestinal tissue healing. Delayed or impaired intestinal healing following 
bowel resection and anastomosis can result in anastomosis leakage and intraperitoneal 
sepsis. Currently, the number of elderly, obese and diabetic patients has been on the 
increase, making chronic non-healing wound issues a major concern and economic 
burden (74).  
 Stimulated by the huge impact of costs and labour of impaired wound healing on 
society, researchers try to develop novel therapeutic options. Stem cell therapy is 
considered one of the most promising options for impaired tissue healing. Other include 
growth factor therapy (75-77), bioengineering of a tissue substitute (78-80), hyperbaric 
oxygen therapy (81), etc. 
 

3.2 Macrophage role in tissue healing  

The acute inflammatory response consists of many immunocytes such as neutrophils, 
monocytes, macrophages, lymphocytes, mast cells, natural killer cells and dendritic cells. 
Macrophages are immunocytes that are integral not only to the inflammatory response 
but also to tissue repair (66, 70). They can derive from extravasated monocytes. 
Monocyte-derived macrophages are phagocytes that possess the ability to secrete a 
multitude of cytokines. Macrophage polarization refers to the ability of macrophages to 
assume different functional phenotypes. Their functional phenotype depends on the 
environment and stimulation and consists of a whole spectrum of different phenotypes, 
with M1 or pro-inflammatory macrophages on one side and M2 or anti-inflammatory on 
the other side of the spectrum (82, 83). M1 macrophages are activated by infectious 
agents or proinflammatory cytokines and are characterised by expression of cell surface 
markers CD64, CD80(84). They debride affected sites by phagocystosis of pathogens, 
foreign material and damaged cells (66, 85). In addition, they can secrete pro-
inflammatory cytokines e.g. IL1, IL6, TNFα and nitrogen species via activation of 
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inducible nitric oxide synthase (iNOS) thereby enhancing the inflammatory response 
(82-84).  

Conversely, M2 macrophages are activated in response to anti-inflammatory 
cytokines. M2 macrophages have a high expression of cell surface markers CD163, 
CD206. They aid in tissue repair and healing by secreting growth factors such as PDGF 
and anti-inflammatory cytokines like IL4, IL10, TGF- and arginase1. In this way, M2 
macrophages stimulate fibroblast collagen production and block iNOS activity, thereby 
further dampening the inflammatory response (86). ASC are able to modulate 
macrophage functional phenotype (87, 88) and may be important determinants in 
therapeutic dampening of excessive tissue inflammation. Currently, effects in the pattern 
of expression of M1 and M2 macrophage subsets in response to MSC sheets, including 
ASC sheet is largely unknown.  

 

3.3 ASC sheet and tissue healing  

Cell sheets are a new development in regenerative medicine and show great promise in 
the area of tissue repair. While past therapies have administered cell suspensions via 
injection or scaffolds, cell sheets prevent the cell loss often associated with these 
methods. Cell sheets allow for the delivery of cultured cells and their deposited ECM 
(42). 

Cell sheets are currently being investigated in many areas of tissue repair. This 
technology has been implemented a.o. in skin, cardiac, corneal and periodontal repair 
(45, 46, 89-92), and the treatment of esophageal ulceration (93, 94). While numerous 
cell types have been used in the context of cell sheet engineering, we have focused on 
the use of ASC. ASC can contribute to the tissue healing process in almost every phase. 
ASC, as cited above, can influence tissue healing by the secretion of several trophic and 
anti-inflammatory factors. Moreover, ASC have the ability to differentiate (95) and 
transdifferentiate (61, 96, 97) and have antioxidant effects (98) which can benefit tissue 
healing. Even under hypoxic conditions ASC maintain their immunomodulatory 
effect(99).  

ASC have shown increased angiogenesis and tissue healing when injected or 
delivered via a scaffold. However, injection provides inefficient delivery of cells and 
scaffolds are accompanied by the risk of infection. Delivering ASC in the form of a cell 
sheet offers a unique delivery method that may best take advantage of these cells. 

There have been a limited number of studies that have examined cell sheets 
composed of ASC, for instance they have been shown to repair scarred myocardium in 
rats (52, 54, 100). However, better understanding of ASC sheet characteristics, 
therapeutic potential and application areas are needed in order to optimize the ASC cell 
sheet as a tissue repair strategy. 

 

  



Chapter 1 
 

14 
 

Thesis aim and outline 

Impaired tissue healing is a major concern for everyone. It occurs more commonly in 
elderly, obese, and diabetic patients (101-103). Impaired tissue healing increases 
treatment time and budget. Nowadays, researchers try to find new therapies to support 
and enhance tissue healing. Cell sheet technology and stem cell therapy are promising 
strategies for enhancing tissue healing and regeneration. For reasons described in the 
general introduction, adipose tissue-derived stem cell (ASC) sheets are considered good 
candidates for improving tissue healing. The aim of the present thesis was to 
investigate ASC sheet survival and tissue healing potential both in vitro and in 
vivo.  

The study objectives include:  

1.  To prepare, evaluate and compare cultured ASC sheet paracrine secretion 
with cultured individual ASC.  

2.  To compare ASC sheet modulating effects on macrophages with other stromal 
cell sheet.  

3. To investigate the effects of topically applied ASC sheet on intestinal healing in 
vivo;  

The present chapter, Chapter 1, provides an introduction and background 
information on the work discussed in this thesis. In Chapter 2 we look into the 
paracrine ability of ASC sheets in comparison to non-confluent lower density ASC in 
order to elucidate the effect of seeding density on ASC function. In this chapter, ASC are 
seeded at four different densities and their paracrine ability is compared with and 
without inflammatory stimulation. In addition, the effect of ASC-seeding density on 
fibroblast migration and proliferation of endothelial cells is investigated as two 
hallmarks of the tissue healing process.   

Macrophages play a key role in tissue healing. In Chapter 3 the effects of ASC 
sheets on macrophage phenotype in vitro is investigated. In this Chapter, ASC sheets are 
also compared with sheets of bone marrow stem cell (BMSC) sheet and fibroblast cell 
sheet for their capacity to modulate macrophage functional phenotype.  
 Chapter 4, presents a review of various in vivo applications of ASC sheets so far. 
The chapter describes an overview of the effects of ASC sheet in different in vivo animal 
models with a focus on cardiac, skin, digestive tract, and ischemic skeletal muscle.  
 Despite the use of ASC sheets in several in vivo animal models, ASC sheets have 
not been applied before on intestines. In Chapter 6, a colorectal anastomosis leakage rat 
model was selected to get an initial qualitative impression about the capacity of ASC 
sheet to support intestinal healing and prevent anastomosis leakage. The detailed 
methods of ASC sheet preparation and transplantation technique are described in 
Chapter 5. In Chapter 7, we investigate the possibility of using biomaterial membranes 
as carriers of ASC sheets in a pilot study. We investigate whether culturing ASC sheet 
with different biomaterial membranes will affect ASC viability and function.  
 Chapter 8 presents the summary and general discussion of the work performed 
in this thesis and presents suggestions for future research.  

 



General introduction 
 

15 
 

References 

1. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage 
potential of adult human mesenchymal stem cells. Science. 1999;284(5411):143-7. 
2. Owen M. Marrow stromal stem cells. J Cell Sci Suppl. 1988;10:63-76. 
3. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. Human adipose tissue 
is a source of multipotent stem cells. Molecular Biology of the Cell. 2002;13(12):4279-95. 
4. Broxmeyer HE, Douglas GW, Hangoc G, Cooper S, Bard J, English D, et al. Human umbilical 
cord blood as a potential source of transplantable hematopoietic stem/progenitor cells. Proc 
Natl Acad Sci U S A. 1989;86(10):3828-32. 
5. Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J, et al. Investigation of 
multipotent postnatal stem cells from human periodontal ligament. Lancet. 
2004;364(9429):149-55. 
6. Blanpain C, Fuchs E. Epidermal stem cells of the skin. Annu Rev Cell Dev Biol. 
2006;22:339-73. 
7. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al. Minimal 
criteria for defining multipotent mesenchymal stromal cells. The International Society for 
Cellular Therapy position statement. Cytotherapy. 2006;8(4):315-7. 
8. Kassem M. Mesenchymal stem cells: biological characteristics and potential clinical 
applications. Cloning Stem Cells. 2004;6(4):369-74. 
9. Traktuev DO, Merfeld-Clauss S, Li J, Kolonin M, Arap W, Pasqualini R, et al. A population 
of multipotent CD34-positive adipose stromal cells share pericyte and mesenchymal surface 
markers, reside in a periendothelial location, and stabilize endothelial networks. Circ Res. 
2008;102(1):77-85. 
10. Feisst V, Meidinger S, Locke MB. From bench to bedside: use of human adipose-derived 
stem cells. Stem Cells and Cloning : Advances and Applications. 2015;8:149-62. 
11. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, et al. Multilineage cells from 
human adipose tissue: implications for cell-based therapies. Tissue Eng. 2001;7(2):211-28. 
12. Alabdulkarim Y, Ghalimah B, Al-Otaibi M, Al-Jallad H, Mekhael M, Willie B, et al. Recent 
advances in bone regeneration: The role of adipose tissue-derived stromal vascular fraction and 
mesenchymal stem cells. Journal of Limb Lengthening & Reconstruction. 2017;3(1):4-18. 
13. Li J, Zhu L, Qu X, Li J, Lin R, Liao L, et al. Stepwise differentiation of human adipose-
derived mesenchymal stem cells toward definitive endoderm and pancreatic progenitor cells by 
mimicking pancreatic development in vivo. Stem Cells Dev. 2013;22(10):1576-87. 
14. Lee SW, Min SO, Bak SY, Hwang HK, Kim KS. Efficient endodermal induction of human 
adipose stem cells using various concentrations of Activin A for hepatic differentiation. Biochem 
Biophys Res Commun. 2015;464(4):1178-84. 
15. Grottkau BE, Lin Y. Osteogenesis of Adipose-Derived Stem Cells. Bone Research. 
2013;1(2):133-45. 
16. Latief N, Raza FA, Bhatti FU, Tarar MN, Khan SN, Riazuddin S. Adipose stem cells 
differentiated chondrocytes regenerate damaged cartilage in rat model of osteoarthritis. Cell 
Biol Int. 2016;40(5):579-88. 
17. Choi YS, Dusting GJ, Stubbs S, Arunothayaraj S, Han XL, Collas P, et al. Differentiation of 
human adipose-derived stem cells into beating cardiomyocytes. Journal of Cellular and 
Molecular Medicine. 2010;14(4):878-89. 
18. Kang SK, Putnam LA, Ylostalo J, Popescu IR, Dufour J, Belousov A, et al. Neurogenesis of 
Rhesus adipose stromal cells. J Cell Sci. 2004;117(Pt 18):4289-99. 
19. Cai L, Johnstone BH, Cook TG, Tan J, Fishbein MC, Chen PS, et al. IFATS collection: Human 
adipose tissue-derived stem cells induce angiogenesis and nerve sprouting following myocardial 
infarction, in conjunction with potent preservation of cardiac function. Stem Cells. 
2009;27(1):230-7. 
20. Gutierrez-Fernandez M, Rodriguez-Frutos B, Ramos-Cejudo J, Teresa Vallejo-Cremades 
M, Fuentes B, Cerdan S, et al. Effects of intravenous administration of allogenic bone marrow- 



Chapter 1 
 

16 
 

and adipose tissue-derived mesenchymal stem cells on functional recovery and brain repair 
markers in experimental ischemic stroke. Stem Cell Res Ther. 2013;4(1):11. 
21. Bliley JM, Argenta A, Satish L, McLaughlin MM, Dees A, Tompkins-Rhoades C, et al. 
Administration of adipose-derived stem cells enhances vascularity, induces collagen deposition, 
and dermal adipogenesis in burn wounds. Burns. 2016;42(6):1212-22. 
22. Banas A, Teratani T, Yamamoto Y, Tokuhara M, Takeshita F, Osaki M, et al. IFATS 
collection: in vivo therapeutic potential of human adipose tissue mesenchymal stem cells after 
transplantation into mice with liver injury. Stem Cells. 2008;26(10):2705-12. 
23. Kocan B, Maziarz A, Tabarkiewicz J, Ochiya T, Banas-Zabczyk A. Trophic Activity and 
Phenotype of Adipose Tissue-Derived Mesenchymal Stem Cells as a Background of Their 
Regenerative Potential. Stem Cells Int. 2017;2017:1653254. 
24. Yang HJ, Kim KJ, Kim MK, Lee SJ, Ryu YH, Seo BF, et al. The stem cell potential and 
multipotency of human adipose tissue-derived stem cells vary by cell donor and are different 
from those of other types of stem cells. Cells Tissues Organs. 2014;199(5-6):373-83. 
25. Tsekouras A, Mantas D, Tsilimigras DI, Moris D, Kontos M, Zografos GC. Comparison of 
the Viability and Yield of Adipose-Derived Stem Cells (ASCs) from Different Donor Areas. In Vivo. 
2017;31(6):1229-34. 
26. Russo V, Yu C, Belliveau P, Hamilton A, Flynn LE. Comparison of Human Adipose-Derived 
Stem Cells Isolated from Subcutaneous, Omental, and Intrathoracic Adipose Tissue Depots for 
Regenerative Applications. Stem Cells Translational Medicine. 2014;3(2):206-17. 
27. Di Taranto G, Cicione C, Visconti G, Isgrò MA, Barba M, Di Stasio E, et al. Qualitative and 
quantitative differences of adipose-derived stromal cells from superficial and deep 
subcutaneous lipoaspirates: a matter of fat. Cytotherapy. 2015;17(8):1076-89. 
28. Alharbi Z, Oplander C, Almakadi S, Fritz A, Vogt M, Pallua N. Conventional vs. micro-fat 
harvesting: how fat harvesting technique affects tissue-engineering approaches using adipose 
tissue-derived stem/stromal cells. J Plast Reconstr Aesthet Surg. 2013;66(9):1271-8. 
29. Kim DS, Lee MW, Ko YJ, Chun YH, Kim HJ, Sung KW, et al. Cell culture density affects the 
proliferation activity of human adipose tissue stem cells. Cell Biochem Funct. 2016;34(1):16-24. 
30. Sukho P, Kirpensteijn J, Hesselink JW, van Osch GJ, Verseijden F, Bastiaansen-Jenniskens 
YM. Effect of Cell Seeding Density and Inflammatory Cytokines on Adipose Tissue-Derived Stem 
Cells: an in vitro Study. Stem Cell Rev. 2017;13(2):267-77. 
31. Strem BM, Hicok KC, Zhu M, Wulur I, Alfonso Z, Schreiber RE, et al. Multipotential 
differentiation of adipose tissue-derived stem cells. Keio J Med. 2005;54(3):132-41. 
32. Ikegame Y, Yamashita K, Hayashi S, Mizuno H, Tawada M, You F, et al. Comparison of 
mesenchymal stem cells from adipose tissue and bone marrow for ischemic stroke therapy. 
Cytotherapy. 2011;13(6):675-85. 
33. Saat TC, van den Engel S, Bijman-Lachger W, Korevaar SS, Hoogduijn MJ, JN IJ, et al. Fate 
and Effect of Intravenously Infused Mesenchymal Stem Cells in a Mouse Model of Hepatic 
Ischemia Reperfusion Injury and Resection. Stem Cells Int. 2016;2016:5761487. 
34. Eggenhofer E, Benseler V, Kroemer A, Popp FC, Geissler EK, Schlitt HJ, et al. Mesenchymal 
stem cells are short-lived and do not migrate beyond the lungs after intravenous infusion. Front 
Immunol. 2012;3:297. 
35. Chen G, Qi Y, Niu L, Di T, Zhong J, Fang T, et al. Application of the cell sheet technique in 
tissue engineering. Biomed Rep. 2015;3(6):749-57. 
36. Yang J, Yamato M, Kohno C, Nishimoto A, Sekine H, Fukai F, et al. Cell sheet engineering: 
recreating tissues without biodegradable scaffolds. Biomaterials. 2005;26(33):6415-22. 
37. Shimizu K, Ito A, Lee JK, Yoshida T, Miwa K, Ishiguro H, et al. Construction of multi-
layered cardiomyocyte sheets using magnetite nanoparticles and magnetic force. Biotechnol 
Bioeng. 2007;96(4):803-9. 
38. Ishii M, Shibata R, Shimizu Y, Yamamoto T, Kondo K, Inoue Y, et al. Multilayered adipose-
derived regenerative cell sheets created by a novel magnetite tissue engineering method for 
myocardial infarction. Int J Cardiol. 2014;175(3):545-53. 



General introduction 
 

17 
 

39. Kushida A, Yamato M, Konno C, Kikuchi A, Sakurai Y, Okano T. Decrease in culture 
temperature releases monolayer endothelial cell sheets together with deposited fibronectin 
matrix from temperature-responsive culture surfaces. J Biomed Mater Res. 1999;45(4):355-62. 
40. Yamato M, Akiyama Y, Kobayashi J, Yang J, Kikuchi A, Okano T. Temperature-responsive 
cell culture surfaces for regenerative medicine with cell sheet engineering. Progress in Polymer 
Science. 2007;32(8):1123-33. 
41. Yamada N, Okano T, Sakai H, Karikusa F, Sawasaki Y, Sakurai Y. Thermo-responsive 
polymeric surfaces; control of attachment and detachment of cultured cells. Die 
Makromolekulare Chemie, Rapid Communications. 1990;11(11):571-6. 
42. Elloumi-Hannachi I, Yamato M, Okano T. Cell sheet engineering: a unique 
nanotechnology for scaffold-free tissue reconstruction with clinical applications in regenerative 
medicine. J Intern Med. 2010;267(1):54-70. 
43. Okano T. [Cell sheet engineering]. Rinsho Shinkeigaku. 2006;46(11):795-8. 
44. Chen Y, Zhou N, Huang X. [Cell sheet technology and its application in bone tissue 
engineering]. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. 2012;26(9):1122-5. 
45. Wei QL, Xu JJ. [Cell sheet technology and its applications in corneal tissue engineering]. 
Zhonghua Yan Ke Za Zhi. 2011;47(1):75-8. 
46. Haraguchi Y, Shimizu T, Matsuura K, Sekine H, Tanaka N, Tadakuma K, et al. Cell sheet 
technology for cardiac tissue engineering. Methods Mol Biol. 2014;1181:139-55. 
47. Okano T. Current Progress of Cell Sheet Tissue Engineering and Future Perspective. 
Tissue Engineering Part A. 2014;20(9-10):1353-4. 
48. Liu Y, Wang D, Mo J, Li B. [Research progress of cell sheet technology in oral tissue 
engineering]. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. 2014;28(9):1168-72. 
49. Sekine H, Shimizu T, Hobo K, Sekiya S, Yang J, Yamato M, et al. Endothelial cell coculture 
within tissue-engineered cardiomyocyte sheets enhances neovascularization and improves 
cardiac function of ischemic hearts. Circulation. 2008;118(14 Suppl):S145-52. 
50. Masumoto H, Ikuno T, Takeda M, Fukushima H, Marui A, Katayama S, et al. Human iPS 
cell-engineered cardiac tissue sheets with cardiomyocytes and vascular cells for cardiac 
regeneration. Sci Rep. 2014;4:6716. 
51. Lee J, Kim EH, Shin D, Roh JL. Accelerated oral wound healing using a pre-vascularized 
mucosal cell sheet. Scientific Reports. 2017;7. 
52. Hamdi H, Planat-Benard V, Bel A, Puymirat E, Geha R, Pidial L, et al. Epicardial adipose 
stem cell sheets results in greater post-infarction survival than intramyocardial injections. 
Cardiovasc Res. 2011;91(3):483-91. 
53. Kim JH, Joo HJ, Kim M, Choi SC, Lee JI, Hong SJ, et al. Transplantation of Adipose-Derived 
Stem Cell Sheet Attenuates Adverse Cardiac Remodeling in Acute Myocardial Infarction. Tissue 
Eng Part A. 2017;23(1-2):1-11. 
54. Miyahara Y, Nagaya N, Kataoka M, Yanagawa B, Tanaka K, Hao H, et al. Monolayered 
mesenchymal stem cells repair scarred myocardium after myocardial infarction. Nat Med. 
2006;12(4):459-65. 
55. Okura H, Matsuyama A, Lee CM, Saga A, Kakuta-Yamamoto A, Nagao A, et al. 
Cardiomyoblast-like cells differentiated from human adipose tissue-derived mesenchymal stem 
cells improve left ventricular dysfunction and survival in a rat myocardial infarction model. 
Tissue Eng Part C Methods. 2010;16(3):417-25. 
56. Shudo Y, Miyagawa S, Ohkura H, Fukushima S, Saito A, Shiozaki M, et al. Addition of 
Mesenchymal Stem Cells Enhances the Therapeutic Effects of Skeletal Myoblast Cell-Sheet 
Transplantation in a Rat Ischemic Cardiomyopathy Model. Tissue Engineering Part A. 
2014;20(3-4):728-39. 
57. Yeh TS, Fang YH, Lu CH, Chiu SC, Yeh CL, Yen TC, et al. Baculovirus-transduced, VEGF-
expressing adipose-derived stem cell sheet for the treatment of myocardium infarction. 
Biomaterials. 2014;35(1):174-84. 
58. Cerqueira MT, Pirraco RP, Santos TC, Rodrigues DB, Frias AM, Martins AR, et al. Human 
adipose stem cells cell sheet constructs impact epidermal morphogenesis in full-thickness 
excisional wounds. Biomacromolecules. 2013;14(11):3997-4008. 



Chapter 1 
 

18 
 

59. Kato Y, Iwata T, Washio K, Yoshida T, Kuroda H, Morikawa S, et al. Creation and 
Transplantation of an Adipose-derived Stem Cell (ASC) Sheet in a Diabetic Wound-healing 
Model. J Vis Exp. 2017(126). 
60. Lin YC, Grahovac T, Oh SJ, Ieraci M, Rubin JP, Marra KG. Evaluation of a multi-layer 
adipose-derived stem cell sheet in a full-thickness wound healing model. Acta Biomater. 
2013;9(2):5243-50. 
61. Yu J, Tu YK, Tang YB, Cheng NC. Stemness and transdifferentiation of adipose-derived 
stem cells using L-ascorbic acid 2-phosphate-induced cell sheet formation. Biomaterials. 
2014;35(11):3516-26. 
62. Nakamura A, Akahane M, Shigematsu H, Tadokoro M, Morita Y, Ohgushi H, et al. Cell 
sheet transplantation of cultured mesenchymal stem cells enhances bone formation in a rat 
nonunion model. Bone. 2010;46(2):418-24. 
63. Zhou Y, Chen F Fau - Ho ST, Ho St Fau - Woodruff MA, Woodruff Ma Fau - Lim TM, Lim 
Tm Fau - Hutmacher DW, Hutmacher DW. Combined marrow stromal cell-sheet techniques and 
high-strength biodegradable composite scaffolds for engineered functional bone grafts. 
Biomaterials. 2007;28(5):814-24. 
64. Qi Y, Du Y, Li W, Dai X, Zhao T, Yan W. Cartilage repair using mesenchymal stem cell 
(MSC) sheet and MSCs-loaded bilayer PLGA scaffold in a rabbit model. Knee Surg Sports 
Traumatol Arthrosc. 2014;22(6):1424-33. 
65. Qi Y, Yan W. Mesenchymal stem cell sheet encapsulated cartilage debris provides great 
potential for cartilage defects repair in osteoarthritis. Med Hypotheses. 2012;79(3):420-1. 
66. Koh TJ, DiPietro LA. Inflammation and wound healing: the role of the macrophage. Expert 
Rev Mol Med. 2011;13:e23. 
67. Eming SA, Krieg T, Davidson JM. Inflammation in wound repair: molecular and cellular 
mechanisms. J Invest Dermatol. 2007;127(3):514-25. 
68. Baltzis D, Eleftheriadou I, Veves A. Pathogenesis and treatment of impaired wound 
healing in diabetes mellitus: new insights. Adv Ther. 2014;31(8):817-36. 
69. Gharaee-Kermani M, Phan SH. Role of cytokines and cytokine therapy in wound healing 
and fibrotic diseases. Curr Pharm Des. 2001;7(11):1083-103. 
70. Guo S, Dipietro LA. Factors affecting wound healing. J Dent Res. 2010;89(3):219-29. 
71. Demidova-Rice TN, Hamblin MR, Herman IM. Acute and Impaired Wound Healing: 
Pathophysiology and Current Methods for Drug Delivery, Part 1: Normal and Chronic Wounds: 
Biology, Causes, and Approaches to Care. Advances in skin & wound care. 2012;25(7):304-14. 
72. Sen CK. Wound Healing Essentials: Let There Be Oxygen. Wound repair and regeneration 
: official publication of the Wound Healing Society [and] the European Tissue Repair Society. 
2009;17(1):1-18. 
73. Anderson K, Hamm RL. Factors That Impair Wound Healing. The Journal of the American 
College of Clinical Wound Specialists. 2012;4(4):84-91. 
74. Järbrink K, Ni G, Sönnergren H, Schmidtchen A, Pang C, Bajpai R, et al. The humanistic 
and economic burden of chronic wounds: a protocol for a systematic review. Systematic 
Reviews. 2017;6:15. 
75. Hardwicke J, Schmaljohann D, Boyce D, Thomas D. Epidermal growth factor therapy and 
wound healing--past, present and future perspectives. Surgeon. 2008;6(3):172-7. 
76. Barrientos S, Brem H, Stojadinovic O, Tomic-Canic M. Clinical Application of Growth 
Factors and Cytokines in Wound Healing. Wound repair and regeneration : official publication of 
the Wound Healing Society [and] the European Tissue Repair Society. 2014;22(5):569-78. 
77. Park JW, Hwang SR, Yoon IS. Advanced Growth Factor Delivery Systems in Wound 
Management and Skin Regeneration. Molecules. 2017;22(8). 
78. Gálvez-Montón C, Prat-Vidal C, Roura S, Soler-Botija C, Bayes-Genis A. Cardiac Tissue 
Engineering and the Bioartificial Heart. Revista Española de Cardiología (English Edition). 
2013;66(05):391-9. 
79. Marston WA. Dermagraft, a bioengineered human dermal equivalent for the treatment of 
chronic nonhealing diabetic foot ulcer. Expert Rev Med Devices. 2004;1(1):21-31. 



General introduction 
 

19 
 

80. Debels H, Hamdi M, Abberton K, Morrison W. Dermal Matrices and Bioengineered Skin 
Substitutes: A Critical Review of Current Options. Plastic and Reconstructive Surgery Global 
Open. 2015;3(1):e284. 
81. Kessler L, Bilbault P, Ortéga F, Grasso C, Passemard R, Stephan D, et al. Hyperbaric 
Oxygenation Accelerates the Healing Rate of Nonischemic Chronic Diabetic Foot Ulcers. A 
prospective randomized study. 2003;26(8):2378-82. 
82. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for 
reassessment. F1000Prime Rep. 2014;6:13. 
83. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al. Macrophage 
activation and polarization: nomenclature and experimental guidelines. Immunity. 
2014;41(1):14-20. 
84. Akinrinmade OA, Chetty S, Daramola AK, Islam M-u, Thepen T, Barth S. CD64: An 
Attractive Immunotherapeutic Target for M1-type Macrophage Mediated Chronic Inflammatory 
Diseases. Biomedicines. 2017;5(3):56. 
85. Savill JS, Wyllie AH, Henson JE, Walport MJ, Henson PM, Haslett C. Macrophage 
phagocytosis of aging neutrophils in inflammation. Programmed cell death in the neutrophil 
leads to its recognition by macrophages. J Clin Invest. 1989;83(3):865-75. 
86. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev 
Immunol. 2008;8(12):958-69. 
87. Manferdini C, Paolella F, Gabusi E, Gambari L, Piacentini A, Filardo G, et al. Adipose 
stromal cells mediated switching of the pro-inflammatory profile of M1-like macrophages is 
facilitated by PGE2: in vitro evaluation. Osteoarthritis Cartilage. 2017;25(7):1161-71. 
88. Anderson P, Souza-Moreira L, Morell M, Caro M, O'Valle F, Gonzalez-Rey E, et al. Adipose-
derived mesenchymal stromal cells induce immunomodulatory macrophages which protect 
from experimental colitis and sepsis. Gut. 2013;62(8):1131-41. 
89. Chen F-M, Gao L-N, Tian B-M, Zhang X-Y, Zhang Y-J, Dong G-Y, et al. Treatment of 
periodontal intrabony defects using autologous periodontal ligament stem cells: a randomized 
clinical trial. Stem Cell Research & Therapy. 2016;7:33. 
90. Miyagawa S, Domae K, Yoshikawa Y, Fukushima S, Nakamura T, Saito A, et al. Phase I 
Clinical Trial of Autologous Stem Cell-Sheet Transplantation Therapy for Treating 
Cardiomyopathy. J Am Heart Assoc. 2017;6(4). 
91. Kato Y, Iwata T, Morikawa S, Yamato M, Okano T, Uchigata Y. Allogeneic Transplantation 
of an Adipose-Derived Stem Cell Sheet Combined With Artificial Skin Accelerates Wound Healing 
in a Rat Wound Model of Type 2 Diabetes and Obesity. Diabetes. 2015;64(8):2723-34. 
92. Nishida K, Yamato M, Hayashida Y, Watanabe K, Yamamoto K, Adachi E, et al. Corneal 
reconstruction with tissue-engineered cell sheets composed of autologous oral mucosal 
epithelium. N Engl J Med. 2004;351(12):1187-96. 
93. Yamaguchi N, Isomoto H, Kobayashi S, Kanai N, Kanetaka K, Sakai Y, et al. Oral epithelial 
cell sheets engraftment for esophageal strictures after endoscopic submucosal dissection of 
squamous cell carcinoma and airplane transportation. Sci Rep-Uk. 2017;7(1):17460. 
94. Takagi R, Yamato M, Kanai N, Murakami D, Kondo M, Ishii T, et al. Cell sheet technology 
for regeneration of esophageal mucosa. World Journal of Gastroenterology : WJG. 
2012;18(37):5145-50. 
95. Uysal AC, Mizuno H. Differentiation of adipose-derived stem cells for tendon repair. 
Methods Mol Biol. 2011;702:443-51. 
96. Chavez-Munoz C, Nguyen KT, Xu W, Hong S-J, Mustoe TA, Galiano RD. 
Transdifferentiation of Adipose-Derived Stem Cells into Keratinocyte-Like Cells: Engineering a 
Stratified Epidermis. PLoS ONE. 2013;8(12):e80587. 
97. Wang L, Deng J, Tian W, Xiang B, Yang T, Li G, et al. Adipose-derived stem cells are an 
effective cell candidate for treatment of heart failure: an MR imaging study of rat hearts. Am J 
Physiol Heart Circ Physiol. 2009;297(3):H1020-31. 
98. Kim WS, Park BS, Sung JH. The wound-healing and antioxidant effects of adipose-derived 
stem cells. Expert Opin Biol Ther. 2009;9(7):879-87. 



Chapter 1 
 

20 
 

99. Roemeling-van Rhijn M, Mensah FK, Korevaar SS, Leijs MJ, van Osch GJ, Ijzermans JN, et 
al. Effects of Hypoxia on the Immunomodulatory Properties of Adipose Tissue-Derived 
Mesenchymal Stem cells. Front Immunol. 2013;4:203. 
100. Otsuki Y, Nakamura Y, Harada S, Yamamoto Y, Ogino K, Morikawa K, et al. Adipose stem 
cell sheets improved cardiac function in the rat myocardial infarction, but did not alter cardiac 
contractile responses to beta-adrenergic stimulation. Biomed Res. 2015;36(1):11-9. 
101. Pierpont YN, Dinh TP, Salas RE, Johnson EL, Wright TG, Robson MC, et al. Obesity and 
Surgical Wound Healing: A Current Review. ISRN Obesity. 2014;2014:638936. 
102. Thomason HA, Hardman MJ. Delayed wound healing in elderly people. Reviews in 
Clinical Gerontology. 2009;19(3):171-84. 
103. Miao M, Niu Y, Xie T, Yuan B, Qing C, Lu S. Diabetes-impaired wound healing and altered 
macrophage activation: a possible pathophysiologic correlation. Wound Repair Regen. 
2012;20(2):203-13. 

 



 

 

 

 
 

Chapter 2 
 

Effect of cell seeding density and 
inflammatory cytokines on adipose 

tissue-derived stem cells:  
an in vitro study 

 
 

Panithi Sukho1,2,3, Jolle Kirpensteijn1,4, Jan Willem Hesselink1, 
Gerjo J.V.M. van Osch5, Femke Verseijden1,5, and  

Yvonne M.Bastiaansen-Jenniskens5  

 
 
 

Stem Cell Reviews and Reports 2017Apr; 13(2):267-77. 

 
 

 
1 Department of Clinical Sciences of Companion Animals, Faculty of Veterinary  Medicine,  

Utrecht University, Utrecht, The Netherlands 
2 Department of Otorhinolaryngology, Erasmus MC University Medical Center,  

Rotterdam, The Netherlands 
3 Department of Clinical Sciences and Public Health, Faculty of Veterinary Science,  

Mahidol University, Nakhon Pathom, Thailand 
4 Hills Pet Nutrition Inc, Topeka, Kansas, USA  

5 Department of Orthopaedics, Erasmus MC University Medical Center,  
Rotterdam, The Netherlands 

Reprinted with permission from Stem Cell Reviews and Reports published by 2017, Springer Nature 



Chapter 2 

22 
 

Abstract 

 
Adipose tissue-derived stem cells (ASC) are known to be able to promote repair of 
injured tissue via paracrine factors. However, the effect of cell density and inflammatory 
cytokines on the paracrine ability of ASC remains largely unknown. To investigate these 
effects, ASC were cultured in 8,000 cells/cm2, 20,000 cells/cm2, 50,000 cells/cm2, and 
400,000 cells/cm2 with and without 10 or 20 ng/ml tumor necrosis factor alpha (TNFα) 
and 25 or 50 ng/ml interferon gamma (IFNγ). ASC-sheets formed at 400,000 cells/cm2 

after 48 hours of culture. With increasing concentrations of TNFα and IFNγ, ASC-sheets 
with 400,000 cells/cm2 had increased production of angiogenic factors Vascular 
Endothelial Growth Factor and Fibroblast Growth Factor and decreased expression of 
pro-inflammatory genes TNFA and Prostaglandin Synthase 2 (PTGS2) compared to 
lower density ASC. Moreover, the conditioned medium of ASC-sheets with 400,000 
cells/cm2 stimulated with the low concentration of TNFα and IFNγ enhanced endothelial 
cell proliferation and fibroblast migration. These results suggest that a high cell density 
enhances ASC paracrine function might beneficial for wound repair, especially in pro-
inflammatory conditions.  
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Introduction 
 
It is widely accepted that paracrine factors and cytokines from adipose tissue-derived 
stem cells (ASC) can promote repair of injured tissue and/or improve the quality of 
tissues that are regenerated (1-3). Traditionally, ASC have been injected as cell 
suspension or have been combined with biomaterials before being delivered to injured 
tissue (4-8). Recently, cell sheet engineering has been used to produce multicellular high 
density ASC-sheets that can be applied as a patch to injured tissue. Extracellular matrix, 
cell-cell and cell-matrix adhesions are preserved in engineered cell sheets thereby 
providing a niche and benefiting the attachment to tissue (9). Several groups 
demonstrated that ASC-sheets are able to promote repair in different types of tissues 
such as skin (9-12) and myocardium (13-17). Formation of high-density ASC-sheets may 
influence the paracrine ability of ASC (18) and subsequently affect their ability to 
promote tissue repair. Likewise, inflammatory cytokines present in injured tissues may 
impact ASC function. Details about the effect of cell density and inflammatory cytokines 
on the paracrine ability of ASC are largely unknown. 

To elucidate these effects, we cultured ASC in four different cell-seeding densities, 
with the highest density of 400,000 cells/cm2 resulting in actual sheets. Cells were 
cultured with and without tumor necrosis factor alpha (TNFα) and interferon gamma 
(IFNγ) to simulate an inflammatory environment. We demonstrated that ASC cultured in 
a cell sheet at a density of 400,000 cells/cm2 have superior paracrine abilities when 
compared to ASC cultured in lower cell densities in the presence of inflammatory factors. 
These findings offer opportunities to modify the beneficial effect of ASC-sheets for 
application in various tissues in the future.  

 

Materials and Methods 
 
Isolation and characterization of ASC 

Human subcutaneous abdominal adipose tissue was obtained as waste material from 
female donors (age 46-52 years) with approval of the Medical Ethical Committee of the 
Erasmus Medical Center, Rotterdam (MEC-2014-092). ASC were isolated as previously 
described (19). Briefly, adipose tissue was digested with collagenase type I (Gibco, Life 
technologies, UK) for 1 hour followed by centrifugation, washing to remove the oily 
layer including the adipocytes, and filtration through a 100 μm filter. Isolated ASC were 
cultured in expansion medium (Dulbecco’s Modified Eagle Medium 1 g/l glucose (LG-
DMEM, Gibco) with 10% fetal bovine serum (FBS, Lonza, Verviers, Belgium), 50 µg/ml 
gentamicin (Gibco), 1.5 μg/mL fungizone® (Gibco) at 37οC in a humid atmosphere with 
5% CO2. At 90% confluence, ASC were subcultured with 0.25% trypsin EDTA (Gibco) and 
expanded starting at a density of 8,000 cells/cm2 for use in the experimental set-up or 
stored in liquid nitrogen with 10% DMSO (Sigma-Aldrich, St. Louis, MO, USA) in 
expansion medium.  

Cell surface phenotype was determined by flow cytometric analysis using mouse 
anti-human monoclonal fluorescently labeled antibodies directed against CD45-PerCp, 
CD14-FITC, CD34-APC, CD73-PE, HDL-DR-FITC (all BD Biosciences, San Jose, CA, USA), 
CD90-APC and CD105-FITC (R&D systems, Abingdon, UK) with dilutions according to 
manufacturer’s instructions. Unstained ASC were used as control. After antibody 
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staining, cell suspensions were washed twice with FACS flow (BD, Biosciences), 
resuspended in 200 µl FACS flow and directly analyzed on an eight colors FACSCANTO-II 
with FACSDIVA software (BD Biosciences) and FlowJo Software (Tree Star, Palo Alto, CA, 
USA).  

To show multilineage differentiation capacity of the ASC, adipogenic and 
osteogenic differentiation was performed in monolayer, and chondrogenic 
differentiation was performed in pellets as described previously (20). To assess 
adipogenic differentiation, cells were stained with 0.5% Oil red O (Sigma) in isopropanol 
(Sigma). Osteogenic differentiation was assessed using Von Kossa staining with Thionin 
(Sigma). Pellets were fixed in 4% formalin overnight, paraffin embedded and sectioned 
(6µm) before staining for Glycosaminoglycans (GAGs) with 0.4% Thionin solution 
(Sigma), to assess chondrogenic differentiation. 

ASC seeding and culture conditions 
 
ASC ≤ P4 were seeded in a 12-wells plate (Costar®, Corning Inc., Corning, New York) in 
4 different densities: 8,000, 20,000, 50,000 and 400,000 cells/cm2 in expansion medium 
overnight. We used the seeding density of 8,000 cells/cm2 as a control in this 
experiment, since this seeding density is often used for expansion (21). The seeding 
densities 20,000, 50,000 and 400,000 cells/cm2were selected based on previous studies 
examining cell sheets (22-24). After overnight attachment, we refreshed the cells with 
LG-DMEM with 1% FBS, 50µg/ml gentamicin and 1.5 μg/ml fungizone® (control 
condition). To induce inflammation, 10 ng/ml TNFα (PeproTech, Rocky Hill, New Jersey, 
USA) and 25 ng/ml IFNγ (PeproTech) -from now on referred to as low inflammatory 
condition-, or 20 ng/ml TNFα and 50 ng/ml IFNγ-from now on referred to as high 
inflammatory condition-were added as used earlier (25) and culture was continued for 
48 hours (Figure 1). After 48 hours of culture, medium and cells were harvested for 
analyses. 
 

ASC-sheets histology 
 
ASC-sheets with a density of 400,000 cells/cm2 were harvested 48 hours after culture in 
a temperature responsive plate (CellSeed, Tokyo, Japan). Reducing the temperature to 
room temperature resulted in detachment of cells allowing processing for analysis. For 
this, ASC-sheets were fixed overnight in 4% buffered formaldehyde followed by 
embedding in paraffin. Sections were stained with hematoxylin and eosin (Sigma, St 
Louis, Missouri and Merck, Billerica, Massachusetts, USA)  
 
Gene expression analysis  
 
After 48 hours of culture, ASC were harvested with RLT lysis buffer (Qiagen, Hilden, Germany) 
plus 1% β-mercaptoethanol (Sigma-Aldrich). Total RNA was extracted using the RNeasy micro 
kit (Qiagen) with on-column DNA digestion. Total RNA was quantified using a NanoDrop1000 
spectrophotometer (Thermo Scientific, Wilmington, Delaware) according to manufacturer’s 
instructions and 200 ng RNA was reverse transcribed into complementary DNA (cDNA) using 
Revert Aid First Strand cDNA Synthesis Kit (ThermoScientific).  
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Figure 1. Experimental flowchart. (A) ASC were isolated from 3 donors and seeded in 4 different 
densities and 3 different culture conditions for 48 hours. (B) Conditioned medium collection. ASC were 
cultured with TNFα and IFNγ for 48 hours. Thereafter, medium was refreshed with culture medium 
containing no TNFα and IFNγ. Following 24 hours ASC-conditioned medium samples were collected for 
analysis.  

 
The mRNA levels of prostaglandin synthase (PTGS2, HS01573474_g1), indoleamine 2,3-
dioxygenase (IDO1, HS00158027_m1) and FGF2 (HS00266645_m1) were analyzed with 
TaqMan® Gene Expression Assays (Applied Biosystem, Foster City, California, USA) according to 
the manufacturer’s instructions. Vascular endothelial growth factor A (VEGFA), tumor necrosis 
factor alpha (TNFA), transforming growth factor beta-1 (TGFB) and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) were analyzed with the quantitative polymerase chain reaction (Q-
PCR) MasterMix Plus for SYBRGreen I dTTP (Eurogentec, Seraing, Belgium) with the following 
gene-specific primer sets: VEGFA (Fw 5’-CTTGCCTTGCTGCTCTACC-3’, Rv 5’- 
CACACAGGATGGCTTGAAG-3’), TNFA (Fw 5’-GCC-GCA-TCG-CCG-TCT-CCT-AC-3’, Rv 5’-AGC-GCT-
GAG-TCG-GCT-ACC-CT-3’), TGFB (Fw 5’-GTGACAGCAGGGATAACACACTG-3’, Rv 5’-
CATGAATGGTGGCCAGGTC-3’, Probe: ACATCAACGGGTTCACTACCGGC) and GAPDH (Fw 5’-
GTCAACGGATTTGGTCGTATTGGG-3’, Rv 5’-TGCCATGGGTGGAATCATATTGG-3’, Probe: 
TGGCGCCCCAACCAGCC). As GAPDH was stable between experimental conditions, we used 
GAPDH for data normalization. Real-time Q-PCR was performed with Bio-Rad CFX96 Touch™ 
Real-time PCR detection system and analyzed using CFX manager™ software (Bio-Rad 
Laboratories, Hemel Hempstead, UK). Relative expression was calculated according to the 2-ΔCT 
formula (26) using averages of duplicate samples. 
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Analysis of angiogenic factors 
 
Culture media were analyzed for the concentration of ASC secreted angiogenic factors; 
VEGFA and FGF2 using commercially available sandwich human VEGFA and human FGF 
basic DuoSet® ELISA kits (R&D systems). According to the manufacturers’ protocol, the 
optical density absorbance was determined at 450 nm with a reference wavelength of 
540 nm in a VersaMax™ microplate reader. ELISA values are expressed as mean 
concentration of the total secreted factor per ml ± SD. 

L-kynurenine assay  

Indoleamine-pyrrole 2,3-dioxygenase (IDO) is an enzyme that is able to inhibit T-cell 
proliferation via its metabolite L-kynurenine and thereby acts immune modulatory (25). 
We determined the concentration of l-kynurenine as a measure of IDO activity in the 
culture medium as previously described by Leijs et al., 2012 (8) 

ASC viability 
 
Lactate dehydrogenase (LDH, Cytotoxicity Detection Kit, Roche, Mannheim, Germany) 
was measured to determine ASC viability, according to the manufacturer’s protocol. 
Briefly, medium of ASC was collected after 48 hours of culture and centrifuged at 1500 
rpm for 5 minutes to remove cells and debris. After that, 2% triton (Sigma-Aldrich) in 
LG-DMEM was added to the well and incubated for 2 hours at 37οC to damage all cells 
and served as maximum control in the assay to calculate the percentage of viable cells. 
One hundred microliter of medium and 100 µl lactate dehydrogenase reagent was mixed 
and incubated for 30 minutes in the dark at room temperature. The absorbance was 
measured with a VersaMax™ microplate reader (Molecular Devices, Sunnyvale, CA, USA) 
at 490 nm and a reference wavelength of 650 nm. Percentage of cytotoxicity relative to 
the maximum control was calculated according to the manual. 

ASC conditioned medium 
 
To determine the effect of ASC on fibroblast migration and endothelial cell proliferation, 
medium conditioned by ASC in different densities in the presence of TNFα/IFNγ was 
made. The low inflammatory condition -10 ng/ml TNFα and 25 ng/ml IFNγ- is more 
close to physiologic concentrations of TNFα and IFNγ in injured tissue (27). Additionally, 
gene expression profiles of ASC were not different between the low and high 
inflammatory condition therefore medium was conditioned by ASC cultured in different 
densities in the low inflammatory condition. Briefly, ASC were seeded in densities of 
8,000, 20,000, 50,000 and 400,000 cells/cm2 and cultured in expansion medium 
overnight. After overnight culture, the expansion medium was replaced with LG-DMEM 
supplemented with 1% FBS, 50 µg/ml gentamicin, 1.5 μg/mL fungizone®, 10 ng/ml 
TNFα and 25 ng/ml IFNγ and cultured for another 48 hours. Following stimulation with 
TNFα and IFNγ, the ASC were washed with PBS and refreshed with LG-DMEM with 1% 
FBS, 50 µg/ml gentamicin, 1.5 μg/ml fungizone® but without TNFα and IFNγ and 
culture was continued. After 24 hours, conditioned medium (CM) was collected and 
centrifuged at 1,500 g for 5 minutes. The supernatant was stored in -80οC until further 
analysis or used to culture endothelial cells and fibroblasts (Figure 1B). Uncultured 
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medium (LG-DMEM supplemented with 1 % FBS) stored at -80οC was used as control 
medium. 

After media collection, each well was washed with PBS to remove non-attached 
cells, followed by addition of PBS to collect cells by scraping. Cells were digested 
overnight at 60οC with 250 µg/ml papain (Sigma-Aldrich). The DNA amount was 
measured with the Cyquant® cell proliferation assay kit (Invitrogen) according to the 
manufacturer’s’ protocol (Sigma-Aldrich). 

 

Endothelial cell proliferation assay 
 
To test the effect of ASC-sheets on endothelial cell proliferation, human umbilical vein 
endothelial cells (HUVEC, Lonza) at P4 were seeded at a density of 5,000 cells/cm2 in a 
96-wells plate and in a 24-wells plate and cultured overnight in endothelial growth 
medium (EGM-2 bullet kit, Lonza). The next day, cells were starved with 0.5% FBS in LG-
DMEM for 3 hours. Then, HUVEC were refreshed with either control medium (LG-DMEM 
1% FBS) mixed with EGM medium (1:1) or medium conditioned by ASC mixed with EGM 
medium (1:1). After 0, 1, 2, 3, and 4 days endothelial cell proliferation and viable cell 
numbers were determined with the Cyquant® cell proliferation assay kit (Invitrogen) 
and MTT assay, respectively. Combining the results from these assays will allow to 
(indirectly) have an indication about the proliferation.  According to the manufacturers’ 
protocol culture plates at -80οC were frozen after removal of medium. The proliferation 
on each day was analyzed using known numbers of HUVEC as a DNA standard. At room 
temperature, 200 µl of CyQuant GR dye/ lysis buffer was added to each well and 
incubated 5 minutes before reading the plate with the fluorescence microplate reader 
SpectraMax Gemini (Molecular Devices)  

The MTT assay was based on the Mossman’s protocol (28) to check for 
metabolically active cells. 

 

Fibroblast migration assay 

To investigate the migration of adult human dermal fibroblasts (HDFa, Gibco) in 
response to ASC cultured in different densities, a scratch wound assay was performed 
with ASC-conditioned medium. A scratch wound assay seems most suitable in 
representing wound healing in vitro, based on the cell migration pattern and direction of 
cell migration(29, 30). HDFa P≤6 were plated at 10,000 cells/cm2 in a 12-wells plate and 
allowed to adhere overnight in HG-DMEM supplemented with 10% FBS, 50 µg/ml 
gentamicin, and 1.5 μg/ml fungizone® to form a confluent monolayer. A linear wound 
was made in the cell layer of each well using a vertical scratch from a sterile 10 µl 
pipette tip after marking the scratch location on the bottom of the well. Cell debris was 
removed, followed by adding 100% ASC-conditioned medium or control medium. 
Wound closure was captured using a 10x objective with phase contrast microscopy 
every 2 hours from 12 to 24 hours after scratching. The photos were blinded and 
analyzed with TScratch software (CSElab, Zurich, Switzerland) (31). The percentage of 
wound closure was quantified and normalized to the freshly made scratch, which was 
considered as 100% open wound area. 
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Statistical analysis   
 
Each experiment was repeated with 3 different ASC donors and all experiments were 
performed in triplicate. Statistical analysis was done by one-way ANOVA for ASC gene 
expression, protein analysis and viability followed by Bonferroni multiple comparisons. 
For the fibroblast migration assay and endothelial cell proliferation and viability, one-
way MANOVA followed by Tukey HSD was used. Data were statistically analyzed with 
IBM SPSS statistical software 21 (SPSS, Inc, Chicago, IL, USA). A p-value<0.05 was 
considered to be statistically significant. Data were expressed as mean ± SD. 

 
Results 
 
ASC characterization and morphology 
 
To assess the phenotype of in vitro isolated and cultured ASC, cell surface markers, 
morphology, and multilineage differentiation capacity were investigated. By FACS 
analysis (Figure 2A), ASC expressed mesenchymal stem cell markers such as CD73 
(99.8%±0.1% of the total cell population), CD90 (90.3%±9.1%) and CD105 
(87.4%±17.0%), but only minimal hematopoietic markers such as CD14 (5.7%±5.2%), 
CD45 (1.6%±0.6%) and CD34 (4.4%±3.9%) and human leukocyte antigen class II HDL-
DR (2.3%±2.3%). Of notice, cell surface expression of CD73, CD90 and CD105 was a 
characteristic of the entire ASC population, thus operationally defining the homogeneity 
of the cells under study. As shown with the specific assays, ASC also had differentiation 
capacities towards the adipogenic, osteogenic, and chondrogenic lineage (Figure 2B). By 
phase-contrast microscopy, ASC seeded at lower densities (8,000-50,000 cells/cm2) 
displayed a spindle-shaped fibroblast-like morphology (Figure 3A-C). When seeded at 
400,000 cells/cm2, a multilayer, dense sheet of ASC was seen (Figure 3E, F). 
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Figure 2. ASC characteristics. (A) Cultured ASC were positive for CD73, CD90, CD105 and had minimal 
expression of CD14, CD34, CD45 and HLA-DR as determined with flow cytometric analysis. (B) Adipogenic 
differentiated ASC were positive for accumulation of lipid-containing droplets in the cytoplasm after 
staining with Oil Red O. (C) Osteogenic differentiated ASC were positive for mineral deposition as stained 
with Von Kossa. (D) Chondrogenic differentiated ASC pellets were positive for GAGs staining.  

 
Figure 3. ASC morphology in different seeding densities. A-D) ASC morphology 48 hours after seeding 
at (A) 8,000 cells/cm2, (B) 20,000 cells/cm2, (C) 50,000 cells/cm2 and (D) 400,000 cells/cm2. (E) Image of 
a detached, floating ASC-sheet seeded at 400000 cells/cm2. (F) Cross-section of a detached ASC-sheet 
stained with hematoxylin and eosin. 
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Effect of cell seeding density and inflammatory cytokines on ASC gene 
expression. 
 
In the control condition -without TNF and IFN- no significant differences were seen 
between the different cell seeding densities regarding gene expression of VEGFA, TGFB, 
TNFA, IDO and PTGS2. 

The addition of TNFα and IFNγ to the culture medium increased the expression 
of TNFA, IDO, PTGS2, VEGFA, and FGF2 for all cell-seeding densities whereas TGFB 
decreased in response to these pro-inflammatory cytokines. Interestingly, the addition 
of TNFα/IFNγ to 400,000 cells/cm2 ASC-sheets affected the expression of TNFA, IDO and 
PTGS2 the least. In contrast, the expression of VEGFA and FGF2 after addition of TNFα/ 
IFNγ was affected the most in 400,000 cells/cm2 ASC-sheets.  

No significant changes in the expression of TNFA, IDO, PTGS2, VEGFA and FGF2 
were noticed with increasing concentrations of TNFα and IFNγ in 8,000, 20,000, and 
50,000 cells/cm2. Increasing concentrations of TNFα and IFNγ increased PTGS2, VEGFA, 
FGF2 and decreased TGFB expression in 400,000 cells/ cm2 ASC-sheets (Figure 4A).  

 
Figure 4. Gene expression patterns and cytokine production of ASC seeded at different cell 
densities and in the presence of inflammatory cytokines- 10 ng/ml TNFα + 25 ng/ml IFNγ (low 
inflammatory) and 20 ng/ml TNFα + 50 ng/ml IFNγ (high inflammatory)- (A) TNFA, IDO, PTGS2, VEGFA, 
FGF2 and TGFB expression relative to GAPDH and (B) VEGFA, FGF2 and L-kynurenine production. Each 
bar represents mean ± SD from 3 ASC donors in triplicate (*P<0.05, **P<0.01 when compared with control 

condition within same density, # P<0.05, ## P<0.01 when compared within same culture condition). 
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Effect of cell seeding density and inflammatory cytokines on ASC 
cytokine secretion 
 
We assessed whether increases in cell density led to changes in ASC secretion of L-
kynurenine, a metabolite of the immunomodulatory enzyme IDO and the angiogenic 
factors VEGFA and FGF2. Secretion of the IDO metabolite L-kynurenine was not affected 
by cell seeding density. In contrast, VEGFA secretion increased with increasing seeding 
density in the control condition from 34.7±15 pg/ml at seeding density of 8,000 
cells/cm2 to 2005±1394 pg/ml at seeding density of 400,000 cells/cm2. Likewise, the 
secretion of FGF2 in ASC-sheets seeded at 400,000 cells/cm2 was higher than by ASC 
seeded at lower densities [21.6±8 pg/ml at 400,000 cells/cm2 versus 11.7±5 pg/ml at 
8,000 cells/cm2]. 

Similar to observed changes in gene expression, the addition of TNFα and IFNγ 
increased the secretion of VEGFA and FGF2. The highest levels of VEGFA, FGF2 and L-
kynurenine levels were present in ASC seeded at 400,000 cells/cm2 with a seemingly 
dose dependent effect of TNFα and IFNγ on VEGFA and FGF2 secretion (Figure 4B). 

 

Analysis of ASC viability  
 
As expected, an increase in cell seeding density resulted in decreased cell viability (as 
assessed by the LDH release) and a dose response was seen with increasing 
concentrations of TNFα and IFNγ in ASC with 80,000, 20,000 and 50,000 cells/cm2 

except for the highest density of ASC (400,000 cells/cm2). However, seeding ASC at 
400,000 cells/cm2 resulted in no further decline in cell viability when compared to 
lower cell seeding densities. Moreover, at 400,000 cells/cm2 release of LDH remained 
low even though the concentration of inflammatory cytokines TNFα and IFNγ increased 
(Figure 5).  
 
 
 

 
Figure 5. ASC survival assessed by LDH release. ASC were cultured in the presence of inflammatory 
cytokines -10 ng/ml TNFα + 25 ng/ml IFNγ (low inflammatory) and 20 ng/ml TNFα + 50 ng/ml IFNγ 
(high inflammatory)- and seeded at different densities. Each bar represents average percentage LDH 
release ± SD from 3 ASC donors in triplicate. (*P<0.05, **P<0.01 when compared to control condition in 
same density, # P<0.05, ## P<0.01 when compared to control density (8,000 cells/cm2) in same culture 

conditions). 
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Effect of ASC-sheet conditioned medium on fibroblast migration and 
endothelial cell proliferation 
 
With the scratch wound assay with HDFa and medium conditioned by ASC more wound 
closure after 24 hours was seen in HDFa treated with conditioned medium from ASC 
seeded at a density of 400,000 cells/cm2 (32.3 ± 15.9% open wound area) than in HDFa 
treated with control unconditioned medium (50 ± 13.8% open wound area) or in HDFa 
treated with conditioned medium from ASC seeded at 8,000 cells/cm2 (47.1 ± 10.6% 
open wound area) and 50,000 cells/cm2 (46.8 ±8.4% open wound area; p<0.05, Figure 
6A). 

The effect of ASC seeding density on HUVEC growth and survival was also 
assessed. On day 2, 3, and 4, endothelial cell numbers were significantly higher in 
conditioned medium from ASC seeded at 400,000 cells/cm2 than in conditioned medium 
from ASC seeded at lower densities and control medium (Figure 6B). HUVEC viability 
showed a similar trend; the percentage of metabolically active endothelial cells was 
highest in conditioned medium from ASC seeded at a 400,000 cells/cm2 (Table 1).  
 The conditioned media that were used for these experiments had VEGFA and 
FGF2 levels in the same order of magnitude as when TNFα and IFNγ were still present, 
even though these stimuli were removed 24 hours prior to harvesting the conditioned 
medium. In the case of VEGFA, the concentration increased with increasing ASC density. 
This effect was less clear for FGF2 (Figure 6C). 

 
Figure 6. Assessment of HDFa migration and HUVEC proliferation when cultured in conditioned 
medium from ASC seeded at different densities (A) Left panel; representative images of the scratch 
wound assay right after making the wound (upper panel) and after 24 hours (lower panel). Right panel; 
the effect of ASC conditioned medium on HDFa migration. Each mark represents the average percentage 
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of open wound area ± SD; n=3 donors in triplicate wells. (B) The effect of conditioned medium on HUVEC 
proliferation. Each mark represents average HUVEC number ± SD; n=3 donors in triplicate wells (*P<0.05, 
**P<0.01 when compared between densities). (C) Average concentration ± SD of VEGFA and FGF2 in 
medium conditioned by ASC from 3 ASC donors 24 hours after the removal of 10 ng/ml TNFα and 25 

ng/ml IFNγ and prior to adding to HUVEC and HDFa. 

 
Table 1 Percentage of metabolically active HUVEC after incubation with ASC 
conditioned medium mixed with EGM (1:1) 
 

ASC density 
(cells/cm2) 

HUVEC culture (days) 

2 3 4 

8,000 116 ± 14% 99 ± 2% 100 ± 4% 

20,000 121 ± 22% 90 ± 1% 92 ± 17% 

50,000 125 ± 23% 110 ±10% 105 ± 17% 

400,000 151 ±29%** 164 ±24%*** 131 ± 42%** 
 
Table 1. Percentage of metabolically active HUVEC in response to conditioned medium of ASC seeded at 
different densities and collected after culture in a low inflammatory condition. Metabolically active HUVEC 
were measured using the MTT assay. Effects of conditioned medium on metabolic active HUVEC are 
shown as a percentage in the corresponding unconditioned media. Percentages are expressed as mean ± 
SD; n=3 donors in triplicate wells. *P<0.05 **P<0.01 *** P<0.005 versus percentage of metabolically active 
HUVEC in unconditioned medium. 

 
Discussion 
 
Here we show that organized multilayer ASC-sheets with 400,000 cells/cm2 have 
superior paracrine characteristics when cultured in the presence of pro-inflammatory 
cytokines. The conditioned medium of these high-density ASC cultures are able to 
significantly enhance endothelial cell growth and fibroblast migration when compared 
to lower density ASC cultures.  

In our study we used ASC due to their therapeutic potential in regenerative 
medicine. For ASC isolation and characterization we used the accepted methods of 
isolation, plastic adherence, flow cytometric analysis, and multi-lineage differentiation. 
However, we cannot exclude the presence of small numbers of other cell types such as 
pre-adipocytes, endothelial progenitor cells, mast cells and others. Importantly, in this 
study we corroborate previous observations that ASC at high seeding densities e.g. 
400,000 cells/cm2 form multicellular ASC-sheets that can be harvested as patches and 
expand these observations by showing an association of these high-density ASC-sheets 
with an improved cell viability, increased paracrine potential and upregulation of genes 
involved in immunosuppression when exposed to pro-inflammatory cytokines. 

In line with our expectations, increasing ASC seeding density decreased cell 
viability. However, increasing seeding density from 50,000 cells/cm2 to 400,000 
cells/cm2 showed no further decline in cell viability. Additionally, TNFA gene expression 
decreased in response to increasing cell density under inflammatory conditions.  

Previous studies have shown that pro-inflammatory cytokines as TNFα and IFNγ 
can stimulate mesenchymal stem cells to produce more TNFα, COX2 (encoded by 
PTGS2), and IDO and less TGFB (25, 32). IDO is an enzyme that is able to inhibit T-cell 
proliferation via its metabolite L-kynurenine and thereby acts immunomodulatory (33). 
Similar to these previous reports, when we stimulated ASC with TNFα and IFNγ, TNFA, 
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IDO, and PTGS2 expression was higher than in unstimulated ASC. Interestingly, the effect 
of pro-inflammatory stimulation by TNFα and IFNγ is less when ASC are cultured in high 
density 400,000 cells/cm2 ASC-sheets. These high density ASC-sheets seem to be less 
influenced by inflammation. Moreover, increasing cell density and increasing 
concentrations of TNFα and IFNγ resulted in the secretion of more VEGFA, FGF2, and L-
kynurenine, emphasizing the potential benefit of these high density ASC-sheets for 
regenerative medicine purposes, even in the presence of inflammation. 

We chose to show the secretion of VEGFA, FGF2 and L-kynurenine as total 
protein production since the actual amount of protein will exert its beneficial 
therapeutic effect in vivo, irrespective of how much is produced per individual cell. 
However, when we correct VEGFA secretion for cellular DNA, the secretion of VEGFA per 
cell is still higher in the highest density ASC-sheets (Supplementary data figure 1).  

We confirm previous observations that ASC seeded at higher density upregulated 
VEGFA gene expression (18). Hsiao et al., 2013 (34) and others (35, 36) showed 
enhanced angiogenic paracrine activity of hypoxic ASC in vitro. Following up on these 
observations the higher levels of VEGFA secretion in our multilayer 400,000 cells/cm2 
ASC-sheets might be due to some level of hypoxic stress. 

The above-described results suggest that ASC-sheets with 400,000 cells/cm2 may 
have a higher ability to promote tissue repair than ASC seeded at lower densities, 
especially under inflammatory conditions. To investigate this further, we obtained 
conditioned medium from ASC seeded at different seeding densities and cultured in the 
presence of TNFα and IFNγ and found that conditioned medium from 400,000 cells/cm2 
ASC-sheets significantly enhanced fibroblast migration and endothelial cell proliferation 
as two important processes in wound healing (37-39) compared to control medium and 
conditioned medium from ASC seeded at lower densities. Since VEGFA secretion was 
significantly increased in these ASC-sheets compared to lower density ASC cultures, it is 
possible that this growth factor contributed to the enhanced fibroblast migration and 
increased endothelial cell proliferation. However, besides VEGFA and FGF2 that we 
measured in our conditioned medium, the influence of other soluble factors in these 
processes is also very likely. Among many others, these factors could include TGF, 
hepatocyte growth factor and multiple interleukins which are also secreted by ASC (3), 
but also the bioactive lipid sphingosine-1 phosphate which is known as an pro-
angiopoietic factor (40). 
 Taken together, our data demonstrate for the first time that ASC seeded in high-
density cell sheets are beneficial for fibroblast migration and endothelial cell 
proliferation in vitro. This is in agreement with studies directed at in vivo use of ASC-
sheets. In these studies, the use of high density ASC-sheets was linked to enhanced 
tissue healing and angiogenesis (13, 14, 23, 41). In addition, our data indicate that 
stimulating ASC-sheets with pro-inflammatory stimuli in vitro may be beneficial 
regarding tissue vascularization. However, the possibility of improving tissue 
vascularization by culturing ASC-sheets with pro-inflammatory stimuli in vitro needs to 
be confirmed by further in vivo studies which was beyond the scope of the present 
project.  

In summary, culturing ASC in multilayer high-density sheets and stimulating 
them with inflammatory cytokines such as TNFα and IFNγ changes their expression of 
immunomodulatory genes and improves their ability to promote cell proliferation and 
angiogenesis as demonstrated by a reduction in TNFA, IDO, and PTGS2 expression and 
augmentation of VEGFA secretion. Additionally, conditioned medium of these ASC-
sheets enhanced fibroblast migration and endothelial cell proliferation in vitro, 
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suggesting that using multilayer high density ASC-sheets cultured in the presence of 
TNFα and IFNγ are potentially the better choice for the treatment of injured or ischemic 
tissues.  
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Supplementary figure 1. Secretion of VEGFA, FGF2 and L-kynurenine from ASC seeded in 4 different 
densities and cultured with or without 10 ng/ml TNFα/25 ng/ml IFNγ (low inflammatory) and 20 ng/ml 
TNFα + 50 ng/ml IFNγ (high inflammatory) for 48 hours. Each bar represents average concentration per 
ng DNA ± SD from 3 ASC donors in triplicate (*P<0.05, **P<0.01 when compared with control condition 
within same density, # P<0.05, ## P<0.01 when compared with control density (8,000 cells/cm2) in same 
culture condition). DNA of ASC was measured with Cyquant® cell proliferation assay. 
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Abstract  

Tissue healing is a highly complex process involving a cascade of biochemical and cellular 
events. Excessive inflammation can impair the healing response. Previous in vitro studies 
have shown that mesenchymal stromal cells can modulate macrophage-induced 
inflammation and therefore are promising candidates for cell-based therapies aimed at 
promoting tissue repair. Recently, cell sheets were introduced as a new method of 
delivering stromal cells to the repair-site. The goal of the current study was to compare 
the effect of different types of stromal cell sheets on the inflammatory state of 
macrophages in vitro. We compared the effects of adipose tissue-derived stromal cell 
(ASC) sheets, bone marrow derived stromal cell (BMSC) sheets and fibroblast sheets on 
macrophage functional phenotype using flow cytometric analysis, gene expression as well 
as cell sheet protein secretion. This was evaluated with and without inflammatory 
stimulation. Viability and senescence for the different types of sheet were also evaluated. 
Macrophages cultured in ASC sheet conditioned medium (CM) displayed a higher 
fluorescence intensity of the anti-inflammatory CD206 surface marker than when 
cultured in BMSC sheet CM, and expressed more CCL18 and IL1RA than when cultured in 
fibroblast sheet CM. Moreover, ASC sheets had higher cell viability and less senescent cells 
than BMSC sheets and fibroblast sheets. Taken together, ASC and BMSC can stimulate the 
anti-inflammatory macrophage (M2) phenotype to a better extent than fibroblasts. It is 
suggested, that ASC sheets might outperform BMSC sheets in an inflammatory situation 
since ASC sheet CM induced-macrophages have more M2 characteristics and ASC in the 
sheet were more viable.  
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Introduction 
 
Excessive inflammation is one of the major causes of impaired tissue healing (1). 
Macrophages are key cells in the inflammatory phase of tissue healing (2). Their 
phenotype and function varies in response to environmental stimuli ranging from pro-
inflammatory (M1) known for their production of interleukin 1 beta (IL1β), tumor 
necrosis factor  (TNF), and IL6 (3), and the presence cluster of differentiation (CD) 64 
and CD80 on their surface, to anti-inflammatory or repair (M2), in which M2 can also be 
divided into different subtypes depending on the stimuli that induced them (4). M2 
macrophages are known for their production of chemokine (C-C motif) ligand 18 (CCL18) 
and IL1 receptor antagonist (IL1RA), and the presence of CD206 and/or CD163 on their 
surface. Emerging evidence suggests that macrophage dysfunction plays an important 
role in impaired tissue healing (5). Modulation of macrophage phenotype and function 
could therefore be a targeted approach to resolve excessive tissue inflammation during 
healing (3, 6). 
 We, and others, have shown that mesenchymal stromal cells (MSC) can secrete an 
array of growth factors and cytokines (7, 8). Several studies indicate that these secreted 
soluble factors can influence macrophage function (9-12). Therefore, cell based therapies 
using mesenchymal stromal cells may offer a future alternative to the current therapies 
for resolving excessive inflammation and promoting tissue healing. Next to injecting the 
MSC as a suspension, cell sheets are investigated as a delivery method of stromal cells to 
the tissue that needs repair. Sheets have been shown to be superior over injection of 
single cells because of reduction in cell loss and better engraftment (13, 14). However, cell 
sheets from different cell sources are not well investigated and compared regarding their 
immunomodulatory capacities. Comparing cell sheets from different cell sources may 
enhance understanding in order to select the most suitable cell source to make cells sheet 
for different clinical applications.  

Although the ability to regulate macrophage phenotype and function is described 
for several mesenchymal stromal cells such as adipose tissue-derived stromal cells (ASC) 
(15, 16) and bone marrow derived stromal cells (BMSC) (10, 17, 18), differences in 
regulation between these types of adult mesenchymal stromal stem cells and 
differentiated mesenchymal stromal cells such as fibroblasts are actually unknown. 
Similarly, whether culturing of mesenchymal stromal cells in multi-layered cell sheets 
instead of single cell cultures affects macrophage regulation has not been tested yet.   

Therefore, we investigated the following questions: (1) Can mesenchymal stromal 
cell sheets influence macrophage phenotype and is there a difference between sheets 
from ASC, BMSC, and fibroblasts? And (2) Does inflammatory stimulation of mesenchymal 
stromal cell sheets affect their regulation of macrophage phenotype? To investigate this, 
we generated conditioned medium from unstimulated and inflammatory stimulated 
multi-layered cell sheets of ASC, BMSC and fibroblasts and used these conditioned media 
to evaluate their effect on macrophage phenotype. 
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Materials and methods 
 
ASC, BMSC and fibroblast isolation  
 
Human subcutaneous abdominal adipose tissue was obtained as waste material (mean 
age 45 ± 11 years, all female) with approval of the Medical Ethical Committee of the 
Erasmus Medical Center, Rotterdam (MEC-2014-092). ASC were isolated as previously 
described (7, 19) and expanded in a density of 8,000 cells/cm2 in low glucose Dulbecco’s 
Modified Eagle’s Medium (LG-DMEM, Gibco, Life Technologies, The Netherlands) 
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco), 50 µg/ml 
gentamycin, 1.5 µg/ml amphotericin B (All Invitrogen), 1 ng/ml fibroblast growth factor-
2 (FGF2; R&D Systems, Minneapolis, MN, USA) and 25 µg/ml L-ascorbic acid 2-phosphate 
(Sigma-Aldrich, MO, USA). 

BMSC were isolated as previously described (20) from heparinised femoral-shaft 
marrow aspirates of patients undergoing total hip arthroplasty (mean age 49 ± 9 years, 
all male) with informed consent after approval by the Medical Ethical Committee of the 
Erasmus Medical Center, Rotterdam (protocol METC-2004-142). BMSC were expanded in 
Minimum Essential Medium-Alpha (α-MEM; Gibco) supplemented with 10% FBS (Gibco), 
50 µg/ml gentamycin and 1.5 µg/ml amphotericin B, in a density of 2,300 cells/cm2 
supplemented with 1 ng/mL FGF2 and 25 μg/mL ascorbic acid-2-phosphate. With these 
isolation and culture methods, our group has previously shown that ASC and BMSC have 
their characteristic cell surface markers and tri-lineage differentiation ability (7, 21, 22).
   

Human dermal fibroblasts adult (HDFa) were purchased (Gibco; mean age 37 ± 1 
years, male and female) and expanded in a density of 5,000 cells/cm2 in Glumax DMEM 
(Gibco) supplemented with 10% FBS (Bio Whittaker®, Lonza, Verviers, Belgium), 50 
µg/ml gentamycin and 1.5 µg/ml amphotericin B. 

All cells were trypsinised at 85-90% confluence with 0.25% trypsin EDTA (Gibco) 
and frozen with 10% DMSO (Sigma-Aldrich) in expansion medium before further use. 

 

Preparation of conditioned medium from cell sheets and ASC in low 
density 
 

Frozen cells were thawed, expanded and used at passage 3-6. ASC, BMSC, and 
HDFa were seeded at a density of 400,000 cells/cm2 in a 12-wells plate to create cell 
sheets. ASC were also seeded at a lower density of 50,000 cells/cm2 in a 12-wells plate. 
After overnight adherence in culture medium specific for each cell type, cells were 
refreshed with 750 µl LG-DMEM supplemented with 1% FBS (Gibco) in the presence or 
absence of inflammatory stimuli; 10 ng/ml Tumor Necrosis Factor α (TNFα, PeproTech) 
and 25 ng/ml Interferon γ (IFNγ; PeproTech, Rocky Hill, NJ, USA). After 48 hours, the 
medium was removed and cells were washed once with phosphate buffered saline (PBS, 
Gibco) before adding 750 µl/well X-VIVO™15 (Lonza) medium supplemented with 20% 
FBS (Lonza), 50 µg/ml gentamycin and 1.5 µg/ml amphotericin B, as this medium 
promotes the growth and differentiation of macrophages (3, 23). Culture was continued 
for 24 hours before harvesting this conditioned medium (CM), to be used for monocyte 
culture at a later time point (Figure 1A). The medium was collected and centrifuged at 
250 g for 8 minutes to remove cell debris and supernatant was stored at -80C before 
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further use. For each cell type and density, conditioned medium from three separate 
donors was used. 
 

 

Figure 1. Diagram of cell sheet culture for preparation of conditioned medium (CM) and macrophage 
culture with CM. (A)CM was collected from cell sheets of adipose tissue-derived stromal cells (ASC), bone 
marrow derived stromal cells (BMSC), and human dermal fibroblasts adult (HDFa) cultured with or without 
tumor necrosis factor α (TNFα) and Interferon γ (IFNγ). (B) Macrophages were cultured with 25% CM for 
5 days (refreshed at 3 days) before harvest. After harvest flow cytometry analysis and gene expression 
analysis was performed. LDH = lactase dehydrogenase. ELISA = enzyme-linked immunosorbent assay. IDO 
= indoleamine 2,3-dioxygenase. NO = nitric oxide  

 
Monocyte isolation and culture 

 
Monocytes were isolated from a total of six buffy coats (all males, mean age 61 ± 11 years; 
Sanquin blood bank, Amsterdam, the Netherlands) using Ficoll (GE Healthcare, Little 
Chalfont, UK) density gradient separation and CD14 magnetic-activated cell sorting 
microbeads (MACS; Miltenyi, Bergisch Gladbach, Germany) as previously described (24). 
Monocytes were seeded in 24-wells temperature responsive culture plates (Upcells, 
CellSeed, Tokyo, Japan) for flow cytometry and in normal tissue culture polystyrene 
(TCPS) plates (Costar®, Corning, Inc.) for RNA isolation at 500,000 monocytes/cm2 and 
cultured in X-VIVO™15 containing 20% FBS (Lonza), 50 mg/mL gentamicin (Gibco) and 
1.5 mg/mL amphotericin B (Gibco) at 37°C and 5% CO2 (Figure1B) to differentiate them 
towards macrophages. 
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To characterize the phenotype of macrophages, CD14+ monocytes of each donor 
were seeded separately and stimulated with 10 ng/mL IFNγ and 10 ng/mL TNFα to obtain 
pro-inflammatory macrophages, from now on referred to as M(IFNγ+TNFα) 
macrophages. The anti-inflammatory M2a subtype was obtained after stimulation with 
10 ng/mL Interleukin-4 (IL4; PeproTech), from now on referred to as M(IL4). The anti-
inflammatory M2c subtype was acquired by stimulation with 10 ng/mL IL10 
(PeproTech), from now on referred to as M(IL10) as done previously (3). Monocytes were 
exposed to each cytokine for a total of 5 days before harvesting. The culture medium was 
refreshed with fresh cytokines at day 3. 

Collected CM of ASC, BMSC and HDFa multilayer sheets (seeded at 400,000 
cells/cm2) and of ASC single cell culture (seeded at 50,000 cells/cm2) was used to culture 
macrophages. Macrophages from CD14+ monocytes of three buffy coats were pooled 
(mean age 42 ± 21 years, all male), seeded in 500,000 cells/cm2, and stimulated with 25% 
CM. For each batch of CM (3 donors per cell type and density), macrophages were cultured 
in triplicate. Macrophages were refreshed (with pre-warmed medium in the case of the 
temperature responsive plates) at day 3 before harvesting at day 5 for further analysis.  
 

Flow cytometric analysis  
 

Macrophages cultured with stimulating factors or CM were analysed using FACS 
JazzTM(BD Biosciences). Macrophages were non-enzymatically detached from the 
temperature responsive culture plates by reducing the temperature from 37C to room 
temperature Reducing the temperature of this culture plate below 32C results in a 
hydrophilic surface which in turn results in spontaneous detachment of the cells. After 
detachment, the macrophages were collected by pipette aspiration. After spinning for 5 
minutes at 390 g and removal of the supernatant, cells were resuspended in 100 µl 
FACSflow (BD Biosciences) with 2 x 105 cells per sample. Cells were incubated with 
conjugated antibodies (all BD Biosciences) against CD14 (allophycocyanin-H7, APC-H7, 
BD561384), CD64 (APC, BD561189), CD80 (PeCy™7, BD561135), CD163 (Peridinin-
Chlorophyll Protein Complex, PerCPCy™5.5, BD563887), CD206 (Fluorescein 
isothiocyanate, FITC, BD551135) for 15 minutes at room temperature in the dark. After 
washing twice with FACSflow and PBS, samples were fixed in 200 μL of 1.8% 
paraformaldehyde in PBS for 20 minutes in the dark followed by washing and filtering 
through a 70 µm filter into FACS tubes before analysis. Flow cytometry was used with 
compensation with CompBeads (BD Biosciences) according to the manufacturer’s 
protocol. Values were expressed as median fluorescence intensity (MFI) compared with 
an unstained control and CD14-only control to identify gating boundaries in FlowJo 
software version 10.0.7 (Treestar Inc.). 
 

Gene expression analysis for macrophage phonotype 
 

Adhering macrophages were harvested from the tissue culture polystyrene (TCPS) plate 
by resuspending them in 500 µl RNA-Bee™ (TEL-TEST, Friendswood, TX, USA) per well. 
Total RNA was extracted according to the manufacturer’s guidelines for mRNA isolation. 
Briefly, RNA was extracted with chloroform, followed by precipitation with isopropanol 
and washing with 80% and 70% ethanol. Total RNA was quantified using a NanoDrop 
ND-8000 spectrophotometer (Thermo Scientific, Wilmington, Delaware) and 200 ng RNA 
was reverse transcribed into complementary DNA (cDNA) using RevertAid First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific). The mRNA levels of Glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH; fw: GTCAACGGATTTGGTCGTATTGGG, rev: 
TGCCATGGGTGGAATCATATTGG) were used as housekeeper gene and analysed with 
TaqMan® Gene Expression Assays (Applied Biosystem, Foster City, California, USA). 
Expression of interleukin-1β (IL1B; fw: CCCTAAACAGATGAAGTGCTCCTT; rev: 
GTAGCTGGATGCCGCCAT), IL6 (fw: TCGAGCCCACCGGGAACGAA; rev: 
GCAGGGAAGGCAGCAGGCAA), tumor necrosis factor-α (TNFA; fw: 
GCCGCATCGCCGTCTCCTAC; rev: AGCGCTGAGTCGGTCACCCT), chemokine (C-C motif) 
ligand 18 (CCL18; fw: GCACCATGGCCCTCTGCTCC; rev: GGGCACTGGGGGCTGGTTTC), and 
IL1RA (fw: AACAGAAAGCAGGACAAGCG, rev: CCTTCGTCAGGCATATTGGT) (all from 
Eurogentec, Liege, Belgium) was assessed using qPCRTM Mastermix Plus for SYBGR® 
Green I (Eurogentec) as they can be used to discriminate between different macrophage 
phenotypes (3). The amplification efficiency of all primers was between 0.90 and 1.05. 
QPCR was performed on a Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad, 
Hercules, CA, USA). Relative gene expression was calculated using the 2-∆CT method. 
 

Conditioned medium analyses  
 

Human TNFα, interleukin-1 receptor antagonist (IL1RA) DuoSet® (R&D systems, 
Abingdon, UK), and Prostaglandin E2 (PGE2) (Enzo life Science BVBA, Antwerp Belgium, 
ADI-930-001) ELISA kits were used according to the manufacturer’s instructions. 
Indoleamine 2,3-dioxygenase (IDO) activity in CM was measured in an L-Kynurenine 
assay as previously described (25) using a standard of L-Kynurenine (Sigma–Aldrich). 
Nitric Oxide (NO) production was measured using Griess reagent (Sigma–Aldrich) and 
sodium nitrite (Fluka, Meppel, the Netherlands) as standard. All assays were measured 
using a spectrophotometer (VersaMax; Molecular Devices, Sunnyvale, USA). 
Unconditioned medium (similarly treated as conditioned medium but without cultured 
cells) was used as control.  

 
Cell sheet viability 

 
Cell sheet viability was evaluated using a live/dead staining (Invitrogen, Life Technology, 
Foster City, CA, USA). Briefly, adhered ASC sheets, BMSC sheets and HDFa sheets were 
washed with PBS after removal of conditioned medium and incubated for 30 minutes in 
calcein AM dye 1 µl/ml and ethidium bromide dye 1.5 l/ml at 37οC in a humid 
atmosphere with 5% CO2. The sheets were washed twice followed by analysis with 
fluorescence microscopy using Olympus IX71 inverted microscope. Images were 
captured with Cell F Imaging Software (Olympus: Hamburg, Germany, 2008). Secondly, 
lactate dehydrogenase (LDH, Cytotoxicity Detection Kit, Roche, Mannheim, Germany) was 
measured to determine the percentage of cytotoxicity, according to the manufacturer’s 
protocol as previously described (7). 
 

Cell sheet senescence  
 

Cell sheets were evaluated for senescence by determining β-galactosidase expression. 
Senescent cell cytoplasm will stain blue to light blue after incubation with the substrate 
X-gal (26). After harvesting day 3 CM, cell sheets were trypsinised to obtain single cells. 
These cells were plated in 24-wells plates at 2,000 cells/cm2. After overnight adherence 
at 37C in a humid atmosphere with 5% CO2, cells were washed twice with PBS and fixed 
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with 1% formaldehyde/ 0.5% glutaraldehyde in MilliQ for 15 minutes at 4C. After rinsing 
with MilliQ, 500 µl of β-galactosidase staining solution, consisting of 400 mM citric 
acid/sodium phosphate, 1.5 M NaCl, 20 mM MgCl2, 500 mM potassium ferrocyanide, and 
20 mg/mL X-gal (Roche Diagnostics, in dimethylformamide), was added to the cells. Cells 
were then incubated with this staining solution for 24 hours in a dry incubator at 37C. 
After washing, cells were counterstained with 4′, 6-Diamidine-2′-phenylindole 
dihydrochloride (DAPI, Sigma–Aldrich) 1:10,000 in MilliQ for 5 minutes at room 
temperature. The images were captured at bright and dark field on a Nikon Eclipse 
fluorescent microscope using 10×objective with 0.38 µm per pixel. Images were blinded 
before counting blue β-galactosidase positive cells and total cells to determine the 
percentage of senescent cells. 
 

Statistical analysis 
 
Data are presented as mean ± standard deviation (SD) and analysed with Kruskal-Wallis 
one-way analysis of variance followed by Dunn-Bonferroni post hoc tests for multiple 
comparison. Values with p < 0.05 or less were considered significant. All statistical 
analyses were done using SPSS 21.0 (IBM Inc., Armonk, NY, USA). 

 
Results  
 
Macrophage subtype surface marker expression  
 
Median fluorescence intensity (MFI) of CD64 was highest in the M(IFNγ+TNFα). Likewise, 
CD80 MFI was higher in M(IFNγ+TNFα) than in M(IL10). CD163 MFI, however was 
highest in M(IL10) and CD206 MFI was highest in M(IL4) (Figure 2A). The same trend 
was seen for each marker regarding the percentage of positive cells (Figure 2B).  
 

Macrophage subtype gene expression  
 
Expression of genes encoding for pro-inflammatory cytokines TNFA and IL1B and the 
angiogenic factor VEGFA was significantly higher in pro-inflammatory M(IFNγ+TNFα) 
than in the anti-inflammatory M(IL4) and M(IL10) macrophages, while expression of IL6, 
CCL18, TGFB1, and IL1RA was not significantly different between the three conditions 
(Figure 2C). 
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Figure 2. Macrophage subtype characteristics. (A) Flow cytometry based assessment of macrophage 
surface markers. Each bar represents the average median fluorescence intensity (MFI) of macrophages ± 
SD. (B) Flow cytometry based assessment of macrophage surface markers. Each bar represents the average 
percentage of positive cells ± SD. n = 3 donors in triplicate, * p <0.05.(C) Macrophage gene expression, each 
bar represent average level of gene expression relative to GAPDH ± SD. n = 3 donors in triplicate, * p <0.05, 
** p <0.001. 

 
Effect of CM on macrophage surface marker expression  

 
The MFI of CD64, CD80, and CD163 was not different between macrophages cultured in 
conditioned medium from ASC-, BMSC-, or HDFa sheets. CD206 MFI was higher in 
macrophages cultured in CM from TNFα+IFNγ stimulated ASC sheets than from 
TNFα+IFNγ stimulated BMSC sheets (Figure 3A). In addition, CD64 surface marker 
expression was higher in macrophages cultured in CM from TNFα+IFNγ stimulated BMSC 
sheets than in CM from unstimulated BMSC sheets. Although the MFI of CD64, CD80, and 
CD163 was not different between macrophages cultured in CM from the different sources, 
significantly higher percentages of positive macrophages were seen for the surface 
marker CD64 and significantly less for CD80 and CD163 after culture in CM from HDFa 
sheets than CM from ASC sheets and BMSC sheets. Especially for CD206, that macrophages 
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cultured in CM from HDFa sheets have lower percentages of positive cells than 
macrophages culture in CM from ASC sheets (Figure 3B).  
 

 

Figure 3. Effect of cell sheet conditioned medium (CM) on macrophage characteristics. Macrophages 
were cultured in 25% CM. Prior to making CM, cell sheets were either cultured in the absence (white bars) 
or presence of TNFα+IFNγ (grey bars). (A) Flow cytometry based assessment of macrophage surface 
markers. Each bar represents median intensity of fluorescence (MFI) ± SD. (B) Flow cytometry based 
assessment of macrophage surface markers.Each bar represents the average percentage of positive cells ± 
SD. n = 3 donors in triplicate, * p <0.05. (C) Macrophage gene expression, each bar represents the average 
level of gene expression relative to GAPDH ± SD. ASC = adipose tissue-derived stromal cells, BMSC = bone 
marrow derived stromal cells, HDFa = human dermal fibroblast adult. n = 3 donors in triplicate, * p <0.05, 
** p < 0.001. 

 
Effect of CM on macrophage gene expression  

 
TNFA in the macrophages was unaffected by any of the sheet-conditioned media. 
Comparison amongst cell sheets; revealed that macrophages cultured in CM from 
unstimulated BMSC sheets have higher TGFB1, CCL18 and IL1RA expression than 
macrophages cultured in CM from HDFa sheets. 

When sheets were stimulated with TNFα+IFNγ, expression of IL1B was lowest in 
macrophages cultured in CM from BMSC sheets. Moreover, IL6 macrophage expression 
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was higher in response to CM from ASC sheet than in CM from BMSC sheet. Besides that, 
macrophages expressed higher levels of VEGFA when cultured in stimulated CM from 
HDFa sheets than in CM from stimulated BMSC sheet. Contrary, TGFB1 was higher in 
macrophages cultured in CM from stimulated BMSC sheet than in CM from stimulated 
HDFa sheets.  

Lastly, expression of CCL18 and IL1RA was higher in macrophages cultured in CM 
from stimulated ASC sheet compared to CM from stimulated HDFa sheets (Figure 3C).  

 

 
Effect of cell source on cell sheet secretory profile 

 
When cultured without TNFα+IFNγ, PGE2 production was not different between the 
conditioned media from the different cell sheets. When cultured with TNFα+IFNγ, PGE2 
production was similarly increased in the conditioned media from all types of cell sheets. 
L-kynurenine was undetectable in CM from ASC sheets and BMSC sheets cultured without 
TNFα+IFNγ, while it was detectable at low levels in unstimulated CM from HDFa sheets. 
Again, supplementation of these pro-inflammatory cytokines to the cell sheets increased 
the levels of L-kynurenine in the CM, but without differences between groups. Without 
stimulation, IL1RA was undetectable in the CM of all cell sheets (Figure 4). With and 
without stimulation, levels of TNFα, IL10, and NO production were undetectable in all 
conditioned media (below 15.6 pg/ml, 31.2 pg/ml, and 1.25 µM respectively). 
    

 
Figure 4. Levels of PGE2, L-kynurenine, and IL1RA inconditioned medium from ASC sheet, BMSC sheet, 
and HDFa sheet. Each bar represents the average concentration ± SD in CM from 3 donors. PGE2= 
Prostaglandin E2, IL1RA = Interleukin-1 receptor antagonist. ASC = adipose tissue-derived stromal cells, 
BMSC = bone marrow derived stromal cells and HDFa = human dermal fibroblasts adult. 

 
 
BMSC sheets are less viable than ASC sheets and HDFa sheets 
 
As seen with live/dead staining, all cell sheets remained viable (green) at day 3 after 
harvesting conditioned medium, although some dead cells (red) were seen (Figure 5A). 
At day 2 and 3, BMSC sheets had a significantly higher percentage of LDH release than ASC 
sheets and HDFa sheets. Changing sheet culture medium to macrophage culture medium 
containing 20% FBS lowered the LDH release approximately 10 times in every condition.  

Stimulation of the sheets with TNFα+IFNγ did not change LDH release in ASC or 
BMSC sheet but did increase LDH release in HDFa sheets (Figure 5B-C).  
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 Figure 5. Cell sheets viability. (A) Live/dead staining of TNFα+IFNγ stimulated cell sheet at day 3. Viable 
cells stained with calcein (green), non-viable cells stained with ethidium bromide (red). (B) Cell survival 
assessed by lactase dehydrogenase (LDH) release after culture with or without TNFα+IFNγ at day 2. (C) 
Cell survival assessed by LDH release at day 3, CM collection time point. Each bar represents the average 
percentage of LDH release ± SD from 3 donors in triplicate. ASC = adipose tissue-derived stromal cells, BMSC 
= bone marrow derived stromal cells and HDFa = human dermal fibroblasts adult. * p <0.05, ** p < 0.001. 

 
ASC are less senescent than BMSC or HDFa in cell sheets  
 

 ASC sheets have the lowest percentage of senescent cells compared to BMSC and 
HDFa sheets, especially after TNFα+IFNγ stimulation. Exposure to TNFα+IFNγ lowered 
the percentage of senescent cells in both ASC and BMSC sheets (Figure 6).  
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Figure 6. Cell sheet senescence. (A) Percentage of senescent cells from each cell sheet after trypsinization 
and re-seeding. Each bar represents average percentage of senescent cells ± SD from 3 donors in triplicate. 
(B) X-Gal/DAPI staining of TNFα+IFNγ stimulated cell sheets from each cell source. Senescent cells appear 
as blue. Total cell number was determined with DAPI (staining the nucleus bright blue in dark background, 
right panel). ASC = adipose tissue-derived stromal cells, BMSC = bone marrow derived stromal cells and 
HDFa = human dermal fibroblasts adult. * p <0.05, ** p < 0.001. 

 
Effect of ASC density on macrophage characteristics 

 
Macrophages cultured with CM from ASC sheets (400,000 cells/cm2) have a higher MFI 
for CD64, CD80, CD163, and CD206, than when cultured in CM from single culture ASC 
(50,000 cells/cm2), independent of whether the ASC were cultured in the presence of 
TNFα+IFNγ (Figure 7A). Same trends were seen regarding the percentage of positive cells 
for each of the marker sets, although almost all CD14 positive cells were positive for 
CD206 (Figure 7B). Gene expression for TNFA, IL1B, IL6, VEGFA, CCL18, and IL1RA was 
not different between macrophages exposed to CM from ASC sheets or single culture. Only 
TGFB1 was lower in macrophages cultured in CM from TNFα+IFNγ stimulated ASC sheet 
compared to culture in CM from stimulated ASC in single culture (Figure 7C). Stimulation 
of ASC in single culture before making CM resulted in a higher CD64/CD14 MFI, 
percentage of CD64+CD14+ cells, percentage of CD80+CD14+ cells, and increased 
expression of TNFA and IL6 by macrophages exposed to this CM.  
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Figure 7. Effect of conditioned medium from ASC cultured in 50,000 and 400,000 cells/cm2 on 
macrophage characteristics (A) Flow cytometry based assessment of macrophage surface markers. Each 
bar represents the average median fluorescence intensity (MFI) of pooled macrophages cultured with 25% 
CM from ASC, cultured in the two different densities, in triplicate ± SD.Prior to making conditioned medium, 
cell sheets were either cultured in the absence (white bars) or presence of TNFα+IFNγ (grey bars). (B) Flow 
cytometry based assessment of macrophage surface markers. Each bar represents the percentage of 
positive cells of pooled macrophages± SD. (C) Macrophage gene expression, each bar represents the average 
level of gene expression relative to GAPDH from 3 donors in triplicate ± SD. ASC = adipose tissue-derived 
stromal cells. * p <0.05, ** p < 0.001. 
 

Effect of cell density on ASC secretory profile 
 
PGE2, L-kynurenine, and IL1RA release was not different between ASC cultured in 50,000 
or 400,000 cells/cm2. TNFα+IFNγ stimulation increased production of these factors in 
both densities (Figure 8). TNFα, IL10, and NO were undetectable. 
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Figure 8. Secretion of PGE2, L-kynurenine, and IL1RA by ASC cultured in 50,000 and 400,000 
cells/cm2. Each bar represents average concentration ± SD from 3 donors as single measurement in 
duplicate. ASC = adipose tissue-derived stromal cells, PGE2 = Prostaglandin E2, IL1RA = Interleukin-1 
receptor antagonist. 

 
 

Discussion 

 
Stromal cell sheets in tissue healing have promising features, but detailed information on 
the effects of stromal cell sheets on immune cell phenotype and function is currently 
lacking. We investigated the effects of three different types of stromal cell sheets-ASC, 
BMSC and fibroblast sheets- on the phenotype of macrophages that are key immune cells 
in tissue healing. Indeed, conditioned medium of the three different types of stromal cell 
sheets differentially influenced macrophage phenotype. Macrophages cultured in 
stimulated ASC sheet CM expressed more CD206 on their surface, and more IL1B and IL6, 
and lower TGFB1 than macrophages cultured in stimulated BMSC sheet CM. These 
macrophages also expressed more CCL18 and IL1RA than macrophages cultured in HDFa 
sheet CM. Lastly but not less important, ASC sheets had a higher viability and a lower 
percentage of senescent cells than BMSC sheets and HDFa sheets. 

The different macrophage phenotypes, M(IFNγ+TNFα), M(IL4), and M(IL10) are 
characterized based on surface protein expression and gene expression, whereby 
M(IFNγ+TNFα) can be used as a model for M1 macrophages, M(IL4) for M2a and M(IL10) 
for M2c macrophages (27). Although macrophages are plastic and their phenotypes are 
not black and white, especially in vivo, distinctions could be made between these 
phenotypes as shown before (3, 28). Based on the number of positive CD163 and CD206 
cells and the expression quantity (MFI) as determined by flow cytometric analysis, 
macrophages seem to differentiate towards an M2 phenotype in response to CM of ASC 
sheets and BMSC sheets, irrespective of whether the sheets were stimulated with IFNγ 
and TNFα or not. Looking at the expression quantity with MFI, macrophages cultured in 
CM of stimulated ASC sheets express the highest levels of CD206. This is similar to a 
previous study in which ASC increased CD206 after a 5 day co-culture with macrophages 
(29). The differentiation towards M2 is supported by more CCL18 and IL1RA expression 
in macrophages cultured in stimulated ASC-sheet CM than in stimulated HDFa-sheet CM. 
When comparing flow cytometric and gene expression data, ASC sheets and BMSC sheets 
seem to influence macrophages quite similar. However, viability of stimulated ASC sheets 
was the highest and senescence the lowest compared to both BMSC and fibroblast sheet, 
making ASC sheets more promising candidates to modulate macrophages towards a M2 
phenotype in an inflamed environment. HDFa sheets had the opposite effect on 
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macrophages; more cells were positive for CD64, an M1 surface protein, and had the 
lowest gene expression for CCL18 and IL1RA. In addition, LDH release from HDFa 
increased in response to IFNγ and TNFα, indicating that HDFa sheets might be less 
suitable for implantation in an inflamed area.  

Cell sheet viability was measured in our standard sheet medium stimulated with 
IFNγ and TNFα (consisting of DMEM-LG with 1% FBS) and in the medium normally used 
for macrophage cultures (X-Vivo with 20% FBS). The macrophage medium conditioned 
by the three different stromal cell types was used for macrophage culture. Switching to 
macrophage medium containing 20% FCS instead of 1% FCS dramatically reduced the 
LDH release in all stromal cell sheets by a 10-fold. Compared to BMSC and fibroblast sheet 
however, ASC sheets had the lowest percentage of LDH release in both culture media, 
representing lowest cell death. Initially, HDFa sheets had relatively low cell death but 
after stimulation with IFNγ and TNFα, LDH release increased. This might imply that HDFa 
sheets might be less suitable for implantation in an inflamed environment. Similar to LDH 
release, cell senescence was lower in ASC sheet compared to BMSC and fibroblast sheets, 
especially after stimulation with IFNγ and TNFα. Senescent MSC have lower ability to 
proliferate, differentiate, and migrate, and have increased pro-inflammatory cytokine 
secretion (30, 31). Moreover, senescent cells also influence polarization of nearby 
macrophages towards M1 (32). This might explain why ASC sheets more strongly drive 
macrophage differentiation towards the M2 phenotype than BMSC and fibroblast sheets.  

In order to look into the mechanism behind the effect of stromal cells on 
macrophage differentiation, we measured PGE2, L-kynurenine as a product of IDO, IL1RA, 
TNFα, IL10, and NO, all known to be products of stromal cells and able to modulate 
macrophage phenotype (10, 11, 16). TNFα, IL10, and NO were however undetectable in 
all media conditioned by the stromal cells. With the presence of inflammatory cytokines, 
PGE2, L-kynurenine and IL1RA released by the stromal cells increased but with quite 
some variation between donors. Therefore, no relation was found between these levels 
and the effect of the conditioned media on macrophage phenotypes. An earlier study 
indicated that PGE2 might have a key role in macrophage polarisation to switch from M1 
to M2 (10, 16). In our study, the PGE2 levels in ASC sheet, BMSC sheet and fibroblast sheet 
CM increased after stimulation of the sheets with IFNγ and TNFα but without significant 
differences between cell types. PGE2 might thus not be the key factor in our set-up. 
Further studies are needed to identify the key factors and mechanisms that play a role in 
ASC sheet modulation of macrophages.  

Besides viability and senescence, cell number can also influence the level of 
cytokine production. However, we previously found that cytokine production did not 
solely increase because of an increase in cell number. Also, a higher production of 
cytokines per cell was observed within cell sheets (7). In addition, since cells will be 
applied as a sheet, we believe the total production of factors is more important than the 
production of factors per cell, and therefore we did not correct the production of factors 
for the number of cells or DNA.  

From our comparisons, ASC seemed the most promising stromal cells in sheets 
with regards to modulation of the macrophage phenotype but also regarding viability and 
senescence. We previously found that the ASC density has an effect on cytokine 
production, endothelial cell proliferation and fibroblast migration (7) but the effect of 
different densities on macrophages was not investigated. Therefore, we decided to 
investigate the effect of two different ASC densities on the macrophage phenotype. 
Although PGE2, L-kynurenine, and IL1RA production were not different between ASC 
cultured in 50,000 cells/cm2 or 400,000 cells/cm2, ASC seeding density did influence 
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macrophage phenotype differentially as shown by flow cytometry. ASC sheets stimulated 
the expression quantity of CD64, CD80, CD163 and CD206 by macrophages and more cells 
became positive for CD80 and CD206 in response to factors produced by ASC sheets.  

Many previous studies investigated the relation between MSC and macrophages 
using co–culture of these cells. For practical reasons, we chose to use conditioned medium 
since we aimed to discriminate between what was expressed by the macrophages and 
what was expressed by the stromal cells. This makes it therefore difficult to compare our 
results to previous results. Using CM from stromal cells to culture macrophages allowed 
us to focus on the effect of the secretory profile from the stromal cells. A co-culture would 
contain secretory factors from both cell types. Even if factors would have been measured 
in the CM after removal from the sheets and after culture of the macrophages in the 
stromal cell CM, distinguishing which factor is made by which cell will be difficult since 
natural decay of the factor is unknown. We therefore analyzed CM-stimulated 
macrophages for the expression of genes encoding several relevant cytokines to evaluate 
the effect of stromal cell CM on macrophage phenotype. Gene expression and protein 
secretion are however not necessarily correlated. Discrepancies may be due to (post-) 
transcriptional or the secretory level of the protein under investigation. Nonetheless, we 
previously showed that expression of IL6, CCL18 and CD163 corresponded to their 
respective release by stimulated macrophages, suggesting that stimulated macrophage 
gene expression and protein secretion follow a similar trend (3). 

In the current set-up, macrophages were cultured with the different CMs, without 
taking a condition along in which macrophages were cultured without CM. As we have 
seen earlier (33), plating out monocytes in monolayer might be a stimulus itself. In 
addition, in vivo, macrophages will also always have certain stimuli around them. We 
therefore believe that comparing the effect of the different CMs with unstimulated 
macrophages might be less relevant. Availability of stromal cell donors was unfortunately 
limited and especially for the BMSCs we had limited freedom to match both age and 
gender. We therefore aimed to include patients with approximately the same age. 

To conclude, ASC and BMSC sheets stimulate the anti-inflammatory macrophage 
(M2) phenotype more than fibroblasts. These finding suggest that ASC sheets are most 
suitable for promoting tissue healing since ASC sheets more strongly drive macrophage 
differentiation towards the M2 phenotype than BMSC and fibroblast sheets and also have 
a lower senescence and cell death, especially in an inflammatory environment. For 
example, we can envision the use of  ASC sheet  for therapies in chronic inflammatory 
wounds. This information might allow people to choose the suitable cell source to make a 
cell sheet for each clinical application.  
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Abstract  

 
Adipose tissue-derived stem cells (ASC) are known to be tissue-healing promoters due to 
their cellular plasticity and secretion of paracrine factors. Cultured ASC sheets provide a 
novel method of ASC application and can retain ASC at the targeted tissue. The purpose of 
this systematic review is to evaluate preclinical studies using adipose tissue-derived cell 
(ASC) sheet transplantation therapy for promoting tissue healing. Firstly, we searched 
databases to identify studies of ASC sheet therapy in different experimental animal 
models, and then determined the quality score of studies using SYRCLE’s risk bias tool. A 
total of 18 included studies examined the role of ASC sheets on tissue healing and function 
in models for myocardial infarction, dilated cardiomyopathy, full-thickness skin wounds, 
hind limb ischemia, esophageal strictures and oral ulcers. ASC sheet application after 
myocardial infarction improved survival rate, cardiac function and capillary density and 
reduced the extent of fibrosis. Application of ASC sheets to a full thickness skin wound 
decreased the wound size and stimulated wound maturation. In the hind limb ischemia 
model, ASC sheet application improved limb perfusion, and capillary density and 
decreased the amount of ischemic tissue and inflammation. ASC sheet application to 
mucosal wounds of the digestive tract accelerated wound healing and decreased the 
degree of stricture and fibrosis. Taken together, transplanted ASC sheets had a positive 
effect on tissue healing and reconstruction in these pre-clinical studies. The reported 
favorable effects of ASC sheet therapy in various tissue healing applications may be 
implemented in future translational studies. It is suggested that future preclinical animal 
model studies of ASC sheet therapy should concern standardization of culture techniques 
and investigate the mechanisms of action. In addition, clearly indicated experimental set-
ups according to the SYRCLE’s guidelines should improve study quality and validity. 
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Introduction 
 
Mesenchymal stem cells (MSCs) have been shown to be able to improve wound healing 
and regenerate tissue due to their paracrine effects and differentiation ability (1, 2). MSCs 
can be retrieved from various organs and connective tissues including bone marrow (3), 
adipose tissue (4-6), dental pulp (7-9), skin (10, 11), and umbilical cord (12). Although 
these different stem cell populations are valuable, adipose tissue-derived stem cells (ASC) 
are one of the most promising stem cell populations since human adipose tissue can be 
relatively easily obtained in large quantities with little donor site morbidity. Moreover, 
ASC are immunoprivileged and can secrete bioactive factors that are important to tissue 
repair processes (13). ASC have been injected as cell suspension or have been combined 
with biomaterials before delivering them to injured tissue (14-17) with variable degrees 
of success. Recently, cell sheet technology has been used to produce high-density cell 
sheet constructs that contain only cells and their secreted extracellular matrix. These 
cultured sheets are harvested as an intact mono- or multilayer and can be transplanted to 
targeted host tissues without using biodegradable scaffolds and sutures. Cell sheets using 
two or more kinds of cell sources are also developed (18, 19).  

ASC sheets consisting of ASC and their secreted matrix have several advantages 
over ASC suspension or delivery of ASC in a biomaterial since it immobilizes the delivered 
cells at the targeted site and requires no destruction of scaffold, suture or glue when 
applied (20, 21).  

To date, ASC sheets have been used in various tissues and pathologies, and 
different animal models. Therefore, the aim of this systematic review is to provide an 
overview of the effects of ASC sheets on the healing of different tissues. Results regarding 
the effects of ASC sheets on tissue healing and tissue reconstruction are discussed by 
relevant parameters in each disease model. ASC sheet features such as differentiation 
ability and secretion of paracrine factors are also discussed together with ASC sheet 
culture variables such as ASC source, seeding density, culture conditions and number of 
sheet layers. Finally, future directions for the use of ASC sheets in the field of regenerative 
medicine will be discussed. 
 
Methods 
 
Inclusion and exclusion criteria 
 
Inclusion criteria were in vivo studies that examined the application of ASC sheets as local 
therapy to improve wound healing or tissue reconstruction. The study had to be written 
in English. The use of ASC sheets in combination with a scaffold, other cell types and 

differentiated ASC were excluded since these additions or modifications to ASC sheets can 
influence their behavior and consequently influence their effect on wound healing. In 
addition, studies lacking a control group in which no ASC sheets were applied or in which 
ASC were applied in any different way were also excluded. This last exclusion criterion 
was applied since a proper control is essential to evaluate the effect of ASC sheet in each 
different disease model. 
 
 

Search strategy and data extraction 
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The final systematic search was performed on February, 9 2017 in EMBASE, Medline 
(OvidSP), Cochrane, Web-of-science, Scopus, PubMed and Google Scholar (Supplementary 
Figure S1). The systematic search was performed in collaboration with an information 
specialist from the Erasmus MC, University Medical Center library. The search strategy 
contained two main keywords: ASC and sheet. In the search, multiple synonyms were 
used for both topics. Conference abstracts were included in the primary search based on 
the keywords. After screening on title and abstract, full text was obtained from the 
relevant studies. The references of the included studies were screened for relevant 
studies.  

Two independent reviewers (AC and PS) screened and included the studies 
separately and duplicates within the retrieved studies were removed. Disagreements 
were discussed. Studies were briefly screened by title and abstract based on whether ASC 
sheets were applied in an animal model followed by reviewing the full text based on 
inclusion criteria and exclusion criteria.  

 

Study characteristics and quality assessment 
 
Different characteristics were obtained from each study including the type of 
transplantation, number of included animals, ASC sheet culture technology, time point of 
ASC sheet application, number of ASC sheet layers and follow up period after 
transplantation. In vivo measurements and (immuno-) histological outcomes were 
extracted to define wound healing and tissue reconstruction after sheet application. 

For quality assessment of the studies, a modified version SYRCLE’s risk of bias tool 
(22) was used. Ten questions regarding different types of bias were answered by two 
independent reviewers (AC and PS, Supplementary Figure S2). When the question was 
answered with ‘Yes’, that aspect was scored as bias free. When the question was answered 
with ‘No’, that aspect was scored as suspected bias. When the information was not 
sufficient to answer a question, the score was indicated as ‘Unclear’.  

Results and discussion 
 
Study characteristics 
 
The search resulted in 2068 studies. After deduplication, 910 studies were left and 
screened by abstract and title. Studies that did not examine the in vivo application of self-
assembled ASC sheets were excluded. The full text was reviewed from 41 studies. 
Eighteen studies met all the inclusion criteria, contained no exclusion criteria and thus 
were included in this systematic review (Figure 1). 
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Figure 1. Flow diagram of process for studies included in this systematic review.  The number of 
studies in each phase is indicated between brackets. 

 
The outcomes of ASC sheet transplantations were compared to sham surgery, 

injection of phosphate buffered saline (PBS), ASC suspensions injection, non-ASC sheets, 
or the application of modulated ASC sheets. Non-ASC sheets were made of dermal 
fibroblasts (DFB), ASC-derived cardiomyoblast like cells (CLC), Sca-1 positive clonally 
expanded cardiac progenitor cells (CPC) and skeletal myoblast cells (SMB). Modulated 
ASC sheets refers to ASC sheets that were modulated during culture before implantation 
using different methods; by inducing ASC to overexpress VEGF using baculovirus 
transduction (23, 24) or by co-culturing the ASC sheets with SMBs (25). In some studies 
ASC sheets with different numbers of cell layers were included and compared (Figure 2).  

Others also applied ASC sheets in vivo, such as in cardiac infraction in primates 
(26), flexor tendon repair (27), or pancreatic fistula treatment (28). However these 
studies do not fit in our inclusion criteria since these studies combined ASC with other cell 
types or a collagen gel when preparing the cell sheet for transplantation without 
comparing this to an ASC sheet group only.  
 



Chapter 4 
 

64 
 

 
Figure 2. Overview of different disease models in which ASC sheets were transplanted. The 
application of an adipose tissue-derived cell (ASC) sheet was compared to many conditions. Sham surgery 
animals = untreated after disease is induced. PBS = phosphate buffer saline. CPC sheet = cardiac progenitor 
cell sheet. DFB sheet = dermal fibroblast sheet. CLC sheet = ASC-derived cardiomyoblast like cell sheet, SMB 
= skeletal myoblast cells. VEGF = Vascular endothelial growth factor.  
 

 

Study quality assessment 
 
The risk bias assessment according to a modified version of SYRCLE’s guidelines (22) is 
summarized in Table 1. Quality assessment was difficult in most cases due to the lack of 
information about possible bias risks. Four out of 18 preclinical studies in this review 
scored 5 or more (25, 29-31) and are therefore considered as a relatively low risk bias 
study in comparison to the other studies included. TABLE 1. Quality assessment by 
modified SYRCLE’s risk of bias tool.  
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TABLE 1. Quality assessment by modified SYRCLE’s risk of bias tool.  

 
Un =Unclear, due to insufficient information. Studies with the least risk of bias are depicted in bold.  
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Cardiac models 
 

Hamdi et al 2011. (29) Yes Yes Un Un Un Un Yes Yes Yes Yes 6 - 

Ishida et al. (32) Un Yes Un Un Un Un Un No Yes No 2 2 

Ishii et al. (33) Yes No Un Un Un Un Un Yes Yes Yes 4 1 

Kim et al. (34) Un Un Un Un Un Un Yes No Yes Yes 2 1 

Matsuura et al. (35) Yes Yes Un Un Un Un Un Un Yes Yes 4 - 

Miyahara et al. (36) Yes Yes Un Un Un Un Un Un Yes No 3 1 

Okura et al. (37) Un Yes Un Un Un Un Un No Yes Yes 3 1 

Otsuki et al. (38) Yes Yes Un Un Un Un Un Un Yes Un 3 - 

Shudo et al. (25) Yes Yes Un Un Yes Un Yes Un Yes No 5 1 

Yeh et al. (23) Yes Yes Un Un Un Un Un Yes Yes Un 4 - 

Hamdi et al 2013. (39) Un No Un Un Un Un Un Un Yes Yes 2 1 

Skin wound models  

Cerquiera et al. (30) Yes Yes Un Un Un Un Un Yes Yes Yes 5 - 

Kato et al. (30) Yes Yes Un Un Un Un Un Un Yes No 3 1 

Lin et al. (40) Yes Yes Un Un Un Un Un Un Yes Un 3 - 

Yu et al. (41) Un Un Un Un Un Un Un Un Yes Un 1 - 

Limb ischemic model  

Makarevich et al. (24) Un Un Un Un Un Un Yes Un Yes Yes 4 - 

Digestive tract models  

Lee et al. (42) Yes Yes Un Un Un Un Un Un Yes No 3 1 

Perrod et al. (31) Yes Yes Un Un Un Un Un Yes Yes Yes 5 - 
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ASC sheets in cardiac injury 
 
Ten studies investigated the application of an ASC sheet in myocardial infarctions (23, 25, 
29, 32-39) and one study in dilated cardiomyopathy (39). Nine studies used murine 
models (25, 29, 33-36, 38, 39). Swine (32) and rabbit (23) were used in the two other 
studies. Xenogeneic transplantation of human ASC sheets into immunodeficient rats was 
performed in two studies (25, 37) and mice ASC sheet were transplanted into rats given 
immunosuppressive drugs in one study (34). Three out of 11 studies used an allogeneic 
source (23, 39, 43) and 5 out of 10 studies used an autologous source of ASC (29, 32, 33, 
36, 38) for transplantation into immunocompetent animals. The time between disease 
induction and sheet application differed from immediately to 4 weeks after injury. Follow 
up time also varied from 3 to 16 weeks.  
 
Survival rate  
 
The survival rate of animals receiving an ASC sheet was reported in 4 different studies of 
the myocardial infarction model (Table 2). Survival rates differed between 70 – 100% (29, 
33, 36, 37). The application of an ASC sheet improved survival rate in the myocardial 
infarction model when compared to sham surgery (36, 37), a PBS injection (29), ASC 
injection (29), or cell-free collagen sheets (33). However, survival rates after application 
of CLC sheets were even higher than after application of ASC sheets (37)(Figure 3A). 
 
Cardiac function 
 
All included studies evaluated the effect of ASC sheets on cardiac function (Table 2, Figure 
3B) by examining echocardiographic measurements such as left ventricle ejection fraction 
(LVEF) (25, 29, 32, 34, 37, 38), left ventricle fractional shortening (LVFS) (25, 33-36, 38, 
39), attenuation of maximum and minimum rate of change in left ventricular pressure 
(dP/dt) (25, 35, 36, 38), left ventricle diastolic dimension (LVDd) (35-37), left ventricle 
end diastolic pressure (LVEDP) (35, 36), or left ventricle cavity (23, 25, 36). Besides 
echocardiographic measurements to evaluate cardiac function, the biomarker for 
congestive heart failure, plasma atrial natriuretic peptide (ANP), was measured in 3 
studies (36-38). Compared with sham surgery, PBS or ASC injection, ASC sheet application 
improved cardiac function in 9 studies after 3, 4, 8 and 16 weeks follow up (25, 29, 32-34, 
36, 38, 39, 44). In four studies, the application of an ASC sheet seemed to accelerate the 
improvement of cardiac function compared to sham surgery (23, 37, 43) or ASC injection 
(34), eventually leading to the same cardiac function at the end point of the study.  

Application of ASC sheets was also compared to non-ASC sheet application in 6 
studies (25, 33, 35-38). Restoration of cardiac function 4 weeks after ASC sheet 
application was found to be superior to a cell-free collagen or DFB sheet (33, 36). Cardiac 
function was similar after the application of SMB sheet (25, 38). However, superior 
cardiac function was observed after application of a CPC sheet (after 2 weeks) and a CLC 
sheet (after 4 to 9 weeks) when compared to ASC sheet application (35, 37).  

Two studies evaluated whether modulated ASC sheets enhanced cardiac function 
(23, 25). ASC sheets overexpressing VEGF enhanced cardiac function compared to sham 
operated animals but not compared to sheets containing only ASC (23). A composite 
ASC+SMB sheet enhanced cardiac function when compared to a sham surgery group or 
group treated with sheets containing only ASC or myoblasts (25). 
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ANP as biomarker for cardiovascular injury was measured in the plasma of animals 
in 3 studies. Lower plasma ANP levels were measured in all studies in rats receiving the 
ASC sheet than in rats receiving a DFB sheet or sham surgery (36-38). However, after 8 
weeks of application, rats receiving ASC sheets had higher plasma levels of ANP than rats 
receiving CLC sheets (37).  
 
Infarct size 
 
Infarct size was measured by MRI or by the weight of the infarcted cardiac tissue in 2 
studies. Miyahara et al. (36) found no difference in infarct size between animals receiving 
an ASC sheet, DFB sheet or sham surgery 4 weeks after implantation. On the other hand, 
at 4 weeks Yeh et al.(23) found that ASC sheets and VEGF overexpressing ASC sheets 
decreased infarct size significantly compared to animals receiving sham surgery only.  
 
Vascularization 
 
Improvement in cardiac muscle capillary density after ASC sheet application in 
comparison to sham surgery was found in 6 studies (23, 25, 32-34, 38) and in comparison 
to ASC injection in one study (34). No difference in capillary density after ASC sheet 
application was found in 2 studies (29, 35, 39). One study found a significantly higher 
capillary density 1 week after ASC sheet application which was no longer present at 5 
weeks post-transplantation (35)(Figure 3C).  

When compared to cell-free collagen sheets, capillary density was improved 4 
weeks after application of an ASC sheet (33). When compared to SMB sheets or ASC 
injection however, no difference in capillary density was found after 4 and 8 weeks (25, 
29, 38). Although ASC sheets initially improved cardiac muscle capillary density when 
compared to CPC sheets, at the end of the 4-week study period, capillary density in the 
ASC sheet group was less than the CPC group(35). Modulated ASC sheets increased 
capillary density compared to animals undergoing sham surgery, non-modulated and 
SMB sheet during a follow up period of 8 weeks maximum (23, 25). 
 
Fibrosis 
 
Eight studies measured the effect of ASC sheets on cardiac fibrosis after infarction (23, 25, 
29, 33-35, 38, 39). ASC sheet transplantation decreased cardiac tissue fibrosis after 
cardiac injury when compared to sham surgery or cell-free collagen in 6 out of 8 studies 
during 3-8 weeks of follow up (23, 25, 33, 34, 38, 39). Only one study reported no effect 
of ASC sheet application on the extent of cardiac tissue fibrosis 4 weeks after infarction 
(35) (Figure 3D). When compared to ASC injection and SMB sheets application, the 
fibrotic area after ASC sheet application was similar (25, 29, 34). However, when 
compared to CPC sheets, the size of the fibrotic area after ASC sheet application was larger 
(35) (Figure 3D). ASC sheets overexpressing VEGF and composite ASC+SMB sheets 
decreased cardiac tissue fibrosis even more than unmodulated ASC sheets (23, 25).  

In summary, ASC sheet application after myocardial infarction improved the 
survival rate, cardiac function, capillary density and the extent of fibrosis in 10 out of 11 
studies, including 2 studies with the least risk of bias (25, 29). Both myocardial infarction 
and dilated cardiomyopathy seem to have better cardiac function recovery with ASC sheet 
application than after sham surgery, PBS injection or ASC injection. In some studies (37, 
43), the positive effects of ASC sheets were more obvious at early time points than at later 
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follow up time points. At early time points after injury and transplantation of the sheet, 
the damaged area can be ischemic and inflamed. Hypoxia and inflammatory cytokines are 
known to enhance the paracrine ability of ASC (33, 38, 45), possibly contributing to the 
acceleration of cardiac repair in the short term while not influencing regeneration at later 
time points when inflammation is diminished. Decreasing viability of ASC sheets at later 
time points after transplantation might also contribute to this finding. 

 

 
Figure 3. Effects of ASC sheet application on the different read-out parameters after cardiac injury. 
A) Survival rate; B) cardiac function; C) capillary density; D) extent of fibrosis. Outcomes after application 
of ASC sheets were compared with different groups, each group represented by a different color; PBS 
injection (black bars) or sham surgery (disease without any treatment, black bars), application of a sheet 
containing collagen or other type of cells (Non-ASC sheet, dark grey bars), ASC suspension injection (light 
grey striped bars) or modulated ASC sheet (white bars). Each bar represents the number of studies, of which 
characteristics can be found in table 2. 
  



 

 

 

Table 2. Summary of cardiac study characteristics 

Author, 
year 

(ref. No.) 

ASC graft/ 
species of 

animal model 

Number of 
animal in 
the study 

(animal in 
ASC sheet 

group) 

Time 
between 
disease 

induction 
and sheet 

application 
(weeks) 

Sheet technology 
(x105cells/cm2) 
and culture dish 

ASC sheet 
modulate

d with 

Sheet pre-
implantation 

cultured 
time (days) 

Sheet 
layers 

(number) 

Follow up 
period 

after sheet 
implantation 

(weeks) 

ASC sheet 
group 

compared to: 

Modified 
ASC sheet 

compared to 

Survival Cardiac 
function 

Infarct 
size 

Capillary 
density 

Fibrosis 

Myocardial infarction 

Hamdi, 
2011 

(29) 

Autologous 
(Wistar rats) 82 (21) 

4 
3.6, thermo-
responsive 

dish  
1 3 8 

PBS injections 
 

ASC injections 
 

↑ 

↑ 

↑ 
 

↑ 
 

↔ 
 

↔ 

↔ 
 

↔ 

Ishida, 
2015 

(32) 

Autologous 
(Japanese pigs) 

14 (7) 
4 1.76, thermo-

responsive 
dish 

 

Until 
confluence 

3 4 Sham surgery 
  ↑  ↑  

Ishii, 
2014 

(33) 

Autologous 
(C57BL/6J mice) 105 (25) 

Immediately 
2.6, MCL on 

ultra-low 
attachment 

plate 

 1 
Multi 

4 Cell free 
collagen gel 

sheet 
 ↑ ↑  ↑ ↓ 

Kim, 
2017 

 
(34) 

Xenogenic 
(mice ASC into 

rats) 
42 (16) Immediately 

6.51, thermo-
responsive 

dish 
 1 1 4 

Sham surgery 
 

ASC injection 
  

 
↑ 
 

↔ 
 

 
↑ 
 

↑ 

 
↓ 
 

↔ 
 

Matsuura, 
2009 

 
 

(35) 

Allogeneic 
(from GFP 
transgenic 
mice into 

C57BL/6J type 
mice) 

75 (25) Immediately 
1.14, thermo-

responsive 
dish 

 5 1 4 
Sham surgery 

 
CPC sheet 

  
↔ 

 
↓ 

 
↑&↔ 

 
↑&↓ 

↔ 

↑ 

Miyahara 
2006 

(36) 

Autologous 
(sprague-

dawley rats) 
46 (12) 

4 0.23, thermo-
responsive 

dish 
 

3 1 4 Sham surgery 

DFB sheet 

 

 
 
 

↑ 

↑ 
 

↑ 

↔ 

↔ 

  

Okura, 
2010 

(37) 

Xenogeneic 
(Human ASC 

into nude SCID 
rats) 

85 (20) 
4 1.14, thermo-

responsive 
dish 

 
4 1 16 Sham surgery 

 
CLC sheet 

 
↑ 
 

↓ 

↑&↔ 
 

↓ 
  

 
 
 
 
 

Table 2. Summary of cardiac study characteristics. ASC = adipose tissue-derived stem cell. MCL = Magnetic cationic liposomes. CPC sheet = cardiac progenitor cell 
sheet. DFB sheet = dermal fibroblast sheet. CLC sheet = ASC-derived cardiomyoblast like cell sheet. SMB = skeletal myoblast cells. VEGF =Vascular endothelial growth 
factor. PBS = phosphate buffer saline. Sham surgery animals are untreated after disease is induced. ↑ represents increase ↓ represents decrease ↔ represents not 
significantly different. 6
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Table 2. Summary of cardiac study characteristics (cont’d) 

Author
, year 

(ref. No.) 

ASC graft/ 
species of 

animal model 

Number 
of animal 

in the 
study 

(animal 
in ASC 
sheet 

group) 

Time 
between 
disease 

induction 
and sheet 

application 
(weeks) 

Sheet technology 
(x105cells/cm2) 
and culture dish 

ASC sheet 
modulated 

with 

Sheet pre-
implantatio
n cultured 

time (days) 

Sheet 
layers 

(number) 

Follow up 
period after 

sheet 
implantation 

(weeks) 

ASC sheet 
group 

compared to: 

Modified 
ASC sheet 
compared 

to 

Survival Cardiac 
function 

Infarct 
size 

Capillary 
density 

Fibrosis 

Otsuki, 
2015 

(38) 

Autologous 
(syngeneic 
Lewis rats) 18 (11) 

4 
2, thermo-
responsive 

dish  
1 1 4 

 

Sham surgery 

Myoblast 
sheet 

  
↑ 
 

↔ 
 

↑ 
 

↔ 

↓ 
 

↔ 

Shudo, 
2014 

(25) 

Xenogeneic 
(human ASC 
into athymic 

nude rats) 

40 (10) 2 0.85, thermo-
responsive 

dish 

Rat 
primary 

SMB cells 

4 3 8 Sham surgery 
 

Modulated sheet 
 

Myoblast sheet 

 

 

 

Sham surgery 
 

Myoblast sheet 

 ↑ 
 

↓ 
 

↔ 
 

↑ 
 

↑ 

 ↑ 
 

↓ 
 

↔ 

↑ 
 

↑ 

↓ 
 

↑ 
 

↔ 
 

↓ 
 

↓ 

Yeh, 
2014 

(23) 
 

Allogenic 
(New Zealand 
white rabbits) 20 (5) 

Immediately 
0.53, 

polystyrene 
plate 

virus for 
VEGF over 
expression 

3 1 8 

Sham surgery 
 

Modulated sheet 

 

 
 
 
Sham surgery 

 

↔ 
 

↔ 
 

↑ 

↓ 
 

↑ 
 

↓ 

↑ 
 

↓ 
 

↑ 

↓                
 

↑ 

↓ 

Dilated cardiomyopathy 

Hamdi, 
2013 

(39) 

Allogeneic 
(from 

C57BL/6J into 
invalidated 
SRF mice) 

39 (20) 
3 

3.4, thermo-
responsive 

dish  
2 1 3 Sham surgery 

  ↑  ↔ ↓ 

Table 2. Summary of cardiac study characteristics. ASC = adipose tissue- derived stem cell. MCL = Magnetic cationic liposomes. CPC sheet = cardiac progenitor 
cell sheet. DFB sheet = dermal fibroblast sheet. CLC sheet = ASC-derived cardiomyoblast like cell sheet. SMB = skeletal myoblast cells. VEGF=Vascular endothelial 
growth factor. PBS = phosphate buffer saline. Sham surgery animals are untreated after disease is induced. ↑ represents increase ↓represents decrease ↔ represents 
not significant different. 
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ASC sheets in full-thickness skin wounds 

 
Four studies evaluated the effect of ASC sheets on the healing of full-thickness skin 
wounds (30, 40, 41, 46). In all studies, ASC sheets were applied immediately after 
wounding, either in a diabetic rat model (46), delayed wound healing models using 
mitomycin C (41), weekly injections of depomedrol (30), splints (40, 41). One study used 
allogeneic ASC sheets for transplantation (46), 3 studies used xenogenic human ASC 
sheets for transplantation in immunodeficient (40, 41) or immunocompetent mice 
(30)(Table 3).  
 
Wound size and wound closure time 
 
Wound size and closure time were decreased in animals treated with an ASC sheet 
compared to animals receiving sham surgery and PBS injection in 3 studies (40, 41, 46). 
In the study of Yu et al. (41), a smaller wound size in the ASC sheet group was reported 
only at day 11 post wounding. Lin et al. (40) reported a smaller wound size at days 7, 10, 
and 14 but not at day 21 in animals receiving ASC sheets and a similar wound closure 
time to animals that received sham surgery only. Additionally, mice treated with 3-layer 
ASC sheets had significantly smaller wound sizes than animals receiving 1-layer ASC 
sheets (40). Cerquiera et al (30) stated no difference in wound size or wound closure 
time between untreated animals and animals receiving ASC sheets after wounding 
(Figure 4A-B).  
 
Vascularization  
 
Four studies evaluated capillary density between animals treated with an ASC sheet, 
sham surgery (30, 40, 46) or ASC injection (41). A higher capillary density 14 days post 
wounding was found in two studies after application of an ASC sheet than with sham 
surgery (46) or ASC injection (41) (Figure 4C). Two studies found no difference in 
capillary density (30, 40) but found an increase in vessel diameter after the application 
of single or three-layered ASC sheets compared to sham surgery (30).  
 
Wound maturation 
 

At 14 days post wounding, an increase in connective tissue (46), collagen (40) or a higher 
number of epidermal cells (41) was reported after application of an ASC sheet to the 
dermal wound compared to the sham surgery group. Similarly, at 21 days post wounding 
Cerquiera, et al. (30) showed fully re-epithelialized wounds with hair follicles in the ASC 
sheet treated group whereas the wounds in the untreated group were only covered by a 
thin epithelial layer without hair follicles, suggesting a higher degree of epidermal 
maturation after application of an ASC sheet (Figure 4D).  

Taken together, beneficial effects of ASC sheets were seen in all 4 studies on regeneration 
of full thickness skin wounds, both in models for (delayed) wound healing and diabetic 
skin wounds. A faster decrease in wound size and an increase in wound maturation were 
noted. These four studies also included a study with the least risk of bias. Based on this, 
it seems that ASC sheet application is also beneficial for skin healing. However, the small 
number of studies and lack of information to score the risk of bias makes it difficult to 
draw firm conclusions for further clinical translation.  



 
 

 

 

 

Table 3. Summary of full thickness skin wound study characteristics 

Author, 
year 

(ref. no.) 

ASC graft/ 
species of animal 

model 

Number of 
animal in the 

study 
(animal in 

ASC sheet 
group) 

Impaired 
wound 
healing 
(Yes or 

No) 

Sheet technology 
(cells/cm2) and 

culture dish 

Sheet pre-
implantation 
culture time 

(days) 

Sheet 
layers 

(number) 

Follow up 
period after 

sheet 
implantation 

(weeks) 

ASC sheet 
group 

compared to: 

Wound 
size 

Wound 
closure 

time 

Capillary 
density 

Wound 
maturation 

Cerquiera, 
2013         

(30) 

 

Xenogeneic 
(human ASC into 

Balb/c mice 

36 (24) Yes 3x105, thermo-
responsive dish 

5 3 3 Sham surgery 
 

ASC sheet on 
Polystyrene 

↔ 
 

      ↔ 

↔ 
 

↔ 

↔  
 

↔ 

↑ 
 

↑ 

3x105, Polystyrene 
culture dish 

5 3 3 Sham surgery ↔ ↔ ↔ 

 

↑ 

 

Kato, 
2015 

 

(43) 

 

Allogeneic (ASC 
from Lewis rats 

into Zucker 
diabetic fatty rats) 

48 (24) Yes 1,7x104, thermo- 
responsive dish 

7-8 1 6 Sham surgery ↓ ↓ ↑ ↑ 

Lin, 2013 

 

(44) 

 

Xenogeneic 
(human ASC into 

athymic nude 
mice) 

18 (12) No Density not indicate 
but 1x106 per cell 

sheet  

(unknown dish size) 

thermo-responsive 
dish 

Until confluence 1 3 

 

Sham surgery 
 

3 layers 

↓ 
 

↑ 

 
↔ 

 
↔ 

↑ 
 

↓ 

3 3 Sham surgery ↓  ↔ ↑ 

Yu, 2014 
 

(45) 

Xenogenous 
(human ASC into 

nude mice) 

15 (5) Yes 9.09 x103, Polystyrene 
culture dish 

7 1 2 PBS injections 
 

ASC injections 

↓ 
 

↔ 

↓ 
 

↔ 

 

          
        ↑ 
 

↑ 

 

Table 3. Summary of full thickness skin wound study characteristics. ASC = adipose tissue-derived stem cell. Sham surgery animals are untreated after disease 
is induced. ↑ represents increase ↓represents decrease ↔ represents not significant different. 
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Table 4. Characteristics of hind limb ischemia study 

Author, 
year 

(ref. No.) 

ASC 
graft/ 

species 
of animal 

model 

Number 
of animal 

in the 
study 

(animal in 
ASC sheet 

group) 

Time 
between 
disease 

induction 
and sheet 

application 
(weeks) 

Sheet 
seeding 
density 

(x 105 cells/ 
cm2) and 

culture dish 

ASC sheet 
modulate

d with 

Sheet pre-
implantation 
culture time 

(days) 

Sheet 
layers 

(Number
) 

Follow up 
period after 

sheet 
implantation 

(weeks) 

ASC sheet group 
compared to: 

Modified ASC 
sheet 

compared to 

Limb 
perfusion 

Capillary 
density 

Viable 
tissue 

(%) 

Inflammation 
and necrosis 

(%) 

Makarevich, 
2015 

(24) 

 

Allogenic 
(C57/B6 

mice) 

30 (14) Immediatel
y 

2.63, 12-
well 

Polystyrene 
culture dish 

 

virus for 
VEGF over 
expressio

n 

2 1 2 Sham surgery 
 

Modulated 
sheet 

 
ASC injection 

 
 
 
 
 
 

Sham surgery 

  ASC injection 

↑ 
 

↓ 
 

↑ 
 

↑ 
 

↑ 

↑ 
 

↓ 
 

↑ 

↑ 

↑ 

↑ 

↓ 
 

↑ 

↑ 
 

↑ 

 

↑ 

↓ 
 

↑ 

↑ 
 

↑ 

 

 

Table 4. Summary of limb ischemia study characteristics. ASC = adipose tissue-derived stem cell. VEGF = vascular endothelial growth factor. Sham surgery animals 
are untreated after disease is induced. ↑ represents increase ↓ represents decrease ↔ represents not significant different. 
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Table 5. Characteristics of digestive tract injury 

Esophageal submucosal dissection  

Author, 
year  

(ref. No.) 

ASC graft/ 
species of 

animal 
model 

Number 
of animal 
in the 
study 

(animal in 
ASC sheet 

group) 

Time between 
disease 

induction and 
sheet 

application 
(days) 

Sheet seeding 
density 

(cells/ cm2) 
and culture 

dish 

Sheet pre-
implantation 
culture time 

(days) 

Sheet 
layers 

(Number) 

Follow up 
period after 

sheet 
implantation 

(weeks) 

ASC sheet group 
compared to: 

Dysphagia Stricture  

(Degree of 
stenosis) 

Epithelium 
thickness 

Fibrosis  

Perrod, 
2016      

(31) 

 

Allogenic 

(porcine) 

11 (6) Immediately 4.3x104, 
thermo-

responsive 
dish  

0.5  2 4 Sham surgery with 
support membrane 

 
 

↓ 
 
 

↓ 
 
 

↑ 

 

↓ 

Oral ulcer 
      

Author, 
year  

(ref. No.) 

ASC graft/ 
species of 

animal 
model 

Number 
of animal 

in the 
study 

(animal in 
ASC sheet 

group) 

Time between 
disease 

induction and 
sheet 

application 
(days) 

 

Sheet seeding 
density 

(cells/ cm2) 
and culture 

dish 

Sheet pre-
implantation 
culture time 

(days) 

Sheet 

 layers 
(Number) 

Follow up 
period after 

sheet 
implantation 

(weeks) 

ASC sheet group 
compared to: 

Ulcer size Epithelium 
thickness 

  

Lee, 2017      

(42)      

Allogenic 

(rabbit) 

12 (6) 2 2 x 106 per 
dish(unknown 

dish size), 
thermo-

responsive 
dish  

unknown 1 1 Sham surgery  
 
 

↓ 
 
 

↑ 
 

 
 

 

  

 

Table 5. Summary of digestive tract injury study characteristics. ASC = adipose tissue-derived stem cell. Sham surgery animals are untreated after disease is 
induced. ↑ represents increase ↓represents decrease ↔ represents not significant different
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Figure 4. Effects of ASC sheet application on different regenerative processes in full thickness skin 
wounds. A) Wound size; B) wound closure; C) capillary density; D) wound maturation. Outcomes after 
application of ASC sheets were compared to different groups; PBS injection or sham surgery (black bars), 
injection of ASC suspension (gray striped bars), or an ASC sheet consisting of three layers (white bars). 
Each bar represents the number of studies. Each bar represents the number of studies, of which 
characteristics can be found in table 3. 

 

ASC sheet in hind limb ischemia  
 
One study (24) evaluated the effect of allogeneic ASC sheet application in a mouse model 
with induced hind limb ischemia. ASC sheets or ASC sheets overexpressing VEGF, ASC 
injection or sham surgery were applied to the ischemic muscle after inducing hind limb 
ischemia in mice. Application of ASC sheets as well as VEGF overexpressing ASC sheets 
resulted in a higher capillary density and increased limb perfusion compared to ASC 
injection or sham surgery (Table 4). The VEGF overexpressing ASC sheets induced a 
significantly higher limb perfusion than ASC sheets 14 days after application. In addition, 
ASC sheets and especially VEGF overexpressing ASC sheets significantly reduced muscle 
necrosis and inflammation  
 
ASC sheets in digestive tract injury 
 
One study (31) evaluated the effect of allogeneic ASC sheet application in a porcine model 
after esophageal submucosal dissection. Two layers of ASC sheets supported by a 
membrane were endoscopically transplanted and compared with a control group 
that only received the membrane. Allogeneic ASC sheet application resulted in a 
lower incidence of severe strictures 3 days after surgery and less strictures at 2 and 
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4 week after surgery than the control group. ASC sheet application also caused a reduction 
in fibrosis and dysphagia, which resulted in more weight gain.  

One other study (42) evaluated the effect of allogenic ASC sheet application on 
chemically induced oral mucosal ulcers in rabbits. ASC sheet application resulted in 
accelerated full-thickness healing of the anterior gingiva and buccal mucosa as compared 
to sham operation (Table 5).  

When applied to an esophageal wound, ASC sheets decreased the degree of stricture 
formation. When applied to oral mucosal ulcers, ASC sheets accelerated full-thickness 
healing. Even though these results are promising and one of these 2 studies is a relatively 
low risk bias study, more studies are needed to confirm the positive effect of ASC sheet 
therapy for these applications. 

 
ASC sheet preparation techniques  
 
Even though in general ASC sheets were beneficial for tissue regeneration, not all 
parameters improved in all studies. This might be due to the fact that preparation 
technique, cell number, and cell density varied in the ASC sheets between the different 
studies, and that the measured parameters, methods, or time between disease induction 
and sheet application was different. To create ASC sheets, different protocols were used. 
ASC seeding density (seeding in high confluency versus seeding them in low density until 
confluence), culture time, type of culture dish (normal versus thermo-responsive) and 
culture conditions used to obtain ASC sheets, as well as the number of ASC sheets stacked 
before transplantation (1 sheet versus 3 stacked sheets) varied between different studies 
as mentioned in tables 2-5. As shown by papers included in this review, xenogeneic or 
allogeneic ASC sheet transplantation can be successfully used to promote tissue healing 
in both immunocompromised (25, 37, 40, 41) and immunocompetent (23, 24, 30, 31, 39, 
46) recipients. These studies also included the least and low risk bias studies. Most of the 
studies in this review (12 out of 16) seeded ASC at a density higher than 1x105 cells/mm2 

and culture time varied from 1-8 days or until confluence. Despite the fact that some in 
vitro studies report about how different seeding densities influenced ASC paracrine ability 
(17, 47-49), the effect of ASC seeding density in vivo was not indicated in any of these 
studies. Whether seeding density affected the ability of ASC sheets to promote tissue 
healing is unknown.  

Application of multi-layered sheets instead of single layered sheets on full thickness 
skin wounds resulted in a smaller wound size, but not in a reduction of wound closure 
time. Wound capillary density was also lower after application of multi-layered sheets 
compared to sham surgery.  

Temperature responsive culture plates were mainly used to produce the ASC sheets 
in the studies used for this review (12 out of 16). Alternative methods for creation of ASC 
sheets are the use of classical polystyrene culture plates or the use of ultra-low 
attachment plates coated with magnetic cationic liposomes (26). Two studies investigated 
whether a temperature responsive plate altered the behavior of ASC sheets when 
compared to classical polystyrene plates. Hamdi, et al. reports similar gene expression 
patterns of ASC sheets after being cultured in classical polystyrene culture plates or in 
temperature–responsive culture plates (29). On the other hand, Cerquiera, et al. reported 
that ASC sheets from temperature responsive plates could be more easily stacked to form 
an ASC construct than polystyrene cultured and mechanically detached ASC sheets, and 
showed more significant improvement in full-thickness skin healing (30). Based on the 
papers included in this review however it is difficult to conclude which method is superior 
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for producing an ASC sheet since not only one single factor contributes to the beneficial 
effect of ASC sheets.  

Three studies with low risk of bias report beneficial effects of modulated ASC sheet 
using ASC overexpressing VEGF (23, 24) or making a composite sheet of ASC with other 
cell types such as SMB (25). Overexpression of VEGF by ASC improved the therapeutic 
efficacy (24) probably by promoting cell survival in the hypoxic environment (i.e. 
ischemic myocardium) after application (23). The fact that ASC-SMBs combined sheets 
resulted in an even greater improvement of cardiac function when compared to ASC 
sheets might be caused by a synergistic effect in their paracrine ability (25). These results 
indicate possibilities to further enhance the beneficial effects of ASC sheets on tissue 
healing. 
 

 Hypothesized mechanism  
 
In order to investigate the mechanism behind the effect of ASC sheets on tissue healing, 7 
studies, including 2 studies that had the least risk of bias, detected endothelial cells that 
were derived from implanted ASC. One study also claimed that ASC differentiated towards 
pericytes (33). Two of the 5 studies that investigated differentiation towards 
cardiomyocytes, reported this actual differentiation, of which one had a low risk of bias 
(29). Conflicting evidence exists on differentiation towards the epidermal lineage; one 
study with a low risk of bias reports that epidermal cells were derived from the 
transplanted ASC sheets (30) and one with a higher risk of bias indicated no dermal 
differentiation (33). For some cardiac muscle healing parameters, CPC sheets and CLC 
sheets performed even better than ASC sheets in tissue regeneration. One explanation for 
these findings might be that these sheets contained already differentiated cells closely 
resembling the recipient tissue but still with precursor characteristics including the 
ability to secrete paracrine factors that promote tissue healing. In comparison to CLCs and 
CPCs however, ASC are more readily available, can be harvested less invasively, and 
require less complex culture protocols (50).  

Six studies showed an increase in gene expression and secretion of tissue healing 
factors after transplantation of ASC sheets compared to sham surgery. These factors 
included VEGF (25, 33, 35, 38), hepatocyte growth factor (HGF) (25, 38), basic fibroblast 
growth factor (bFGF) (33, 34, 38), insulin like growth factor 1 and 2 (IGF1 and IGF2), 
transforming growth factor 1 (TGF-1) and epidermal growth factor (EGF) (34). Four of 
these studies also showed the high production or expression of VEGF, bFGF, HFG, TGF-
β1,EGF, IGF1 and 2, collagen I, interleukin 1 receptor antagonist (IL-1ra), adiponectin and 
fibronectin by the ASC sheets prior to transplantation (25, 33, 34, 43). In addition, some 
studies have shown that ASC cultured in a high density sheet have higher expression of 
several factors such as VEGF and FGF2 and lower expression of the pro-inflammatory 
cytokine such as tumor necrosis factor alpha than ASC cultured in a low density (34, 48), 
supporting the earlier mentioned results. Myocardial stress-induced biomarkers such as 
ANP and bone morphogenic protein 4 (BMP4) were decreased after the application of an 
ASC sheet (39). Taken together, ASC sheet paracrine signaling and ASC differentiation into 
other cell types might have contributed to the beneficial effects of ASC sheets on tissue 
healing (Figure 5) (51). Further investigation however needs to be done to confirm these 
results.  
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Figure 5. The hypothesized working mechanism behind the beneficial effects of adipose tissue-
derived cell (ASC) sheets on wound healing in different disease models. Left panel (blue) indicates the 
paracrine ability of ASC sheet. Each factor was investigated after ASC sheets were transplanted in vivo. TGFβ 
= transforming growth factor beta. bFGF = basic fibroblast growth factor. VEGF = vascular endothelial 
growth factor. HGF = hepatocyte growth factor. EGF = epithelial growth factor. Right panel (orange) 
indicates the differentiation ability of ASC in the sheet towards different cell types that were investigated in 
the studies included in this review. ECM = extracellular matrix (51). 

 

ASC sheets in different disease models 
 
A variety of disease models were used in the included studies in which the ASC sheets 
were applied, which all have different effects on the created wounds and their healing. 
The methods of creating the wound or the wound environment (ischemic or normoxemic) 
most likely will alter the therapeutic effect of the ASC sheet. ASC sheet ability to increase 
capillary density seems obvious in a disease model with ischemia or hypoxia of the tissue 
such as cardiac infarction (23, 25, 32-34), diabetic wounds (46), or hind limb ischemia 
(24), whereas this effect is less expected in dilated cardiomyopathy (39). This might be 
due to the fact that ASC sheets in an hypoxic environment secrete or express factors 
beneficial for angiogenesis, such as VEGF and FGF2, at an higher level than with normoxia 
(33, 38). 
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Conclusion  
 
Arrays of preclinical studies have investigated the effect of ASC sheet transplantation on 
the healing of different tissues. Eighteen studies investigated the effect of ASC sheet 
application in animal models for the regeneration of five different tissues, namely cardiac 
tissue, skin, ischemic muscle, esophagus and oral mucosa. In general, 17 out of these 18 
studies found a beneficial effect of ASC sheets on tissue regeneration. ASC sheets promote 
tissue healing in at least cardiac tissue and skin, with the most evidence existing for 
cardiac experimental models. ASC sheets promoted tissue healing by stimulating 
angiogenesis and positively influencing other parameters –survival, function, capillary 
density and wound size. Based on this, we conclude that ASC sheets are indeed beneficial 
for healing of cardiac muscle and full thickness skin wounds. A similar beneficial effect of 
ASC sheets on tissue healing in a hind limb ischemia model and in esophageal and oral 
mucosal wounds has only been demonstrated once to our knowledge (24, 31, 42). In 
general, the application of an ASC sheet resulted in better tissue recovery, regeneration, 
and function than sham surgery, PBS, or ASC injection, and non-ASC sheets. ASC sheets 
modulated to overexpress VEGF or composite ASC sheets enhanced the beneficial effects 
of ASC sheets on tissue healing. These promising results warrant future investigation of 
the effect of ASC sheets on the healing of other types of tissues. In addition, to enhance the 
beneficial effects of ASC sheets, modulating ASC sheets seems promising. Further in vitro 
and in vivo studies should focus on standardization of culture techniques and 
investigation of the mechanisms of action. Moreover, experimental set-up details should 
be clearly indicated according to the SYRCLE’s guidelines in order to be useful for 
translation to future clinical application. 
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Embase.com  

('adipose derived stem cell'/exp OR 'adipose tissue'/exp OR 'adipose tissue cell'/exp 

OR (Adipo* OR adsc OR adscs OR asc OR ascs OR hasc OR hascs OR 

'subcutaneous fat' OR (fat NEAR/3 tissue*)):ab,ti) AND (sheet* OR (skin NEAR/3 

substitut*)):ab,ti 

 

Medline (OvidSP)  

(exp "adipose tissue"/ OR (Adipo* OR adsc OR adscs OR asc OR ascs OR hasc OR 

hascs OR "subcutaneous fat" OR (fat ADJ3 tissue*)).ab,ti.) AND (sheet* OR (skin 

ADJ3 substitut*)).ab,ti. 

 

Cochrane   

((Adipo* OR adsc OR adscs OR asc OR ascs OR hasc OR hascs OR 'subcutaneous 

fat' OR (fat NEAR/3 tissue*)):ab,ti) AND (sheet* OR (skin NEAR/3 

substitut*)):ab,ti 

 

Web of science  

TS=(((Adipo* OR adsc OR adscs OR asc OR ascs OR hasc OR hascs OR 

"subcutaneous fat" OR (fat NEAR/3 tissue*))) AND (sheet* OR (skin NEAR/3 

substitut*))) 

 

Scopus  

TITLE-ABS-KEY(((Adipo* OR adsc OR adscs OR asc OR ascs OR hasc OR hascs 

OR "subcutaneous fat" OR (fat W/3 tissue*))) AND (sheet* OR (skin W/3 

substitut*))) 

 

Pubmed publisher  

("adipose derived stem cell"[mh] OR "adipose tissue"[mh] OR "adipose tissue 

cell"[mh] OR (Adipo*[tiab] OR adsc OR adscs OR asc OR ascs OR hasc OR hascs 

OR "subcutaneous fat" OR (fat AND tissue*[tiab]))) AND (sheet*[tiab] OR (skin 

AND substitut*[tiab])) AND publisher[sb] 

 

Google scholar 

Adipose|adsc|adscs|asc|ascs|hasc|hascs|"subcutaneous fat"|"fat  tissue" "cell 

sheet|sheets"|"skin  substitute|substitutes" 

Supplementary Figure S1. Search strategy  
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    Supplementary Figure S2.Questions from SYRCLE's risk of bias tool to assess risk bias 

 

  

 

1) Was the allocation sequence adequately generated and applied? 

Did the investigators describe a random component in the sequence generation 

process? 

2) Were the groups similar at baseline? 

Was the distribution of relevant baseline characteristics balanced for the 

intervention and control group? 

Was the timing of disease induction adequate? 

3) Was the allocation to the different groups adequately concealed during the 

study? 

Could the investigator allocating the animals to intervention or control group not 

foresee assignment? 

4) Were the animals randomly housed during the experiment? 

Did the authors randomly place the cages or animals within the animal room/ 

facility? 

5) Where the caregivers and/or investigators blinded from knowledge which 

intervention each animal received during the experiment? 

Was there blinding of caregivers and investigators? 

6) Where animals selected at random for outcome assessment? 

Did the investigators randomly pick an animal during outcome assessment? 

7) Was the outcome assessor blinded? 

Was the outcome assessor blinded for each main outcome? 

8) Were incomplete outcome data adequately addressed? 

Was animal drop out addressed? 

9) Are reports of the study free of selective outcome reporting?    

Was the study protocol available and were all of the study’s pre-specified primary 

and secondary outcomes reported in the current manuscript. If the protocol was 

not available, was it clear that the published reports included all expected 

outcomes? 

10) Was the study apparently free of other problems that could result in high 

risk of bias? 

Was the study free of conflict of interest or inappropriate influence of funders? 
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Abstract 
 
Anastomotic leakage is a disastrous complication after colorectal surgery. Although 
current methods for leakage prevention have different levels of clinical efficacy, they are 
until now imperfect solutions. Stem cell therapy using ASC sheets could provide a solution 
to this problem. ASC are considered promising candidates for promoting tissue healing 
because of their trophic and immunomodulatory properties. Here, methods are provided 
to produce high-density ASC sheets that are transplanted onto a colorectal anastomosis 
in a rat model to reduce leakage. ASC formed cell sheets in thermo-responsive culture 
dishes that could be easily detached. On the day of transplantation, a partial colectomy 
with a 5-suture colorectal anastomosis was performed. Animals were immediately 
transplanted with 1 ASC sheet per rat. ASC sheets adhered spontaneously to the 
anastomosis without the need for glue, suture, or any biomaterial. Animal groups were 
sacrificed 3 and 7 days postoperatively. Compared to transplanted animals, the incidence 
of anastomotic abscesses and leakage was higher in control animals. In our model, the 
transplantation of ASC sheets after colorectal anastomosis was successful and associated 
with a lower leakage rate.  
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Introduction 
 
Partial colectomy with a primary anastomosis is a commonly performed surgery that can 
be done for many diseases affecting the colon such as colorectal cancer, Crohn’s disease 
and diverticulitis (1, 2). The most dreaded complication after colorectal anastomosis is 
anastomotic leakage (3). Although several risk factors associated with anastomotic leaks 
have been identified, solutions for preventing leakage remain far away (4, 5). 
 Adipose tissue-derived stromal cells (ASC) are associated with anti-inflammatory 
and trophic properties (6, 7) which makes these cells promising candidates for 
regenerative therapies (8). The effectiveness of ASC to promote tissue healing was shown 
in various tissues such as cardiac muscle, skin, and oesophagus (9-13). However, there 
are few reports on the use of ASC to promote intestinal healing. Local transplantation of 
ASC to experimental colorectal anastomoses via ASC-coated biosutures or serosal 
injections of ASC showed either no improvement in healing (14) or did not prevent 
anastomotic leakage despite a more favourable anastomotic healing (15). 
 Local transplantation of ASC in suspension or combined with biomaterials might 
be associated with insufficient cell retention or an inadequate distribution of transplanted 
cells (11). Cell sheet technology (16, 17) offers an innovative method of ASC delivery (18, 
19). Therefore, in a previous study, a novel approach was proposed in which ASC 
organized in a cell sheet could be applied on experimental colorectal anastomosis (20). 
This study demonstrated that ASC sheet transplantation is successful in reducing 
colorectal anastomosis leakage after partial colectomy in a rat model. This article reports 
ASC sheet preparation and surgical transplantation technique.  
 

Protocol 
 
Subcutaneous abdominal adipose tissue was obtained from human donors with approval 
of the Medical Ethical Committee (#MEC-2014-092), Erasmus MC University Medical 
Center, Rotterdam, The Netherlands. All animal experiments were approved by the 
Ethical Committee of Animal Experimentation, Erasmus MC University Medical Center, 
Rotterdam, The Netherlands (133-14-01).  
 

1. Human ASC isolation and culture 
 

1.1. Make isolation medium (3 mL for 1 g of adipose tissue): Mix low glucose Dulbecco's 
Modified Eagle's medium (LG-DMEM) with 10 g/L Bovine Serum Albumin (BSA) and 1 
g/L collagenase type 1. 
1.2. Dissect human subcutaneous abdominal adipose tissue (n=8, all women, mean age 
40±9 years old) to small pieces of 0.5 cm using a sterile surgical blade size 10, Adson-
Brown tissue forceps and Metzenbaum scissors in a sterile Biological Safety Cabinet. Store 
the dissected tissue in a sterile glass media storage bottle. Weigh the total amount of 
dissected abdominal subcutaneous adipose tissue and start digestion with the prepared 
isolation medium (use 50 g adipose tissue with 150 mL isolation medium per bottle).  

 
NOTE: The protocol can be paused here by storing the bottle including the dissected 
adipose tissue and isolation medium at 4°C on a roller mixer overnight. Then prewarm 
the next day to room temperature 25°C for 15 min before continuing with the next step. 
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Subcutaneous abdominal adipose tissue was obtained as leftover material from donors 
undergoing breast reconstruction surgery with approval of the Erasmus MC Medical 
Ethical Committee (# MEC-200) and according to the Code of Conduct: “Proper Secundary 
Use of Human Tissue" (http://www.federa.org). Leftover adipose tissue was only used 
from donors who did not opt-out to such use. 
1.3. Digest the dissected adipose tissue in a sterile glass media storage bottle in a 
shaker-incubator at 150 rpm and 37 °C for 1 h.  
1.4. Divide the digested solution into 50 mL tubes and centrifuge the tubes for 10 min 
at 390 x g. 
1.5. Make culture medium: LG-DMEM supplemented with 10% fetal bovine serum 
(FBS), 50 µg/mL gentamicin and 1.5 μg/mL ampothericin B. 
1.6. Following centrifugation, remove the supernatant and resuspend the cell pellet in 
20 mL culture medium (LG-DMEM supplemented with 10% fetal bovine serum (FBS), 50 
µg/mL gentamicin and 1.5 μg/mL ampothericin B). Centrifuge again for 5 min at 390 x g 
and remove the supernatant. 
1.7. Resuspend the cell pellet with 10 mL culture medium (LG-DMEM supplemented 
with 10% FBS, 50 µg/mL gentamicin and 1.5 μg/mL ampothericin B) and filter the cell 
suspension through a 100 µm filter. 
1.8. Perform cell counting with a hemocytometer after addition of 50 μL 3% acetic acid 
/methylene blue solution -for red blood cell lysis- to 50 μL cell suspension then mix and 
use 10 μL to count and calculate amount of cells . Then plate the cells at a density of 40,000 
cells/cm2 in culture medium (LG-DMEM supplemented with 30% FBS, 50 µg/mL 
gentamicin and 1.5 μg/mL ampothericin B). 
1.9. Incubate at 37 °C in a humid atmosphere with 5% CO2 for 24 h. 
1.10. Following incubation, wash the cells with warm (37°C) phosphate buffered saline 
(PBS) to remove cell debris and refresh with 10% FBS culture medium and freshly added 
ascorbic acid-2-phosphate (25 μg/mL) and human recombinant fibroblast growth factor 
2 (FGF2, 1 ng/mL). 
1.11. Subculture ASC at 90% confluence using standard 0.25% trypsin EDTA solution (3 
mL for a T175 flask). After 3-5 min, neutralize the 0.25% trypsin EDTA solution with 10 
mL culture medium (LG-DMEM supplemented with 10% FBS, 50 µg/mL gentamicin and 
1.5 μg/mL ampothericin B).  
Note: Flow cytometry analysis using common ASC surface markers and tri-lineage 
differentiation assays were performed previously and revealed that ASC isolated using 
this protocol displayed ASC specific characteristics (21, 22)  
1.12. Wash the cells with culture medium (LG-DMEM supplemented with 10% FBS, 50 
µg/mL gentamicin and 1.5 μg/mL ampothericin B) using 10 mL for a T175 flask and 
centrifuge 8 min at 250 x g. Remove the supernatant and resuspend the cells in 1 ml 
culture medium. Count the cells with a hemocytometer. 
1.13. Expand the cells in T175 culture flasks starting at a density of 8,000 cells/cm2. 
1.14. Freeze remaining ASC at passage 2-3 in liquid nitrogen with 10% DMSO in culture 
medium before further use. 
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2 ASC sheet preparation 
 

2.1 Precoat thermo-responsive culture dishes (3.5 cm diameter) with 1 mL of FBS, 
then place the dishes in an incubator at 37°C for at least 30 min before cell seeding.  
2.2 Trypsinize ASC using standard 0.25% trypsin EDTA solution for 3-5 min (3 mL for 
a T175 culture flask). Neutralize the trypsin solution with LG-DMEM supplemented with 
10% FBS (10 ml for a T175 flask) and centrifuge the cell suspension for 8 min at 250 x g. 
Remove the supernatant and resuspend the cells in 1 ml LG-DMEM supplemented with 
10% FBS.  
Caution: If there are any cell clumps after trypsinization, filter the cells through a 100 µm 
filter before counting. 
2.3 After coating the thermo-responsive culture dishes with FBS, move the dishes 
from the incubator to a warming plate that is set at 37°C and remove FBS from the dish.  
2.4 Seed ASC at 400,000 cells/cm2 (in total 3.52x106 cells diluted in 2 mL culture 
medium per dish). 
2.5 Carefully distribute the cells as evenly as possible by gently swinging the dish. 
2.6 Culture ASC sheets for 48 h at 37°C in a humid atmosphere with 5% CO2. 
NOTE: try to minimize opening the door of the incubator after seeding ASC to prevent 
temperature drops that may interfere with ASC sheet formation or cause premature 
detachment of formed ASC sheets. 
 

3 Partial colectomy and colorectal anastomosis 
 

3.1 Induce and maintain Male Wistar rats (weighing between 250–350 g) with 
isoflurane (1.5-5%)/oxygen (flow rate 1L/min) inhalation and inject 0.05 mg/kg 
buprenorphine intramuscularly.  
3.2 Once the animals are under general anesthesia, assess anesthetic depth using 
reflex testing. Apply vitamin A containing eye ointment to the eyes to prevent dryness. 
When anesthesia is considered sufficient for surgery, aseptically prepare the abdomen by 
shaving hairs and spraying the surgical area twice with 70% ethanol. Drape the abdomen 
with sterile paper drapes. Use an aseptic technique and maintain the sterile field during 
the whole surgical procedure.  
3.3 Make a midline abdominal incision of 5 cm with a sterile surgical blade size 10 and 
extend the incision with Metzenbaum scissors. Identify and exteriorize the colon and pack 
the colon off from the remainder of the abdominal cavity with saline moistened gauzes. 
Identify the right, middle, and left colic arteries in the mesentery, bluntly dissect around 
each vessel using a Halsted mosquito and ligate each individual vessel with non-
absorbable braided silk 4/0. 
3.4 Isolate the colonic segment between 1.0 cm aborally to the cecum and 0.5 cm 
above the caudal mesenteric artery. Transect through healthy colon using Metzenbaum 
scissors. After resection of the colonic segment, the proximal and distal ends of the colon 
were brought together by introducing two long cotton swabs trans-anally through the 
distal colon, and then into the proximal colon end.  
3.5  Using a surgical microscope an insufficiently sutured end-to-end anastomosis was 
created by one-layer inverting suturing using 5 interrupted sutures (non-absorbable 
monofilament polyamide 8/0). Place the interrupted sutures through all layers of the 
colon wall and position the knots extraluminally.  
3.5.1 Divide rats randomly into control or ASC sheet group.  
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4 ASC sheet transplantation 
 

4.1 Allow the culture dishes to cool down to room temperature 40 min before in vivo 
transplantation, to facilitate ASC sheet detachment.  
NOTE: After detachment, ASC sheets shrink to approximately 2 cm in diameter. ASC 
sheet viability remains high for at least 3-6 h after detachment (20). 
4.2 Remove the culture medium and refresh with 1 mL serum free LG-DMEM. 
4.3 Gently grab the rims of the ASC sheet with two opposing atraumatic forceps and 
place the dish-side of the ASC sheet on top of the anastomotic line. 
4.4 Carefully stretch out the ASC sheet approximately 0.25 cm above and below the 
anastomotic line using the two atraumatic forceps and wrap the sheet around the colon 
(to be able to wrap the ASC sheet around the dorsal side, lift up the colon).  
NOTE: ASC sheets adhere spontaneously to the anastomotic line, there is no need to use 
tissue glue or any other biomaterial. The control group does not receive any additional 
treatment. 
4.5 Remove the cotton swabs and change gloves and instruments. Replace the colon 
in the abdomen. Close the abdomen; linea alba with one layer of running sutures 
(absorbable braided polyglycolic acid 5/0). Suture subcutis and cutis together in one layer 
of running sutures (absorbable braided polyglycolic acid 5/0). 

   

5 Post-operative evaluation and follow-up 
 

5.1 Rehydrate the animals with a subcutaneous injection of 5 mL warm saline 
immediately postoperatively. Recover the animals under a heat lamp to maintain body 
temperature and monitor vital signs until animals regain sufficient consciousness to 
maintain sternal recumbency. Animals that had undergone surgery were not returned to 
the company of other animals until fully recovered. After recovery, allow direct free 
access to water and regular rat chow. For post-surgical pain relief administer 0.05 mg/kg 
buprenorphine subcutaneously every 6-8 hours for 3 day. No antibiotics were 
administered after the recovery period.  
5.2 Follow up with animals for 3 or 7 days. Obtain daily clinical evaluations of wellness 
and weight variation. In case of a very low wellness sore and severe weight loss, animals 
should be euthanized. 
5.3 On postoperative day 3 or day 7, anesthetize the rats again and perform a re-
laparotomy with a U-shaped incision. Check the abdomen for signs of peritonitis, 
stricture, fibrous adhesions, and the presence of abscesses. Score the severity of 
adhesions and abscess both in the abdomen (elsewhere) and at the anastomotic area. 
5.4 Determine the anastomotic bursting pressure by insufflation of air in a closed 
segment of the colon including the anastomosis. Note the measured air pressure at time 
of the first air leak as bursting pressure, and note the place of rupture. 
5.5 Remove the colon from each sacrificed animal and fix the cut segment of the colon 
-containing the colorectal anastomosis- with 4% buffered formaldehyde. Follow by 
paraffin embedding and cutting the colon in 4 m thick sections. 
5.6 Euthanize animals while under anesthesia by cardiac puncture. Ensure animal 
death using clinical examination for the absence of breathing movement and a heartbeat. 
5.7 Perform histochemical stainings such as Hematoxylin & Eosin and Picro Sirius red, 
and immunohistochemical stainings with antibodies against for instance human 

mitochondria, rat endothelial cells (anti-CD34) and cells of the immune system (CD3+, 
CD163+). 
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5.8 Digitalize the slides for computerized analysis and compare the animal groups. 

 

Representative Results 
 
A study flow chart depicting both ASC sheet culture, as well as the procedure of colon 
resection and anastomosis is shown in Figure 1. Figure 2. shows ASC sheet microscopic 
morphology and the macroscopic appearance of the ASC sheet during and after 
detachment. Figure 3. shows the different steps of ASC sheet detachment and 
transplantation. Figure 4. shows the presence of the ASC sheet at the anastomotic line 
and prevention from leakage 3 days postoperatively.  
The follow-up period allowed for colorectal anastomosis evaluation. The different 
assessments are shown in the following figures and table. Compared to control animals, 
the transplanted animal groups showed less frequent anastomotic dehiscence and 
leakage on postoperative day 3 and less frequent abscess formation on postoperative day 
7. Compared to control animals, transplanted animals did not develop significant 
adhesions or stricture formation. Table 1. shows the macroscopic findings at the end of 
the follow up periods in transplanted and non-transplanted animals.  
 
 

 
  
Figure 1. Study flow chart. A) * ASC were isolated and expanded before seeding onto thermo-responsive 
culture dishes. ASC were seeded at a density of 400,000 cells/cm2 and cultured for 48 h before 
transplantation. On the day of transplantation, ASC sheet were detached by allowing the thermo-responsive 
culture dish to cool down to room temperature for 30 min. B) ** Scheme of surgical procedure; after ligation 
of supplying vessels a partial colectomy and colorectal anastomosis is performed. An ASC sheet was 
wrapped around the anastomosis in the ASC sheet group; a) caecum, b) terminal ileum, c) anus. *the 
schematic was partial adapted from online multimedia(23). **the schematic overview of the surgical 
procedure was partly adapted with permission from Wu Z. et al,.(24) (25) 
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Figure 2. ASC sheet before and after detachment. A) ASC sheet in thermo-responsive culture dishes after 
48 h of culture 40x magnification. ASC sheets were obtained by culturing ASC on commercial thermo-
responsive culture dishes. B-C) ASC sheet during (B) and after detachment (C). When the thermo-
responsive culture dishes were allowed to cool down to room temperature, the ASC sheet spontaneously 
detached from the dish surface as one intact ASC sheet. No enzymatic treatment was necessary. Notice the 
reduced diameter of the ASC sheet after detachment.  

 
 

Figure 3. ASC sheet transplantation. A) Depiction of ASC sheet orientation in the thermo-responsive 
culture dish. (26) B) Orientation of ASC sheet after transplantation. The dish side of the ASC sheet was 
placed on top of the serosal surface of the anastomotic line (anastomotic line is indicated with crosses). C) 
Intra-operative views of the different steps of transplantation. Two atraumatic forceps were used to lift up 
the ASC sheet and wrap it around the anastomotic line. White arrows indicate ASC sheet location. The 
images of transplantation were partly adapted with permission from Sukho, P., et al.(20)  
 

Discussion 

 
Anastomotic leakage is the most serious adverse event following colon resection with a 
primary anastomosis. Optimal techniques to prevent anastomotic disruption and leakage 
are still lacking. Local application of an array of biomaterials has been conducted, with 
varying results (27-29). The aim of cell therapies is to facilitate tissue repair by tissue 
replacement or stimulation of local healing through paracrine secretion. In this rat model, 
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ASC sheet transplantation was technically successful. Clinical and histological evaluations 
demonstrated the effectiveness of the ASC sheet at reducing leakage after colon resection 
with primary anastomosis.  

The transplantation of an ASC sheet to colorectal anastomoses is a novel approach 
in colorectal surgery. In this study, for the first time a high-density ASC sheet was 
transplanted. The choice for ASC delivered as a cell sheet was based on the previously 
reported advantages of cell sheet technology (30, 31) over conventional cell 
transplantation techniques. In addition, the choice for ASC was based on multiple studies 
that demonstrated their anti-inflammatory and trophic abilities, especially in cardiac 
muscle- and skin-healing (11, 12, 19, 32).  
 

 
 
Figure 4. Colorectal anastomosis macroscopic and histological evaluation. A-B) Compared to the 
control group, macroscopic observation showed reduced leakage and abscess formation at post-operative 
day 3 (A) and 7 (B), respectively. White arrows point at anastomotic area and black arrows point at 
transplanted ASC sheets. C) Representative cross-sections of the colorectal anastomosis site in transplanted 
animals stained with H&E. The sheet structure could be identified at the anastomosis site up to 7 days 
postoperatively. The images were partly adapted with permission from Sukho P., et al. (20). 
 

ASC sheet preparation and detachment can be challenging. In some ASC donors, 

ASC sheets detached prematurely from the culture dish and folded precluding their use. 

In this study, the exact cause for this problem in these specific donors was not identified. 
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Since a high consumption of culture medium was notified in these donors, it was assumed 

individual variations in proliferation rate may play an important role. Serum coating 

assisted in cell adhesion to the surface. Together with careful distribution of the cells in 

the culture dish and minimizing opening of the incubator door after seeding ASC 

(preventing temperature drops), less folding of the ASC sheets occurred. In this way, ASC 

sheets from all donors were successfully transplanted, confirming the feasibility of the 

technique.  
On the day of transplantation, most ASC sheets spontaneously detached after 

allowing the thermo-responsive culture dish to cool down to room temperature. 
However, a limited number of sheets did not fully detach. Gentle shaking of the culture 
dish or soft flushing at the rim using a pipette eventually assisted in complete detachment.  

For successful ASC sheet transplantation to colorectal anastomoses, several 
critical steps need to be addressed. First, excessive blood at the anastomosis site should 
be removed to ensure contact between the ASC sheet and the serosal surface. Second, the 
dish side of the ASC sheet should be placed on the serosal surface of the anastomosis. It is 
postulated that the function of cell sheets after harvest is maintained due to the 
preservation of cell surface proteins and cell-to-cell junction proteins. Additionally, the 
ability of ASC sheets to spontaneously adhere to the serosal surface in a short time might 
be facilitated by the presence of deposited ECM that is produced during in vitro culture 19-

21. Third, the size of the ASC sheet and the colon diameter should be comparable to allow 
complete coverage of the anastomosis site. When larger surfaces need to be covered the 
use of several sheets can be considered. 

The limitations of this protocol for ASC sheet preparation and transplantation are 
as follows: 1) When using thermo-responsive culture dishes to prepare the ASC sheet, the 
temperature should strictly be maintained at 37 °C during the entire process to prevent 
premature detachment. 2) After transplantation, the ASC sheet survival rate is not exactly 
known. Although previous experiments showed that ASC were viable at 3 days 
postoperatively, mitochondrial activity of these ASC was diminished at 7 days 
postoperatively17. The cell survival rate and dose effect of transplantation are important 
questions that need to be addressed in future studies. 3) Observer bias cannot be 
completely ruled out since the ASC sheet can be identified macroscopically and 
microscopically at post-operative evaluations. 4) Although transplanted animals did not 
show more postoperative adhesion formation compared to control animals17, evaluation 
of the colorectal anastomosis can be hindered by the presence of these intra-abdominal 
adhesions. 

An advantage of this application technique is that it is simple and easy to perform. 
With only a small amount of practice and using universal atraumatic forceps, intestinal 
surgeons should be able to wrap the ASC sheet around the anastomosis. In addition, 
surgery time is not greatly affected since ASC sheets immediately adhere to host tissues. 
Moreover, when using ASC sheets, no synthetic biomaterial remains in the body 
minimizing the risk of a foreign body reaction.  

Transplanted ASC organized in cell sheets demonstrated their ability to reduce 
colorectal anastomosis leakage. In view of these promising results, future studies should 
be conducted to evaluate long-term effects both for therapeutic and safety reasons. 
Besides that, several methods have been described to modify the therapeutic effects of 
ASC sheets such as inducing overexpression of vascular endothelial growth factor (33). 
These methods may further enhance tissue repair using ASC sheets and should be 
considered in future studies.  
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Abstract  
 
The most dreaded complication of colorectal surgery is anastomotic leakage. Adipose 
tissue-derived stem cell sheets (ASC sheets) prepared from temperature-responsive 
culture surfaces can be easily transplanted onto tissues. These sheets are proposed to 
improve cell transplant efficiency and enhance wound healing. The aim of this study was 
to investigate whether application of ASC sheets could prevent leakage of sutured 
colorectal anastomoses. Insufficient suturing of colorectal anastomoses was performed in 
Wistar rats to create a colorectal anastomotic leakage model. Rats were randomized to 
ASC sheet application or control group. Leakage, abscess formation, adhesion formation, 
anastomotic bursting pressure (ABP), and histology were evaluated on postoperative day 
3 or 7. ASC sheet application significantly reduced anastomotic leakage compared to 
controls, without increased adhesion formation. ASC sheet transplantation resulted in 
more CD3+ T-cells and CD163+ anti-inflammatory macrophages at the anastomotic site 
than the control group. ABP, vessel density and collagen deposition were not different 
between groups. Using cell sheet technology, we generated ASC sheets that prevented 
disruption of sutured colorectal anastomoses as shown by reduced leakage. Increased 
numbers of anti-inflammatory macrophages and T-cells might have contributed to this 
positive effect.  
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Introduction  

Gastrointestinal (GI) disease is the third most common cause of death, the leading cause 
of cancer death, and the most common cause of hospital admission (Source: British 
Society of Gastroenterology, clinical services 2007). In 2009, the US National Institutes of 
Health reported 20 million ambulatory surgical GI procedures, to resect tumors, to relieve 
obstruction, after trauma, or as part of bariatric surgery (1). An important and life-
threatening complication of GI surgery is anastomotic leakage. Despite years of research, 
the incidence of impaired wound healing and consequent leakage remains high, ranging 
from 3% in small bowel surgery to 25-27% in colorectal surgery with mortality rates of 
up to 22% (2, 3). Anastomotic leakage has a multifactorial etiology. Besides technical 
failures, restricted blood supply and uncontrolled inflammation are important reasons 
that contribute to impaired wound healing (4, 5). Studies using human adipose tissue-
derived mesenchymal stem cells (ASC) have been successful in regenerating various 
tissues and promoting wound healing (6). More importantly, several reports indicate that 
ASC help to ameliorate tissue inflammation and can accelerate new blood vessel 
formation. These capacities seem among others to be attributable to the ability of ASC to 
secrete a myriad of growth factors and cytokines that can promote repair of injured tissue 
or improve the quality of tissues that are regenerated (7, 8). The beneficial characteristics 
of ASC could be exploited to promote the healing process in the intestinal wall after 
surgery, thus helping to prevent postoperative complications. Recent studies using 
intraperitoneal ASC injections or ASC-coated bio-sutures showed no prevention from 
anastomotic leakage (9, 10). Injection of ASC as suspension or combined with 
biomaterials such as fibrin, collagen or gelatin is either associated with cell washout, 
insufficient cell retention or an inadequate distribution of transplanted cells. Currently, 
cell sheet technology is a promising technique for cell transplantation improving cell 
retention. Cell sheets are typically prepared on special culture dishes that are coated with 
a temperature-responsive polymer. This polymer changes from being hydrophobic to 
hydrophilic when the temperature is lowered. In this way, intact cell sheets can be 
removed as one piece from the culture dishes without enzymatic treatment, preventing 
destruction of cellular and cell-extracellular matrix interactions within the sheet (11, 12). 
Despite the application of various tissue sealants and other biomaterials, no significant 
reduction in the incidence of anastomotic leakage has been accomplished over the last 30 
years (13). Clearly, there is a need for new strategies therefore we propose a novel 
approach in which ASC are applied to the surgical wound area in cell sheets that are 
permeable to growth factors secreted by the ASC and can be handled with ease by the 
surgeon. Therapeutic potential of ASC sheets was shown to improve cardiac tissue 
regeneration in the treatment of myocardial infarction (14), dilated cardiomyopathy (15), 
healing of hind limb ischemia (16) and chronic non-healing skin wounds (17). Since cell 
sheet technology has been successfully used in improving healing of other soft tissues (i.e., 
heart, skin) as we mentioned above, we explored whether ASC sheets could serve as an 
ideal approach for the local delivery of cells to enhance healing and prevent leakage after 
intestinal anastomosis. To our knowledge this is the first attempt of ASC sheet application 
on intestinal surgical wounds. The aim of this proof of principle study is to validate the 
efficacy of ASC sheets to prevent anastomotic disruption and leakage 3 and 7 days 
postoperatively in a colorectal leakage model in rats.  

Materials and Methods 
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ASC sheet preparation 
 
ASC were isolated from subcutaneous abdominal adipose tissue (all women, mean age 40 
± 9 years old). ASC were seeded at 400,000 cells/cm2 on 100% FBS pre-coated 
temperature responsive dishes (3.5 cm diameter, CellSeed, Tokyo, Japan). Every single 
sheet was made from one ASC donor. ASC were cultured in Dulbecco’s Modified Eagle 
Medium 1 g/l glucose (LG-DMEM, Gibco, Life technologies, Paisley, UK) supplement with 
10% fetal bovine serum (FBS, Lonza, Verviers, Belgium) with 50µg/ml gentamicin (Gibco) 
and 1.5μg/ml fungizone®(Gibco). After 48 hours, ASC formed a coherent cell sheet. Thirty 
minutes before in vivo application, culture dishes were placed at room temperature to 
enable spontaneous detachment of the ASC sheets then culture medium was removed and 
refreshed with serum-free medium. 
 

ASC sheet viability and histology in vitro 
 
ASC sheet viability was evaluated by fluorescence microscopy on 0, 3, and 6 hours after 
detachment using a live/dead staining (Invitrogen, Life Technology, foster City, CA, USA). 
Briefly, ASC sheets were washed with Phosphate Buffered Saline (PBS, Gibco) after 
detachment and incubated for 30 minutes in calcein AM dye 1 µl/ml and ethidium 
bromide dye 1.5 l/ml at 37οC in a humid atmosphere with 5% CO2. The sheets were 
analyzed with fluorescence microscopy using Olympus IX71 inverted microscope, and 
images were captured with Cell F Imaging Software (Olympus: Hamburg, Germany, 2008). 
ASC sheets were fixed overnight in 4% buffered formaldehyde (Sigma, St Louis, Missouri 
and Merck, Billerica, Massachusetts), set in in 2% agarose (Eurogentec, Liege, Belgium) 
and embedded in paraffin. Cross sections were stained with hematoxylin and eosin (H&E, 
Sigma).   
 

SPIO-labeling of ASC sheet for pilot experiment 
 
In a pilot study, ASC were labeled with the so-called superparamagnetic iron oxide 
particles (SPIO) using ferumoxides (Endorem, Guerbet S.A., Paris, France) complexed to 
protamine sulphate (LEO Pharma N.V., Wilrijk, Belgium) as previously described (18). For 
removal of extracellular iron, cells were washed with PBS containing heparin 10 U/ml 
(LEO Pharma B.V., Breda, the Netherlands). SPIO labeling mix was made at a constant 
concentration of 100 µg/ml ferumoxides with 5 µg/ml protamine to ensure identical 
particle formation. SPIO-labeled ASC were combined with unlabeled ASC in a 30:70 ratio 
to form ASC sheets. Labeled ASC sheets were transplanted to 6 pilot rats after colorectal 
anastomosis to examine ASC sheet survival at POD3 (n=4) and 7 (n=2). Only for this pilot 
study, ASC were labeled. In the following experiments, unlabeled ASC were used to avoid 
any unwanted effects of labeling on ASC sheet function. 
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Animals 
 
Male Wistar rats (weight 250–350g) were purchased from a licensed breeder (Harlan 
Laboratories, Boxmeer, The Netherlands). All rats were bred under specific pathogen-free 
conditions and randomly kept under standard laboratory conditions. Standard rat chow 
and water were supplied ad libitum. The research protocol was approved by the Ethical 
Committee of Animal Experimentation, Erasmus University Rotterdam (133-14-01). Sixty 
rats were randomly allocated to 4 experimental groups. The ASC sheet groups received 
local application of an ASC sheet around the colorectal anastomosis, anastomotic healing 
being evaluated on postoperative day 3 (n = 15) or 7 (n = 15). Rats in the control groups 
received no ASC sheet and anastomotic healing was evaluated at postoperative day 3 (n = 
15) or 7 (n = 15).  

 
Surgical technique and application of ASC sheets 
 
To evaluate the ability of ASC sheet to prevent leakage the colorectal anastomotic leakage 
rat model previously described by Wu et al. was used (19). Briefly, the rats were 
anesthetized with isoflurane/oxygen inhalation, and 0.05 mg/kg buprenorphine 
intramuscularly. After aseptic preparation, a midline abdominal incision was made and 
the right, middle, and left colic arteries were ligated (Silkam 4/0; B Braun, Melsungen, 
Germany). The colonic segment was resected 1 cm aborally to the cecum and 0.5 cm above 
the caudal mesenteric artery. An insufficiently sutured end-to-end anastomosis was 
created by one-layer inverting suturing with 5 interrupted sutures (Dafilon 8/0, B Braun) 
(Figure 1A). Rats were randomly divided into control or ASC sheet groups. To make sure 
the same side of the sheet was always applied and to avoid variation because of different 
orientation of the sheets, the dish-side of cell sheet was always applied to the serosal 
surface of the colon in every rat. In the ASC sheet group, the dish-side of an ASC sheet was 
wrapped around the anastomosis line (Figure 1B). The ASC sheet adhered spontaneously 
to the serosal surface of the colon and required no further suturing or glue. The control 
group received no other intervention except for the insufficiently sutured end-to-end 
colorectal anastomosis. Immediately after ASC sheet application, the abdomen was closed 
in two layers of running sutures (Safil 5/0, B. Braun). Immediately postoperatively, rats 
were rehydrated and warmed. The rats returned to a normal diet after recovery from 
surgery.  
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Figure. 1. Rat partial colectomy and ASC sheet application:(A) Schematic overview of the rat colon 
before and after partial colectomy*. Anatomy: (1) terminal ileum, (2) cecum, (3) rectum and anus, (4) 
anastomosis. (B) ASC sheet transplantation (from upper left to lower right); ASC sheets were grasped with 
forceps at two rims and applied on top of the colorectal anastomosis. Following application, the sheet was 
unfolded and wrapped around the anastmosis thereby ensuring to cover it completely. *The schematic 
overview was adapted with permission from Wu Z, et al. Reducing colorectal anastomotic leakage with 
tissue adhesive in experimental inflammatory bowel disease. Inflamm Bowel Dis. 2015; 21(5):1038-46. 
Copyright© 2016 copyright Clearance center, Inc. 
 

Follow up  
 
Since both undifferentiated and differentiated ASC have been used successfully for 
xenotransplantation in different other applications (20), no immunosuppressive drugs 
were used in this experiment. Wellness and weight of all rats were evaluated daily. On 
postoperative day (POD) 3 or 7, rats were re-anesthetized and a re-laparotomy was 
performed. The abdomen was checked for signs of peritonitis, adhesions and abscesses 
(defined as ‘’elsewhere’’). At the anastomotic area, signs of stricture, disruption, adhesion, 
and abscesses were checked. Two observers (PS and GB) performed all macroscopic 
observations and evaluations for each rat.   

 

 
 

https://www.ncbi.nlm.nih.gov/pubmed/25793325
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Macroscopic observation  
 
Abscess severity was scored according to the previously described abscess score, in short: 
0 = no abscess, 0.5 = one small abscess (< 1 mm), 1 = several small abscesses, 2 = medium 
abscess (1-3 mm), 3 = one large (3-5 mm) or several medium abscesses, 4 = one very large 
(>5 mm) or several large abscesses (21). Adhesions were recorded using the Zühlke score. 
In short: 0 = no adhesions, 1 = firm adhesions which can be separated with blunt 
dissection, 2 = strong adhesions which can only be separated with sharp dissection, 3 = 
very strong vascularized adhesions which can only be separated with sharp dissection 
and damage to surrounding tissue is hardly preventable. Anastomotic bursting pressure 
(ABP) was determined after macroscopic observation by a third blinded researcher (AC). 
In short, ABP was determined by insufflation of air in a closed segment of the colon and 
pressure at time of the first air leak was noted as bursting pressure. The location of the 
burst was also noted. After the ABP measurement, the colorectal anastomosis was 
resected and prepared for histological examination. 

 
Histological evaluation after transplantation 
 
Histological and immunohistochemically assessment were conducted by two 
independent blinded observers (PS and AC) in a fully randomized order to evaluate 
healing of the anastomosis. A segment of colon containing the colorectal anastomosis was 
harvested, washed with phosphate-buffered saline and opened longitudinally. After 
overnight fixation in 4% buffered formaldehyde, segments were embedded in paraffin. 
Paraffin-embedded sections (6 µm) were deparaffinized and rehydrated. For 
morphological evaluation, sections were stained with H&E. Perl's iron stain (Klinipath 
BVBA, Duiven, the Netherlands) was used for staining SPIO-labeled ASC sheets at POD3 
and POD7 after transplantation in the pilot study. Picro Sirius red staining (Sigma, St 
Louis, Missouri) was used for collagen deposition. Immunohistochemistry was performed 
to assess vascular density (rat, CD34+), presence of T-cells (CD3+) and anti-inflammatory 
M2 macrophages (CD163+), ASC sheet survival (human mitochondria) and endothelial 
differentiation (human CD31+) of ASC at the colorectal anastomosis. Details of the 
methods used for staining are described in supporting information.  
 

Statistical analysis 
 
Data are presented as mean ± standard deviation (SD) and analyzed with the Mann–
Whitney U test and Kruskal-Wallis one-way analysis of variance. To compare the 
incidence of anastomosis disruption between groups at each time point the two-tailed 
Chi-squared test was used. All reported P values are two-sided; a P value of < 0.05 
indicated statistical significance. All statistical analyses were done using SPSS 21.0 (IBM 
Inc., Armonk, NY, USA). 
 

 
 
 



Chapter 6 
 

104 
 

Results 

 
ASC sheet characteristics in vitro 
 
ASC cultured at 400,000 cells/cm2 in a temperature responsive culture dish for 48 hours 
formed cell sheets that could be spontaneously detached at room temperature (Figure 
2A). ASC sheets consisted of several cell layers (Figure 2B). Viability of ASC sheets in 
medium at room temperature remained high until 6 hours after detachment (Figure 2C).  

 
Figure 2. ASC sheet viability and morphology prior to implantation. (A) ASC sheet after detachment 
from the temperature responsive dish. (B) Cross section of ASC sheet stained with hematoxylin & eosin. (C) 
Live/dead staining of ASC sheets at 0, 3 and 6 hours after detachment. Viable cells stained with calcein 
(green), non-viable cells stained with ethidium bromide (red).  

 

In vivo overall observations 
 
During the first postoperative days, all rats lost weight and had a lower wellness score 
than before surgery. From POD4 onwards, all animals started to gain weight. The weight 
loss and wellness scores in the control and ASC sheet groups were not significantly 
different (supplementary data; Figure S1). Three out of 60 rats (5%) died within 24 hours 
after surgery in both control (POD3) and ASC sheet groups (POD3 and POD7). Autopsy 
demonstrated that these deaths were caused by acute (e.g., bleeding and anesthesia-
related) complications; therefore, these animals were excluded from further analysis.  
 

Postoperative intra-abdominal evaluation 
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At re-laparotomy, the ASC sheet structure was visible around the anastomosis in all rats 
of the ASC sheet group at POD3 and POD7 (Fig 3A-B). Ten out of 14 rats in the control 
group had anastomotic disruption on POD3 (71%) versus 2 out of 14 (14%) in the ASC 
sheet group (P =0.002). No significant difference in the anastomotic disruption rate was 
observed at POD7 between the two groups. Significantly more rats in the control group 
had abscesses at POD7 around the anastomosis (10/15: 67%) compared to the group 
receiving an ASC sheet (4/14: 28%, P = 0.04). There were no differences in the occurrence 
of peritonitis, stricture formation, adhesions, and abscess formation elsewhere (Table 1). 
The average abscess number around the anastomosis was significantly higher in the 
control group than in the ASC sheet group on both POD3 (1.6 ± 0.5 versus 1.0 ± 0.7, P = 
0.004) and POD7 (1.2 ± 1.2 versus 0.4 ± 0.6, P = 0.028), (Figure 4A). The abscess score 
between the ASC sheet and control groups did not differ on POD3 but the abscess score of 
the ASC sheet group was significantly lower than the control group on POD7 (P = 0.048, 
Figure 4B). The number of intra-abdominal adhesions was significantly lower in the ASC 
sheet group (P = 0.043) on POD3 (supplementary data, Figure S2), but no significant 
differences in the number of adhesions (Figure 4C) and adhesion scores (Figure 4D) 
around the anastomosis were seen between the two groups on POD3 and POD7.  

On POD7 the average bursting pressure was higher compared to POD3 in both 
groups but was not significantly different between groups (Figure 4E). On POD3 bursting 
of all anastomoses in both the control and ASC sheet groups occurred at the anastomosis 
line. On POD7 bursting occurred predominantly at the anastomosis line in the control 
group (10 rats (66%), whereas in the ASC sheet group bursting mostly (8 rats: 57%) 
occurred proximally or distally to the anastomosis line.  
 
 

Figure 3. ASC sheet is visible around the anastomosis. (A) POD3 and 7 (B), white arrows point at 
anastomotic area and black arrows point at transplanted ASC sheets. 
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Figure 4. Intra-abdominal macroscopic findings at colorectal anastomosis. (A) abscess number, (B) 
abscess score (0-4), (C) adhesion number, (D) adhesion score (0-4) and (E) anastomotic bursting pressure 
(ABP). ASC = adipose tissue-derived stem cells. POD3 = postoperative day 3. POD7 = postoperative day 7. 
Each bar represents average number +/- standard deviation from control (n= 14 in the control and ASC 
sheet group at POD3; n= 15 in the control group and n= 14 in the ASC sheet group at POD7). * P <0.05 
between groups. # P <0.05 between different time points within the same group. 

 
Table 1.  Post-operative macroscopic findings  

 POD3 POD7 

 
Control (%) ASC sheet (%) p-value Control (%) ASC sheet (%)    p-value 

Peritonitis 1/14 (7.1) 0/14 (0) NS 0/15 (0) 0/14(0) NS 

Anastomotic disruption 10/14 (71.4) 2/14(14.3) 0.002 3/15(20) 2/14(14.3) NS 

Stricture 2/14 (14.3) 2/14(14.3) NS 2/15 (13) 2/14(14.3) NS 

Abscess at anastomosis 14/14(100) 12/14(85.7) NS 10/15(66.7) 4/14(28.6) 0.04 

Adhesion at anastomosis 14/14(100) 14/14(100) NS 15/15(100) 14/14(100) NS 

Abscess elsewhere 11/14(78.5) 8/14(57.1) NS 6/15(40) 4/14(28.6) NS 

Adhesion elsewhere 8/14(57.1) 3/14(21.42) NS 9/15(60) 7/14(50) NS 

 

Table 1. Values are presented as the number of rats and relative percentage. POD3= postoperative day 3, 
POD7= postoperative day 7. ASC = adipose tissue derived stem cell. NS; not significant by Chi-square test. 
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Histological evaluation  
 
To evaluate whether ASC sheets would still be present 3 and 7 days after transplantation, 
Perl’s iron stain was used for detection of SPIO-labeled ASC sheets. At both POD3 and 
POD7, SPIO-labeled ASC were present at the colorectal anastomotic serosal side. (Figure 
5A, B). Further evaluation of ASC sheet state was performed by using a human 
mitochondrial staining. At POD3 ASC sheets showed abundant positive staining for 
human mitochondria, while at POD7 positive cells were severely diminished (Figure 
6A,B). 

  
Figure 5. Tracking SPIO-labeled ASC sheet in a pilot experiment. SPIO-labeled ASC sheet stained with 
Perl’s iron stain (blue). The selected area with solid line (see also black arrows) indicates the anastomotic 
area, which is enlarged and illustrated below for representation of positively stained cells A-B. Blue iron 
stained SPIO-labeled ASC present in ASC sheet on serosal side of the colorectal anastomosis at (A) POD3 
and (B) POD7. 
 

To evaluate the effect of the ASC sheets on colorectal anastomosis vascularization, 
collagen deposition and infiltration of inflammatory cells, several specific 
immunohistochemically stainings were performed. Local application of ASC sheets did 
not affect CD34 positive capillaries or collagen deposition at the colorectal anastomosis 
site. Although the capillary density increased from POD3 to POD7 in both the control and 
ASC sheet groups (P < 0.01), there was no difference in the capillary density between 
groups at either time points (POD3, ASC sheet group 172.4 ± 44 vessels/cm2 versus 
control group 150.5 ± 42 vessels/cm2 and POD7, ASC sheet group 277.2 ± 95 vessels/cm2 

versus control group 276.5 ± 83 vessels/cm2, Figure 7A,E). No human ASC-derived CD31 
positive endothelial cells were detectable within the ASC sheets before or after 
transplantation (data not shown).  
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Figure 6. ASC sheet survival at anastomotic site. The selected area with solid line indicates the 
anastomotic area with ASC sheet, which is enlarged and illustrated below for representation of positive 
staining for human mitochondria A-B. (A) ASC sheet showed positive red staining of human mitochondria 
at POD3 and (B) severely diminished positive staining at POD7  

  
Similar findings regarding collagen deposition at the anastomotic site were found. 

Despite an increase of collagen deposition from POD3 to POD7 in both groups, groups 
were not significantly different from each other (POD3, ASC sheet group 2.2 ± 2.4% versus 
control group 0.7 ± 0.6%, and POD7, ASC sheet group 19.5 ± 0.6% versus control group 
22.7 ± 10.5%, Figure 7B,F).  
 The number of T-cells and M2 macrophages was used to evaluate the 
inflammatory response at the anastomosis site. At POD3 a non-significant different 
number of CD3 positive T-cells were found in the ASC sheet group (81.8 ± 36 cells/cm2) 
as compared to the control group (103.6 ± 45 cells/cm2). The number of CD3 positive cells 
increased in both groups from POD3 to POD7. At POD7 a significantly higher number of 
CD3 positive T-cells was detected in the ASC sheet group (508.6 ± 243 cells/cm2) than in 
the control group (204.6 ± 107 cells/cm2, P = 0.001, Figure 7C, G).  
 In the control group, the number of CD163 positive cells indicating M2 
macrophages decreased significantly between POD3 (140.3 ± 67 cells/mm2) and POD7 
(55.9 ± 37 cells/mm2, P <0.001) whereas in the ASC sheet group, the number of CD163 
positive cells did not differ between POD3 (159.6 ± 89 cells/mm2) and POD7 (122.8 ± 128 
cells/mm2, Figure 7D, H).  
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Figure 7. Comparison of vascular density, collagen deposition, T-cell and anti-inflammatory 
macrophage amount at the anastomotic site on POD3 and POD7 between ASC sheet and control 
group. The comparisons were listed in A-D and illustrated in E-H. (A) Vascular density as assessed by 
average number of CD34+ vessels/mm2. (B) Collagen deposition determined by area percentage of 
Picrosirius red staining. (C) T-cell response determined by number of CD3+ cells/mm2. (D) Anti-
inflammatory macrophage response assessed by average CD163+ cells/mm2. POD3 = postoperative day 3. 
POD7 = postoperative day 7. ASC = adipose tissue-derived stem cells. Each bar represents average value +/- 
standard deviation from control (n=14 in the control and ASC sheet group at POD3; n=15 in the control 
group and n=14 in the ASC sheet group at POD7. * P <0.05 between groups, # P <0.05 between different 
time points within the same group. Representative examples of immunohistochemically staining of 
colorectal anastomosis for (E) CD34, (F) Picrosirius red, (G) CD3, and (H) CD163 of each group (200x). 
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Discussion  
  
Cell sheets are a recent development in regenerative medicine. They allow for the delivery 
of cultured cells and their deposited extracellular matrix and prevent cell loss associated 
with administering cells via injection or scaffold (22). Previous studies demonstrated that 
ASC sheets show great promise in promoting the healing of several organ injuries. In this 
study, application of an ASC sheet to an insufficiently sutured rat colorectal anastomosis 
resulted in reduced anastomotic disruption and abscess formation. ASC sheets facilitated 
an increase in the number of anti-inflammatory macrophages and T-cells at the 
anastomosis site, which might have contributed to this positive effect. Application of ASC 
sheets to colorectal anastomosis is feasible since ASC sheets are flexible and 
spontaneously adhere to the serosal surface rapidly. This might be due to adhesive 
proteins present at the dish-side of ASC sheet that remain after harvesting from a 
temperature responsive dish (23). ASC sheet survival after in vivo transplantation has 
been shown in other in vivo models and varied form 3 days (24) up to 8 weeks (14). In 
our in vivo model ASC were still present in the sheets at POD3 and 7 and mitochondrial 
staining was present until day 3. These findings indicate that ASC sheet were present and 
contained living cells for at least 3 days after transplantation allowing them to exert their 
potential paracrine effects for several days.   
 The recording of bursting pressure in colorectal anastomoses showed that on 
POD7, the average bursting pressure was not different between the groups. However, the 
bursting site in the ASC sheet group was mainly remote from the anastomotic line 
compared with the control group in which the burst occurred mainly at the anastomosis 
itself. These results suggest that when an intraluminal pressure is exerted to the colonic 
wall, anastomosis that is reinforced by ASC sheet is less susceptible to perforation. 
Alternative techniques that have been used previously in an attempt to prevent leakage 
of gastrointestinal anastomosis have been based on the sealing of the anastomosis with 
tissue adhesives or synthetic meshes (25, 26). Although these techniques for leakage 
prevention have various levels of clinical efficacy, they are imperfect solutions that can 
give burdens for patients. The therapeutic potential of ASC sheets is generally thought to 
be attributable to ASC paracrine ability, not the mechanical/physical strength of the ASC 
sheet to seal the wound (27-29). Although ASC sheets are composed of only a thin layer 
of cells, it cannot be excluded that the reduction in dehiscence, and abscess formation in 
this study might be possible due to the mechanical ability of ASC sheets to seal the 
anastomosis and prevent leakage. However, merely external coating of colonic 
anastomoses has yet failed to show convincing results (30, 31). Future experimental 
studies are warranted to determine and compare the mechanical role of external coating 
materials and ASC sheets for prevention of colon anastomotic leakage.   
 To investigate whether the ASC sheets contributed to the healing of the 
anastomosis, capillary density and collagen deposition were evaluated, both being of 
great importance for anastomotic healing. Although mesenchymal stem cells are believed 
to promote vascularization and stimulate collagen deposition, capillary density was not 
significantly different between the control and the ASC sheet groups in this model. 
Collagen deposition was also similar in the control and experimental groups on POD7. The 
lack of increased capillary density in the ASC sheet treated group conflicts with previously 
published data (16, 17) indicating that ASC promoted angiogenesis in animal models 
characterized by low blood perfusion and ischemia such as hind limb ischemia (16), 
myocardial infarction, and skin wounds in diabetic rats (17). However, no such effects 
were seen in a dilated cardiomyopathy model (15) or in gastric ulcer healing (32). 
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Possibly, the tissue to which the sheet was applied and whether or not this was ischemic 
might explain these differences. Transplanted human ASC have been suggested to be able 
to differentiate into endothelial cells and thereby contributing to angiogenesis (33), 
however, this was not observed in the study presented here. The absence of increase in 
collagen deposition may indicate that although ASC are able to produce collagen 
themselves (34) they do not promote collagen synthesis at the anastomosis site up to 
POD7. However, as suggested by Rabau et al (35) total collagen amount might be less 
important for anastomosis’ tensile strength than structure and arrangement of collagen 
matrix.  

Inflammatory cells play a key role in the healing of intestinal anastomoses (36). 
Macrophages and activated lymphocytes are the main inflammatory cells in wound 
healing and in the development of fibrosis. Macrophages fulfil multiple roles in 
inflammation: besides phagocytosis and encouraging inflammation, macrophages also 
have important anti-inflammatory properties. Macrophages that stimulate inflammation 
are called M1 macrophages, whereas those that decrease inflammation and stimulate 
tissue repair are called M2 macrophages. Since the M2 subpopulation plays an important 
role in wound healing and ASC have been shown to induce macrophage polarization 
towards the M2 subtype (37), we focused on the presence of M2 macrophages at the 
anastomosis area. As shown before in fetal-membrane mesenchymal stem cell sheets 
(38), the number of M2 macrophages did not decline between POD3 and POD7 in the ASC 
sheet group when compared to the control group and might have stimulated the healing 
process at the anastomosis. 

T-lymphocytes and more specific T-regulatory cells (T-regs), have the ability to 
release cytokines and growth factors that regulate other immune cells and positively 
affect wound healing (39). On the other hand, in case of rejection of transplanted tissue, 
high numbers of cytotoxic T-cells are seen around the implanted tissue, together with 
abscesses and inflammation. In this study, the ASC sheet group had significantly more 
CD3+ T-cells within the anastomotic area than the control group at POD7, whereas the 
number of abscesses decreased instead of increased. Since the higher number of CD3+ T-
cells at the anastomosis was accompanied with lower abscess number and anastomotic 
disruption, it is very unlikely that the increase of CD3+ T-cells is the results of rejection of 
the implanted ASC sheet. A more likely scenario is that the ASC sheets resulted in 
increased numbers of T-regs around the anastomosis thereby contributing to better 
healing of the wound. However, to our knowledge, a good staining for FoxP3, the classical 
marker for T-regs, is not available for rat at the moment. 

Several studies suggest that human ASC are immune-privileged and can survive in 
immunocompetent animals (40). Both undifferentiated and differentiated ASC have been 
used successfully for xenotransplantation (20). Based on rat wellness score, and the 
positive effect of ASC sheets on colorectal anastomosis leakage we consider the presence 
of an (hyper) acute rejection in our study unlikely. However, future better understanding 
of the functionality of allo- or xenogeneic-derived ASC for therapy is warranted. 

Unfortunately, it was not possible to fully blind the observers from the treatment 
group since the ASC sheet structure was obvious in macroscopic and microscopic 
evaluations. Moreover, we evaluated the effect of ASC sheets on colorectal anastomosis 
after POD3 and POD7 since dehiscence is most likely to occur in this critical phase of 
colonic anastomotic healing(13). We are aware of the fact that at this time point the 
wound healing process is not complete yet and further maturation and collagen 
remodeling will occur at later stages of anastomotic healing (41). 
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The present study suggests that application of human ASC sheets to experimental 
colorectal anastomosis is a promising technique to prevent short-term post-operative 
complications such as anastomotic disruption and abscess formation without increasing 
adhesion formation. To translate the potential of ASC sheets for future clinical application, 
our results must be complemented with further short and long-term studies and defining 
the role of ASC sheets in the technique of colorectal anastomoses with regards to 
complications such as abdominal contamination and severe peritonitis.  

 

Conclusions 

This study explored the proof of principle of a therapeutic potential of ASC sheet for 
preventing disruption of sutured colorectal anastomoses. ASC sheet application 
significantly enhanced healing of colorectal anastomoses with decreased incidence of 
disruption and abscess formation. The increased numbers of anti-inflammatory 
macrophages and T-cells might have contributed to promotion of the healing process. 
This preclinical study indicates that ASC sheet application may have a therapeutic role in 
promoting colorectal healing and prevention of anastomosis-related complications.  
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Abstract 

 
Adipose tissue-derived stem cells (ASC) seem to be an ideal population of stem cells for 
the repair and regeneration of various tissues. However, ASC injection may result in cell 
loss and poor engraftment. The aim of this study was to construct a cell transplant method 
consisting of high-density cultures of ASC on poly-3-hydroxybutyrate-co-
50%hydroxyvalerate (P(HB-50HV)) or polycaprolactone (PCL) membranes to improve 
engraftment and reduce cell loss after transplantation. To test this concept in vitro, human 
ASC were isolated and seeded in high-density on P(HB-50HV) or PCL membranes. The 
biological effects of P(HB-50HV) and PCL membranes on human ASC were then 
investigated and quantified for statistical analyses, including cell morphology and 
survival, indoleamine- 2,3-dioxygenase (IDO) activity, IL1RA level and the gene 
expression of vascular endothelial growth factor A (VEGFA), fibroblast growth factor 2 
(FGF2), transforming growth factor beta-1 (TGFB1), collagen I (COL1A1), and matrix 
metallopeptidase 9 (MMP9). ASC seeded in high-density attached and proliferated on both 
P(HB-50HV) and PCL membranes and formed robust, easily transplantable cell 
constructs. Both membranes did not affect ASC IDO activity, IL1RA level or expression of 
VEGFA, FGF2, TGFB1, COL1A1 and MMP9. However, ASC appeared to form thicker, more 
homogenous cell layers without a biomaterial membrane. In addition, the P(HB-50HV) 
membrane increased ASC death based on the percentage of LDH release, while the PCL 
membrane did not. These results suggest that both the ASC/P(HB-50HV) constructs and 
the ASC/PCL constructs can be a useful tool for transplantation of ASC, however, PCL 
membranes result in better ASC survival.  
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Introduction 
 
Adipose tissue-derived stem cells (ASC) are a promising source for cell transplantation 
therapy due to their abundance, plasticity and ability to secrete a multitude of trophic 
factors. (1-3). Poor cell survival and extensive redistribution through the body shortly 
after transplantation are important causes of unsatisfactory results of ASC therapy 
through injections (4, 5). Biomaterial membranes might be used to assist the transfer 
process and improve cell survival of ASC and can also offer the ability to deliver 
therapeutic drugs to the targeted tissue (6-9). Polyhydroxyalkanoates (PHAs) and 
polycaprolactone (PCL) have previously been used as scaffolds and membranes to assist 
tissue repair (10-15), PHAs are aliphatic polyesters of various hydroxyalkanoates, which 
are synthesized by numerous microorganisms as an energy reserve material. PHAs are 
considered to be useful for medical applications because of their tailorable mechanical 
properties, biocompatibility and biodegradability. The different mechanical properties of 
PHAs vary greatly based on their side chains composition (16). Incorporation of 
hydroxyvalerate (HV) monomer along with hydroxybutyrate (HB) forms the copolymer 
of poly-3-hydroxybutyrate-co-hydroxyvalerate (P(HB-50HV)) which is more flexible than 
PHAs and facilitates its degradation (16-18). Similar to P(HB-50HV), PCL is a promising 
biomaterial. It is a commercially available and considered as save biomaterial for human 
use by the FDA with good mechanical properties and good biocompatibility for wound 
healing (19-24). Here we seeded ASC in high-density -400,000 cells/cm2 -on both P(HB-
50HV) and PCL membranes to fabricate ASC/P(HB-50HV) and ASC/PCL membrane 
constructs and hypothesized that both constructs could be effectively used as an ASC 
membrane supporting cell survival, paracrine function and transplantation. We 
investigated the effects of these two biomaterial membranes on ASC morphology, 
survival, proliferation, and paracrine ability in vitro.  

 

Materials and methods 
 

ASC isolation and culture 
 
Human subcutaneous abdominal adipose tissue was obtained as waste material (average 
age 45±11 year old, all female) with approval of the Medical Ethical Committee of the 
Erasmus Medical Center, Rotterdam (MEC-2014-092). ASC were isolated according to a 
previously described protocol (25). ASC were expanded with seeding density of 8,000 
cells/cm2, trypsinized at 85-90% confluence with 0.25% trypsin EDTA (Gibco, Life 
Technologies, The Netherlands) and frozen with 10% DMSO (Sigma-Aldrich, MO, USA) in 
expansion medium before further use. 

 

Preparation of biomaterial membranes  
 
 P(HB-50HV) polymers were biosynthesized from Cupriavidus necator H16 by two-stage 
cultivation according to a previously described protocol(26). Sodium valerate was added 
to mineral salts medium as a carbon substrate in order to promote the biosynthesis of 
P(HB-50HV)(27). Polymer-accumulating cells were centrifuged and washed twice with 
PBS and subsequently lyophilized for 24 hours (Freeze zone plus 6, Labconco, USA). The 
methanolysis of the lyophilized cells was carried out in chloroform in the presence of 85% 
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(v/v) methanol and 15% (v/v) sulfuric acid (28) prior to determining polymer 
composition through gas chromatography analysis (Model 6890 plus, equipped with HP-
INNOWAX 30.0 m, 0.25 mm, 0.25 μm capillary columns and flame deionization detector, 
Agilent Technology, USA). To purify the P(HB-50HV) copolymer, an established solvent 
extraction process was used following a previously described method (29). In brief, a cell-
chloroform mixture was refluxed for 24 hours at 60C while stirring to extract the 
polymer. Next, the cell-chloroform mixture was filtered through a Whatman No. 1 paper 
to remove cellular debris. The polymer was precipitated with a 10-fold volume of cold 
methanol. The percentage of purity and the HV monomer content of the purified polymer 
were also re-confirmed with 1H-NMR (Bruker Avance-500 MHz spectrometer, Bruker, 
Germany). The PCL polymer was purchased from Sigma-Aldrich (Singapore). Molecular 
weight of P(HB-50HV) and PCL were determined to be 1.69x106 and 8x104 g/mol, 
respectively.  

To fabricate the membranes, 6% (w/v) polymer solutions of P(HB-50HV) and PCL 
were prepared by dissolving 300 mg of each polymer in 5 mL of chloroform. The mixtures 
were moulded in 5 cm diameter glass petri dishes for 48 hours, followed by incubation in 
a vacuum oven for 6 hours to remove all the solvent. With this casting technique the intact 
dried membranes had a final thickness of around 2 mm. All membranes were cut into a 
circle with a diameter of 14 mm to fit into the wells of a 24-well polystyrene plate 
(Corning®, Corning Inc., Corning, New York), Prior to cell seeding, both P(HB-50HV) and 
PCL membranes were sterilized by soaking with 70% (v/v) ethanol solution for 30 
minutes, and subsequently washed twice with PBS. All membranes were subjected to 
overnight preconditioning by submerging the membrane with ASC culture medium -
consisting of LG-DMEM supplemented with 10% FBS- before use. 

 
ASC seeding on biomaterial membranes 
 
Passage 3-4 ASC were seeded at a density of 400,000 cells/cm2 on each preconditioned 
membrane and cultured for 72 hours in LG-DMEM supplemented with 10% FBS. The 
control group consisted of ASC seeded at a similar density in a 24-well culture plate 
without a biomaterial membrane. After 72 hours of culture, conditioned medium and cells 
of each group were harvested for analysis. 

 
ASC morphology on biomaterial membranes 
 
ASC sheet morphology was observed and captured after seeding, during culture, and at 
harvest using a phase contrast microscope at 40x and 100x magnification. ASC in the 
control group formed a cell sheet, which was harvested by mechanical detachment using 
gentle flushing of culture medium with a micropipette to the rim of the sheet. ASC/P(HB-
50HV) and ASC/PCL constructs were lifted out of the culture wells with an atraumatic 
forceps. For histological evaluation, control ASC sheets and ASC/P(HB-50HV) and 
ASC/PCL constructs were harvested in 4% formalin in PBS and embedded in paraffin. 
Paraffin embedded sections (6 μm) were deparaffinised and rehydrated. Cross sections 
were stained with hematoxylin and eosin (H&E, Sigma and Merck, Billerica, 
Massachusetts, USA). 
 

 
ASC survival on biomaterial membranes 
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Lactate dehydrogenase (LDH, Cytotoxicity Detection Kit, Roche, Mannheim, Germany) 
was measured to determine ASC cell death, according to the manufacturer’s protocol. In 
summary, conditioned medium of ASC/P(HB-50HV) and ASC/PCL constructs and ASC 
sheet controls were collected after 48 hours of culture and centrifuged at 390 g for 5 
minutes to remove loose cells and debris. The remaining attached cells on the surface of 
the constructs and culture wells were incubated in 2% triton (Sigma-Aldrich) in LG-
DMEM for 2 hours at 37ο C to damage all cells. This served as maximum control in the 
assay. One hundred µl of medium sample and 100 µl LDH reagent was mixed and 
incubated for 30 minutes. The absorbance was measured with a VersaMax™ microplate 
reader (Molecular Devices, Sunnyvale, CA, USA) at 490 nm and a reference wavelength of 
650 nm. Percentage of LDH release was calculated according to the manual relative to the 
maximum control. 
 

ASC proliferation on biomaterial membranes 

After conditioned media collection, each well was washed with PBS to remove non-
attached cells, followed by addition of PBS to collect attached cells by scraping. Cells were 
digested with papain buffer (0.2 M NaH2 PO4, 0.01 M EDTA, pH 6.0, and freshly added 
250 μg/mL papain (Sigma-Aldrich) and 5 mM L-cysteine (Sigma-Aldrich) overnight at 
60C. Digested samples were centrifuged at 500 g for 3 minutes and supernatant was 
collected for further use. Fifty µl of cell lysate was treated with 100 µl heparin solution 
(8.3IU/ml, Leo Pharmaceutical) and 50 µl RNase A (0.05 mg/ml, Ribonuclease type III A, 
Sigma-Aldrich) and incubated for 30 minutes at 37C. The DNA amount was measured 
using calf thymus DNA (Sigma-Aldrich) as a standard. After addition of 50 µl ethidium 
bromine (25 µg/ml, Gibco) to treated samples and standard, the absorbance was 
measured with a spectrofluorometer (Wallac 1420 Victor 2; Perkin-Elmer, Wellesley, MA, 
USA), using an extinction filter (340 nm) and an emission filter (590 nm). 
 

Gene expression analysis  
 
Expression of several genes relevant in the process of tissue healing were analysed; 
Vascular endothelial growth factor A (VEGFA), transforming growth factor beta-1 
(TGFB1), fibroblast growth factor 2 (FGF2), collagen type 1 (COL1A1) and matrix 
metallopeptidase 9 (MMP9). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as house-keeping gene. VEGFA and TGFB1 were analysed with the quantitative 
polymerase chain reaction (QPCR) MasterMix Plus for SYBRGreen I dTTP (Eurogentec, 
Seraing, Belgium). FGF2 (HS00266645_m1), COL1A1, MMP9 and GAPDH were analysed 
with TaqMan® Gene Expression Assays (Applied Biosystem, Foster City, California, USA) 
according to the manufacturer’s instructions. The amplification efficiency of all primers 
was between 0.90 and 1.05. QPCR was performed on a Bio-Rad CFX96 Real-Time PCR 
Detection System (Bio-Rad, Hercules, CA, USA). Relative gene expression was calculated 
using the 2-∆CT method. The gene–specific primer set for each gene was described in Table 
1. 
 

 
 

Table 1. List of gene-specific primer sets in this experiment. 
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Gene Forward (5’-3’) Reverse (5’-3’) Reference 
VEGFA CTTGCCTTGCTGCTCTACC CACACAGGATGGCTTGAAG (30) 
TGFB1 CACACAGGATGGCTTGAAG GTGACAGCAGGGATAACACACTG (30) 
COL1A1 CAGCCGCTTCACCTACAGC TGCCACCCGAGTGTAACCAT (31) 
MMP9 TGAGAACCAATCTCACCGACAG TGCCACCCGAGTGTAACCAT (32) 

GAPDH GTCAACGGATTTGGTCGTATTGGG TGCCATGGGTGGAATCATATTGG (30) 

 

ASC conditioned medium analysis 

IL-1RA DuoSet® ELISA kits (R&D systems, Abingdon, UK) and indoleamine 2,3-
dioxygenase (IDO) activity were used in order to evaluate whether P(HB-50HV) and PCL 
membranes influenced ASC sheet cytokine secretion. IDO activity was determined by 
measuring the concentration of L-kynurenine in the culture medium as reported 
previously (30) using a standard of L-kynurenine (Sigma–Aldrich). 

 

Statistical analysis 
 
Data are presented as mean ± standard deviation (SD) and analysed with the Kruskal-
Wallis one-way analysis of variance followed by Dunn-Bonferroni post-hoc tests for 
multiple comparisons. Values of p0.05 were considered significant. All statistical 
analyses were done using SPSS 21.0 (IBM Inc., Armonk, NY, USA). 

 

Results 

ASC gross morphology  
 
ASC seeded at 400,000 cells/cm2 attached to both P(HB-50HV) and PCL membranes and 
formed sheets of cells similar to the control group. The gross morphological structure of 
ASC sheets at microscopic evaluation appeared to be similar in both construct membrane 
types and the control group and did not change during short-term culture (Figure 1A). 
During harvest, ASC/P(HB-50HV) and ASC/PCL membrane constructs could be easily 
lifted up with a forceps and manipulated or cut to the desired shape. ASC sheets that 
formed in the control group could not be easily lifted up with forceps or be cut with 
scissors. ASC sheets in the control group were released from the culture well by gentle 
pipetting of medium at the rim of the sheet. Since P(HB-50HV) membranes are 
transparent and PCL membranes are opaque, formed ASC sheets were more easily 
visualized on P(HB-50HV) than on PCL membranes (Figure 1B-E). Histological 
evaluation of hematoxylin and eosin stained cross sections of ASC/P(HB-50HV) 
membrane constructs, ASC/PCL membrane constructs and control group ASC sheets 
showed that the cell sheets formed in the control group were densely packed and more 
homogenous. In addition, ASC in the control group had a spindle like shape while ASC in 
the membrane constructs had a more oval appearance (Figure 2A-D).  
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Figure 1. ASC gross morphology in ASC/P(HB-50HV) and ASC/PCL membrane constructs. Gross 
morphology of ASC seeded in high density on a culture well bottom (A), on a P(HB-50HV) membrane (B, 
(D) and on a PCL membrane (C, E) after 72 hours of culture. (D) and (E) show the rim of each membrane. 
Phase contrast microscopy images, magnification 40x.  
 

ASC LDH release  

After 72 hours of culture, LDH release from ASC/P(HB-50HV) membrane constructs was 
significantly higher than that of ASC/PCL membrane constructs and the ASC cultured 
without biomaterial membrane (Figure 3A), suggesting that the P(HB-50HV) membrane 
increased ASC cell death. No significant differences were observed in the DNA amount 
between ASC/P(HB-50HV) membrane constructs, ASC/PCL membrane constructs and 
ASC cultured without biomaterial membrane, suggesting a similar amount of cell 
proliferation between groups (Figure 3B).  
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Figure 2. Histological morphology of ASC in ASC/P(HB-50HV) and ASC/PCL membrane constructs. 
Hematoxilin and eosin staining of cross sections of ASC cultured without biomaterial membrane and in 
ASC/P(HB-50HV) and ASC/PCL membrane constructs for 72 hours (100x magnification). ASC appear to 
form homogenous cell layers without biomaterial membrane (A) than when combined with P(HB-50HV) 
membrane (B) or PCL membrane (C). 
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Figure 3. Effect of biomaterial membrane on ASC death and proliferation. ASC were cultured without 
biomaterial (control) or in ASC/P(HB-50HV) membrane constructs and ASC/PCL membrane constructs for 
72 hours. ASC death was assessed by percentage of LDH release (A). ASC proliferation was assessed by DNA 
amount (B). Each bar represents average value ± SD from three ASC donors in triplicate.  

 

P(HB-50HV) and PCL did not alter gene expression of ASC sheet 

Expression levels of VEGFA, FGF2, TGFB1, COL1A1 and MMP9 did not significantly differ 
between ASC/P(HB-50HV) construct membranes, ASC/PCL construct membranes and 
ASC cultured without biomaterial membrane (Figure 4). 

 
Figure 4. Effect of biomaterial membrane on ASC gene expression. ASC were cultured without 
biomaterial (= control) or in ASC/P(HB-50HV) membrane constructs and ASC/PCL membrane constructs 
for 72 hours. Each bar represents the average level of gene expression relative to GAPDH ± SD from three 
ASC donors in triplicate.  
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P(HB-50HV) membrane and PCL membrane do not influence IDO activity 
and IL-1RA protein levels. 
 
Both L-kynurenine and IL-1RA levels did not measurably differ between ASC/P(HB-
50HV) membrane constructs, ASC/PCL membrane constructs and ASC cultured without 
biomaterial membrane after 72 hours of culture. These cytokines remained undetectable 
in all groups. 

 

Discussion 

Successful ASC-based therapies rely on good ASC engraftment and minimized ASC death 
after transplantation. Therefore, method of delivery of ASC remains an important area of 
research. The results of this study indicate that ASC seeded in high-density can be cultured 
on top of both P(HB-50HV) and PCL membranes with relatively good cell survival without 
altering gene expression and can be easily manipulated and transplanted. 

ASC seeded in high-density without biomaterial membrane (the control group) 
formed more uniform cell layers than ASC seeded on P(HB-50HV) membranes and PCL 
membranes. This difference might be caused by shrinkage of ASC sheets in the control 
group after the mechanical detachment from the culture well. This shrinkage was not 
observed for ASC/P(HB-50HV) and ASC/PCL membrane constructs.  

As the percentage of LDH release refers to the amount of lactate released from cells 
with a damaged cell membrane, a higher percentage of LDH release implies more cell 
death and a lower number of viable cells. ASC/P(HB-50HV) membrane constructs had a 
higher release of LDH than ASC/PCL membrane constructs and ASC cultured without 
biomaterial membrane. This can be interpreted in two ways; First, the P(HB-50HV) 
membrane might release more cytotoxic factors and in this way cause more cell death. 
Although there is no P(HB-50HV) toxicity study available yet, two studies indicate that 
P(HB-50HV) is nontoxic to osteoblasts (33) and enhance osteoblast proliferation (34). 
Secondly, ASC might have an increased proliferation rate on P(HB-50HV) membranes, 
causing cell overgrowth and increased cell death due to lack of nutrients. Despite previous 
reports suggesting that P(HB-50HV) membranes and PCL membranes can enhance cell 
proliferation, the DNA amount did not differ between ASC cultured with or without 
biomaterial membrane in this study (30, 33-36). This can be because ASC were already 
seeded at a very high-density, limiting further cell proliferation.  

In summary, ASC can be successfully seeded and cultured at high-density on both 
P(HB-50HV) and PCL membranes. Therefore, these membranes may be a useful tool for 
transplantation of ASC. PCL membranes seem to better support ASC survival. Future daily 
proliferation and cytotoxicity studies are necessary to obtain more detailed information 
on the effects of P(HB-50HV) membranes on ASC survival and proliferation. 
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Summarizing discussion  
 
Impaired healing can occur in any tissue that is injured. Given the serious complications 

that can arise when tissue healing is impaired, a lot of research is focused on 
understanding and improving the healing process. In this respect, stem cell-based therapy 

using adipose tissue-derived stem cell (ASC) sheets has emerged as a promising option. 
Although the ability of ASC to enhance tissue healing is described previously (1, 2) it is 

largely unknown whether ASC sheets perform similarly to ASC cultured at lower seeding 
density. 

The aim of this thesis was to investigate the ability of ASC sheets to support or 
stimulate tissue healing both in vitro and in vivo. The paracrine ability and 

immunomodulatory ability of ASC sheets in different culture conditions were evaluated 
in vitro. ASC sheet transplantation and the ability to prevent intestinal anastomosis 

leakage were investigated in vivo. The results from our investigations suggest that ASC 

sheets can support tissue healing and display enhanced paracrine abilities compared to 
ASC not cultured as a cell sheet.  

 
ASC sheet characteristics  
 
ASC seeded at high seeding density (>100,000 cells/cm2) form a cell sheet, which can be 

detached from the culture dish. It has been shown in various in vivo models that such 

sheets improve tissue healing better than traditional injection of ASC suspensions (3-6). 
The underlying mechanism for this observed improvement still has to be unraveled. To 

date there are just a few studies attempting to elucidate the possible mechanisms by 
which ASC sheets influence tissue healing (7-9). Therefore we compared ASC sheets with 

traditionally cultured ASC in low density.  
In our studies we have demonstrated that, similar to traditionally cultured ASC, 

ASC sheets are capable of expressing and secreting factors, which are known to be 
involved in immunomodulation and tissue healing. The expression and secretion of such 

factors, however, was higher in ASC sheets. 
 

Paracrine secretion of ASC sheets  
 
In Chapter 2 we investigated the effect of cell seeding density and inflammatory 
cytokines on adipose tissue-derived stem cells. ASC sheets express genes and secrete 

growth factors and cytokines involved in the tissue healing process [8]. When compared 

to traditionally cultured ASC at lower seeding density (e.g. 8,000 cells/cm2), ASC sheets 

expressed lower levels of genes encoding pro-inflammatory proteins (e.g. TNFA and 

PTGS2) and higher levels of genes encoding angiogenic proteins (e.g. VEGF and FGF2) 
especially under inflammatory conditions. Likewise, protein secretion of the angiogenic 

factor VEGF was also higher by ASC sheets, with ASC sheet conditioned medium (CM) 
significantly increasing fibroblast migration and endothelial cell proliferation. 
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  These differences may occur simply due to the higher number of cells present in 
the ASC sheet. However, when corrected for cellular DNA, secretion per cell was higher in 

the ASC sheet demonstrating that the difference in cell number alone does not account 
solely for our observations. Other factors such as hypoxia in the sheet center due to ASC 

sheet thickness and consequently increased diffusion distance of oxygen should be 
explored as a factor causing changes in VEGFA expression and secretion [10, 11]. Taken 

together, ASC sheets seem to be promising for supporting tissue healing. Compared to 

traditionally cultured ASC the secretion of angiogenic and anti-inflammatory factors by 

ASC sheets seem to be superior, especially in inflammatory conditions. 
 

ASC sheets and modulation of immune cells 
 
Traditionally cultured ASC have been shown to possess immunomodulatory capacities 
(10-14). Whether ASC sheets also possess these capacities is largely unknown. Since 

macrophages are key inflammatory cells in the tissue healing process, the role of ASC 
sheets in regulating macrophage phenotype and function was investigated. In Chapter 3, 

we demonstrated the ability of ASC sheets to modulate macrophage phenotypes via their 
paracrine secretion. When cultured in conditioned media made from ASC sheet, 

macrophages predominantly exhibited an anti-inflammatory (M2) phenotype. 
Furthermore, ASC sheet transplantation to insufficiently sutured colorectal anastomoses 
– a colorectal leakage model – increased M2 macrophages at the anastomotic site (Chapter 

6). This may have contributed to the reduction in anastomosis leakage and abscess 

formation compared to the sham operated group. Similarly, Shen et al. showed that ASC 

sheet treatment in the inflammatory stage of tendon healing lead to higher M2 marker 
gene expression (15). 
 Previous studies indicated that ASC modulate macrophages towards the M2 
phenotype via secretion of PGE2 (16, 17). However, PGE2 levels were not correlated to the 

different effects on macrophage phenotypes observed when macrophages were cultured 
with CM from ASC sheets, BMSC sheets or fibroblast sheets in our studies (Chapter 3). This 

suggests that ASC sheets modulate macrophage phenotype via different mechanisms. 
Further investigations are needed to identify the underlying mechanisms that cause this 
macrophage modulation by ASC sheets.  

The immunomodulatory effect of ASC is not limited to macrophages. Some studies 

indicate that ASC are able to inhibit T-cell proliferation (10, 18, 19) while not interfering 

with regulatory T-cell (T-reg) function, a desirable profile in tissue healing (20). In Chapter 

2, we showed that when stimulated with pro-inflammatory cytokines, ASC sheets had 

lower expression of the inflammatory genes TNFA, PGTS2, and IDO than ASC cultured in 
monolayer at lower density. Furthermore, ASC sheets secreted more L-kynurenine, an 

inhibitor of T-cell proliferation. Coupled with the ability of ASC sheets to increase CD3+ T-
cells after transplantation (Chapter 5), it appears that immunomodulation also occurs 

through T-cell manipulation. Future studies exploring the effects of ASC sheets on T-cell 

subtype should be conducted to evaluate this relationship in more detail with regard to 
tissue healing. 

ASC sheet viability in vitro and in vivo  
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The viability of ASC sheets before and after transplantation is an important factor. In vitro, 

ASC sheets demonstrated superior viability compared to monolayer cultured ASC, 
especially in inflammatory culture conditions (Chapters 2 and 3). This might be due to 

ASC sheets being more resistant to the inflammatory environment than monolayer ASC; 
in Chapter 2 it was shown that ASC sheets expressed less pro-inflammatory genes in an 

inflammatory situation. Besides that we showed that ASC sheets remained viable for at 

least up to 6 hours (Chapter 6) after detachment from the temperature-responsive culture 

dish, making transport of ASC sheet from the culture facility to the operating theater 
feasible.  

In vivo, ASC sheets have been reported to be present up to 12 weeks after 
subcutaneous transplantation (21). Using super-paramagnetic Fe3O SPIO labeling and 

mitochondrial staining (Chapter 6) we observed that ASC sheets were viable three days 

after transplantation to a colorectal anastomosis. However, we were not able to visualize 

the sheets at 7 days post-operatively. Recently, a study by Zhou S. et al., also used ultra-
small nanoparticle SPIO and tracked ASC sheet with magnetic resonance imaging (MRI) 
until 12 weeks after subcutaneous ASC sheet transplantation (21). Another possible 

technique of ASC sheet visualization in vivo is GFP labeling. Using this method, ASC in ASC 

sheets could be visualized 2 months after in vivo transplantation in a myocardial 
infarction model (3). So it seems that there is a great variation in the viability of ASC sheets 

after transplantation in different disease models.   
Why ASC sheets are more viable than monolayer ASC is still unknown. One possible 

explanation is that cell-to-cell contact can preserve cell vitality by a junctional protein, 

called plakoglobin, that is highly present in cell sheets and is known to suppress apoptosis 
(22). However, when ASC sheets and BMSC sheets of similar high density were compared 

in vitro, ASC sheets were more viable (Chapter 3), indicating that cell sheet viability is not 

only affected by cell density but also by the used cell type. Future research is needed to 

identify why ASC sheets are more viable than traditionally cultured ASC and why ASC 
sheets are more viable than BMSC sheets, for instance by looking at the expression level 
of plakoglobin and its downstream targets. 

 

ASC sheets for tissue healing in experimental models 
 
Based on promising in vitro results that the paracrine ability and viability of ASC sheets 
were superior to monolayer ASC, we were interested in the therapeutic potential of ASC 
sheets in experimental in vivo models.  

In Chapter 4 the different applications of ASC sheets in vivo and their effects on 
tissue healing are reviewed. Myocardial infarction was the main in vivo model in which 

therapeutic efficacy of ASC sheets was tested followed by in vivo skin wound models, an 
in vivo ischemic skeletal muscle model and an in vivo esophageal ulcer model. Overall, the 

literature suggests that transplantation of ASC sheets to different types of damaged 
tissues improves the healing response compared to ASC injection or sham surgery. 
Generally, enhancement of capillary density and a reduction in tissue inflammation and 
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fibrosis was noted. Moreover, sheets composed of ASC seem to be superior to sheets 

composed of other cell types when used in the same disease model. 
Based on the beneficial effects of ASC sheets on tissue repair in diverse in vivo 

animal models, we proposed a novel application of ASC sheet to reduce or prevent 
intestinal anastomosis leakage after colorectal surgery.  

 

ASC sheets prevent anastomotic leakage in a rat model 
 
Anastomotic leakage is a life-threatening complication after colorectal surgery, and 

despite the use of various materials such as fibrin glue (23-25), collagen patches (26), and 

fibrin patches (27) it is still a significant risk and post-operative complication. ASC-based 

therapies such as ASC coated bio-sutures (28) and ASC serosal injections (29) have been 

investigated to reduce this risk but with little success. In contrast, our ASC sheet 

transplantation reduced anastomotic leakage 3 and 7 days post-operatively, where the 

first 7 days after surgery can be considered as the most critical. 
 The positive effect of ASC sheets on reducing the leakage might be due to their 
paracrine ability. ASC sheets modulated inflammation by decreasing the incidence of 

abscesses, and an increased number of anti-inflammatory macrophages and T-cells in the 

wound, thereby positively influencing wound healing. This is supported by our in vitro 

work (Chapter 2) that showed ASC sheets expressed low levels of genes encoding for pro-
inflammatory proteins, and modulated macrophages towards an anti-inflammatory 

phenotype and secreted high levels of VEGF (Chapter 3).  
 Besides paracrine ability, another possible mechanism in the prevention of leakage 
might be the mechanical sealing effect of the sheet. Many studies, however, have tried to 

reinforce the anastomotic leakage with sealing, but without much success (30). Thus, we 

do not believe this to be a likely contributing factor. Further investigation to identify 

whether ASC sheets prevent leakage by their mechanical sealing or not, could be done for 
example by comparing ASC sheets with decellularized ASC sheets.   
     
ASC sheets differentiation ability 
 
Besides the aforementioned paracrine ability, ASC sheets also have differentiation (31-33) 
and transdifferentiation ability, with previous studies indicating the ability of ASC sheets 
to transdifferentiate towards pericytes, epithelial cells, endothelial cells, and 
cardiomyocytes upon in vivo transplantation (3, 5, 33-36). In our colorectal anastomosis 

rat model (Chapter 6), we observed no differentiation of ASC towards endothelial cells 

after transplantation (37). A similar lack of in vivo differentiation ability has been noted by 

some other studies (8, 38). These contradictory results require further investigation so 

that the therapeutic benefits of ASC sheets for tissue healing and regeneration can be fully 
evaluated. 
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Conclusion and future perspectives 
 
The main aim of this thesis was to investigate the characteristics of ASC sheets and their 
possible use for supporting or enhancing the tissue healing process. We demonstrated 

that ASC sheets are more promising for tissue healing than ASC cultured in low density, 
especially in inflammatory conditions. ASC sheets possess the ability to stimulate 

endothelial proliferation, fibroblast migration, and macrophage polarization toward an 
anti-inflammatory phenotype. Moreover, ASC sheets were able to prevent anastomotic 

leakage after colorectal surgery in a rat model. Although this thesis provides insights into 

ASC sheet functional characteristics and a possible novel in vivo application, there are still 
many unanswered questions that should be addressed in preclinical studies to optimize 
ASC sheet transplantation. Better understanding of ASC sheet characteristics and 

preparation is needed and may include the following: 
 

1. Optimization of ASC sheet preparation  
 
The feasibility of large-scale tissue repair must be firmly established in a large animal 

model and the specific dose and ASC sheet composition need to be better defined. For 

example, ASC sheets consisting of 400.000 cells/cm2 to millions of cells/cm2 should be 

compared. Similarly, it should be determined whether an one-layer ASC sheet is optimal 

for a certain application or a multilayer stacked ASC sheet. This is needed to obtain 

consensus in the field in terms of cell numbers and sheet layers that are most likely to 
mediate the desired clinically relevant beneficial effects.   
 To improve their supporting or enhancing capacities even more, evaluating the 
effects of hypoxic culture conditions on ASC would be interesting, since hypoxic culture 
conditions may stimulate the angiogenic capacity of the ASC sheet(39). In addition, 

compared to ‘standard’ ASC sheets, ASC sheets overexpressing VEGF (4, 40) have been 

shown to enhance tissue healing in in vivo models such as myocardial infarction and hind 
limb ischemia (41, 42). It would be interesting to evaluate whether a similar positive effect 

of VEGF overexpression by ASC sheets can be observed on tissue healing in other in vivo 
models.  
 

2. Investigation of donor and cell source variation and its effects on 
ASC sheet therapeutic potential 

  
In addition to the culture protocol, donor and cell source might have an influence on the 
therapeutic effect of ASC sheets. To our knowledge, there is no study comparing the effect 

of donor variation on the therapeutic effect of ASC sheets. However, from previous studies 

on low density cultured ASC, it seems that the donor’s age, body mass index (BMI), gender 

and adipose tissue location can influence ASC (43-45). Donor age may also alter the ability 

to regulate macrophages towards the anti-inflammatory (M2) phenotype, similar to its 

effect on BMSCs (46). Depending on the cell source that will be used in the clinical 

application (autologous or allogeneic), the effect of donor’s age, BMI, and gender on the 

supporting or enhancing capacities for tissue healing should be determined. Especially 
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when applying an ASC sheet made from an allogeneic source, this information appears 
important.    

 
3. Study of ASC sheet retention and survival in vivo  
 
A major limitation of current stem cell-based therapies is the rapid disappearance of cells 

at the target site after injection (11, 47) combined with low cell survival. ASC sheets may 

provide a solution for this problem since the cells in a sheet are surrounded by 
extracellular matrix and connected with each other and extracellular matrix, limiting cell 
migration. We were able to identify ASC sheets after three days following transplantation, 

although the proportion of remaining cells in the ASC sheet is unknown. A labeling 

method that would allow cell detection in vivo on a longer term could identify the fate of 
the ASC in the sheet and provide more information on any cellular migration to better 
understand the behavior of these cell sheets in vivo.      
 
 

4. Development of various ASC sheet transplantation techniques 
 
ASC sheets are thin, friable structures. For ASC sheet transfer sometimes assisting 

substances are used such as hydrogel, collagen (15), or a transfer membrane (48). Stacking 

ASC sheets is an alternative method to facilitate ASC sheet transfer and handling by 
increasing ASC sheet thickness. Even more, tissue healing responses also have been 

reported to improve when using stacked ASC sheets compared to single ASC sheets (33, 

34, 38, 49). In our hands, ASC sheets were successfully transplanted to the target site 

without any assisting substance making use of non-tissue crushing forceps and applying 

principles of soft tissue handling.  
 However, for the use in specific types of applications such as for the use in difficult 
to reach, narrow small areas, (e.g. periodontal pockets) a scaffold or biomaterial membrane 

might be necessary to assist the manipulation and transplantation of ASC sheets. In 

Chapter 7, we describe a preliminary study to test the possibility of combining ASC and a 
biomaterial membrane to form a construct to assist ASC sheet manipulation during 
transplantation.  
 The various methods of delivery described (e.g. ASC injection, ASC sheet with or 

without the use of assisting substances or scaffolds) should be tested, ideally in a head-to-
head comparison. The approach resulting in the best retention of viable cells and/or 

greatest beneficial effects on tissue repair should be prioritized in early clinical trials. For 

any approach involving ASC sheet transfer, further studies are needed to determine the 
required sheet size and sheet distribution at or around the target site in large animal 
models before being considered for clinical use. 
 

5. Development of ASC sheet preservation methods 
 
An autologous ASC sheet is a desirable treatment objective, and is possible in case of 
elective surgical procedures. Since the harvest of ASC is less invasive than bone marrow-
derived stromal cells, morbidity due to cell harvest is less likely. Having said that, a single 
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surgical procedure is preferred above multiple surgical procedures because of less 
burden for the patient. So, allogeneic ASC sheets, if their application is similar to 

autologous ASC sheets, might be a practical option especially for elderly patients who may 
have increased anesthetic risk, and whose aged cells may be therapeutically less effective. 
Cryopreservation techniques have been investigated for chondrocyte cell sheets. They 

remained viable and reduced pain as good as fresh cell sheets in an articular cartilage 
repair model (50, 51). Cryopreservation could also be explored for ASC sheets. When 

having an “off-the-shelf” ASC sheet available, the use of ASC sheets might be more feasible 

and applicable, especially when there is no time to harvest and expand ASC and engineer 
a sheet. In addition, after deciding whether donor characteristics influence the supporting 

or enhancing capacities of ASC sheets for tissue healing, large quantities of ASC sheets 
from preferred donors can be made beforehand. 
 

6. Which research is needed to facilitate successful translation to the 
clinic?  

  
To date, there have been no clinical trials testing the transplantation of autologous ASC 
sheets. Clinical trials of autologous cell sheets are currently being conducted with 

epithelial cells, cardiac muscle cells and periodontal ligament cells for the treatment of 
corneal epithelial stem cell deficiency, cardiomyopathy and periodontal disease, 
respectively (52-55). ASC sheet transplantation for large-scale tissue repair must be firmly 

established in a large animal model. Until now, only one study is known with an 

autologous ASC sheet transplantation in a pig chronic heart failure model (35). Although 

the reported results of this study are promising, more evidence is needed to move toward 
clinical trials. 
 For the production of off-the-shelf ASC sheet products, immunosuppression is an 

important issue. One question that is particularly challenging is based on 

xenotransplantation models and concerns the feasibility of transplantation from human 
ASC to animal models. Experiments using transplantation of allogeneic cells within the 

same species would likely better model the responses to ASC sheet transplantation in 
humans. For example, pig ASC sheets could be transplanted in allogeneic pigs and 

evaluated for the necessity of immunosuppression to ensure graft survival. Also, 

humanized mouse models, in which mice possess human immune systems, could be used 
(56, 57). In addition, future research should carefully investigate the long-term clinical 

safety for possible unwanted long-term effects like development of rejection of or 

neoplasia starting from or being initiated by transplanted ASC sheets.  
 Putting aside the risk of patient harm, a premature move to the clinic and finding 
of no or insignificant beneficial effects, is undesirable and could also permanently derail 
progress in the field. Further preclinical studies as suggested above will be necessary to 

form a solid basis for clinical trials with the greatest chance of ultimately successful 
clinical application. 
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Nederlandse samenvatting 
 
Vertraagde wondgenezing vormt een steeds grotere uitdaging voor gezondheidscentra 
wereldwijd. Alhoewel ontwikkelingen binnen het onderzoeksveld hebben geleid tot 
nieuwe oplossingen die de patiëntenzorg effectief hebben verbeterd, vragen de 
toenemende financiële lasten en de vergrijzing van de bevolking om meer aandacht en 
middelen. Het gebruik van stamcellen ter bevordering van weefselherstel vormt een 
alternatieve behandeloptie. Mesenchymale stamcellen, zoals uit vet geïsoleerde 
stamcellen (adipeuze stromale stamcellen, ASC), zouden de genezing van weefsels 
verbeteren door hun paracriene effecten en het vermogen om ontstekingsreacties te 
moduleren. Traditioneel werden ASC toegediend middels injectie- of met behulp van 
een dragermateriaal. In dit proefschrift wordt een relatief nieuwe methode voor 
toediening van deze stromale stamcellen onderzocht. De ASC worden in vitro onder 
zulke omstandigheden gekweekt zodat zij zogenaamde ‘sheets’ vormen. Dit zijn als het 
ware een soort van biologische matjes bestaande uit ASC die met elkaar zijn verbonden 
door de vorming van eigen extracellulaire matrix (bijv. collageen). Het potentiele 
voordeel van dergelijke cel sheets is dat de ASC met elkaar verbonden zijn en zo niet 
makkelijk losraken waardoor hechting aan beschadigde weefsels vergemakkelijkt 
wordt. Daarnaast zal het gebruik van autologe ASC zonder synthetische 
dragermaterialen minder gauw een afstotingsreactie oproepen.  Op dit moment is de 
beschikbare informatie over therapeutische toepasbaarheid en effectiviteit van 
stromale stamcel sheets ter bevordering van weefselherstel beperkt. 
 Als eerste hebben wij onderzocht of ASC-sheets op eenzelfde wijze of beter 
weefselherstel zouden kunnen bevorderen als ‘traditioneel’ opgekweekte ASC. In 
hoofdstuk 2 zijn ASC in verschillende dichtheden en kweekomstandigheden (met en 
zonder ontstekingsfactoren) gekweekt. Eiwitproductie en levensvatbaarheid van de ASC 
werden vervolgens vergeleken. ASC gekweekt in sheets produceerden zelf minder 
ontstekingsfactoren en meer eiwitten die weefselherstel bevorderen dan traditioneel 
gekweekte ASC. Ook bleken grotere aantallen ASC vitaal te zijn in een sheet dan 
wanneer traditioneel gekweekt. De toevoeging van ontstekingsfactoren aan het 
kweekmedium van ASC-sheets had een positief effect op zowel de productie van 
eiwitten die weefselherstel bevorderen als ASC vitaliteit. Daarnaast stimuleerde 48-uurs 
kweekmedium van ASC-sheets de celdeling van bindweefselcellen en de migratie van 
bloedvatwandcellen.   Hoe hoger de cel dichtheid van ASC-sheets was, hoe meer 
bindweefselceldelingen en bloedvatwand cel migratie geobserveerd werd. Beide 
observaties zijn indicatoren passend bij weefselherstel. 
 In hoofdstuk 3 hebben we naar het effect van ASC-sheets op macrofagen, 
belangrijke cellen van het niet-specifieke immuunsysteem, vergeleken met sheets 
gevormd van beenmerg stamcellen en sheets gevormd van bindweefselcellen. Wanneer 
macrofagen werden gekweekt in 48 uurs kweekmedium van ASC-sheets of beenmerg 
stamcel sheets, hadden zij minder ontsteking inducerende eigenschappen.  Daarnaast 
bleek de vitaliteit van ASC-sheets in vergelijking met de andere twee typen cel sheets 
superieur.   
 Hoofdstuk 4 geeft een overzicht van alle tot nu toe gepubliceerde studies van 
diermodellen waarin ASC-sheets zijn aangebracht om het effect van de sheets op 
weefselherstel te bestuderen. In diermodellen waarin ASC-sheets werden aangebracht 
op beschadigd hartspierweefsel na een hartinfarct, op slecht genezende huidwonden, op 
slokdarm zweren, en op achterbeenspieren met een verminderde bloedvoorziening 



Dutch summary 

144 
 

werd een positief effect van ASC-sheets op weefselherstel gezien. Weefselherstel werd 
door de sheets bevorderd middels bijvoorbeeld stimulatie van de ingroei van nieuwe 
bloedvaten, deling van lokale bindweefselcellen en wond remodellering.  
 Hoofdstuk 5 en 6 beschrijven een diermodel waarin ASC-sheets voor het eerst 
werden aangebracht op een lekkende darmnaad na het verwijderen van een stuk darm. 
ASC-sheets verminderden de vorming van onstekingen en lekkage ter plaatse van de 
darmnaad en leidden niet tot meer lokale verklevingen. Het exacte mechanisme 
waarmee ASC-sheets ontstekingen en lekkagevorming verminderden, is niet duidelijk 
geïdentificeerd. Bloedvat-ingroei en collageenafzetting, beide factoren die darmnaad 
genezing positief kunnen beïnvloeden, waren niet verschillend tussen de controlegroep 
en met ASC-sheets behandelde dieren. Daarentegen bleek wel de aanwezigheid van 
ontstekingsremmende macrofagen en T-cellen ter plaatse van de darmnaad hoger bij 
met ASC-sheets behandelde dieren. Deze laatste observatie heeft mogelijk bijgedragen 
aan het gunstige effect van ASC-sheets in dit diermodel. 
 In hoofdstuk 7 testen we de mogelijkheid om ASC-sheets te combineren met 
verschillende dragermaterialen. ASC-sheets zijn dun en fragiel en voor bepaalde 
toepassingen kan het nodig zijn de ASC -sheets te verstevigen door ze te combineren 
met stijvere dragermaterialen. ASC-sheets werden gekweekt op twee verschillende 
polymeren zonder dat de vitaliteit, expressie van belangrijke paracriene factoren, als 
ook extracellulaire matrix bestanddelen door ASC-sheets significant werd beïnvloed.     
 Concluderend laat dit proefschrift zien dat het gebruik van ASC-sheets een 
veelbelovende strategie kan zijn om de genezing van weefsels te verbeteren. Het is 
waarschijnlijk dat het succes van transplantatie van ASC-sheets op beschadigde 
weefsels zal variëren tussen verschillende weefsels en verschillende omstandigheden. 
Dit proefschrift beschrijft dat ASC-sheets in de handen van anderen de genezing van 
bijvoorbeeld hartspierweefsel of achterbeenspieren bevorderden door bloedvat ingroei 
en lokale doorbloeding te stimuleren. In de door ons beschreven nieuwe toepassing van 
ASC-sheets op een lekkende darmnaad bleken ASC-sheets darmlekkage en lokale 
abcesvorming te verminderen. Er werd echter geen toename in lokale bloedvat ingroei 
in of rondom de darmnaad waargenomen. Wel hadden ASC-sheets een gunstig effect op 
cellen van het immuunsysteem. Dit zou kunnen betekenen dat modulatie van een lokale 
ontstekingsreactie een andere manier is waarop ASC-sheets kunnen bijdragen aan 
weefselherstel. Toekomstig onderzoek kan meer inzicht geven  in de mechanismen en 
factoren door welke ASC-sheets kunnen bijdragen aan weefselherste. 
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บทสรุปภาษาไทย 

 

 เม่ือร่างกายไดรั้บบาดเจบ็เกิดบาดเเผลหรือความเสียหายข้ึนท่ีเน้ือเยือ่ต่างๆ จะเกิดกระบวนต่างๆ 
เพื่อตอบสนองเเละน าไปสู่การหายของเเผล เพื่อใหเ้น้ือเยือ่นั้นกลบัมาท างานตามปกติได ้ อยา่งไรก็ตาม 
การหายของแผลนั้นมีปัจจยัต่างๆ มากระทบท าใหเ้เผลหายชา้ได ้ เช่น อายท่ีุมาก การอกัเสบ การติดเช้ือ 
ภาวะขาดเลือดไปยงัเเผล โรคเบาหวาน เป็นตน้ เม่ือแผลหายชา้ท าใหใ้หเ้กิดภาวะเเทรกซอ้น เเละ 
ความสูญเสียมากมายตามมา โดยเฉพาะอยา่งยิง่เเผลจากการผา่ตดั งานวจิยัในอดีตจนถึงปัจจุบนั 
ไดศึ้กษาหาวธีิเเกไ้ขปัญหาน้ีดว้ยวธีิต่างๆ การรักษาโดยใชเ้ซลลต์น้ก าเนิด หรือ สเตม็เซลลแ์ละเซลลท่ี์ 
ไดจ้ากเซลลต์น้ก าเนิด (stem cell-based therapy) ถือเป็นทางเลือกหน่ึงในปัจจุบนัในการกระตุน้กระบวน 
การหายของเเผลใหร้วดเร็วข้ึน ถึงเเมว้า่การใชส้เตม็เซลลจ์ะใหผ้ลดี เเต่การฉีดสเตม็เซลลน์ั้น มีขอ้เสียคือ 
เซลลท่ี์ฉีดเขา้ไปมีโอกาสเคล่ือนออกจากบริเวณ์เน้ือเยือ่ท่ีตอ้งการ เเละไม่ยดึติดกบัเน้ือเยื่อนั้นๆเพื่อท างาน 
กระตุน้กระบวนการหายของเเผล ดว้ยสาเหตุน้ีจึงมีการพฒันาการเล้ียงเซลลใ์นรูปแบบเเผน่เซลล ์(cell sheet) 
ข้ึนเพื่อใชใ้นการปลูกถ่ายเซลลไ์ปยงัเน้ือเยือ่หรือเเผลท่ีตอ้งการ โดยเซลลท่ี์ใชท้  าแผน่เซลลน์ั้นสามารถ 
ใชเ้ซลลจ์ากแหล่งต่างๆได ้ เช่น เซลลก์ระดูกอ่อน เซลลก์ลา้มเน้ือ เเละ สเตม็เซลล ์
งานวจิยัในวทิยานิพนธ์น้ีศึกษา สเตม็เซลลจ์ากเซลลไ์ขมนั (Adipose tissue-derived stem cells, ASC) 
ซ่ึงจดัเป็นเซลลท่ี์หาไดง่้าย สามารถสกดัดว้ยวธีิการท่ีเจบ็ปวดนอ้ยเม่ือเทียบกบัสเตม็เซลลจ์ากไขกระดูก 
อย่างไรก็ตามข้อมูลเก่ียวกับศกัยภาพของแผ่นสเต็มเซลล์จากไขมนัเพื่อการรักษานั้นถือว่ายงัมีจ  ากัด 
วตัถุประสงคข์องวทิยานิพนธ์น้ีคือการศึกษาแผน่สเตม็เซลลจ์ากไขมนั (ASC sheet)  เพื่อใชใ้นการซ่อมเเซม 
เน้ือเยือ่  บทเเรกคือบทน า อธิบายเก่ียวกบัสเตม็เซลล ์ เเผน่เซลล ์ กระบวนการหายของแผล และ บทบาท 
ของสเตม็เซลลจ์ากไขมนักบัการหายของเเผล เเละวตัถุประสงคเ์เละขอบเขตในการวจิยั  
 บทท่ี 2 เป็นงานวจิยัเพื่อทดสอบสมมุติฐานท่ีวา่สเตม็เซลลจ์ากไขมนัในรูปแบบเเผน่เซลลน์ั้น 
จะมีคุณสมบติัในการช่วยกระตุน้การหายของเเผลอย่างไรเม่ือเปรียบเทียบกบัสเต็มเซลล์จากไขมนัท่ีเล้ียง 
ดว้ยความหนาเเน่นต ่ากวา่ เน่ืองจากความหนาเเน่นในการเล้ียงเซลลน์ั้นเป็นปัจจยัหน่ึงท่ีท าใหเ้ซลลมี์ 
ศกัยภาพในการกระตุน้การหายของเเผลท่ีเเตกต่างกนัได ้ ผลการศึกษาพบวา่เเผน่สเตม็เซลลจ์ากไขมนัท่ีมี 
เซลลห์นาเเน่นสูงมีการเเสดงออกของยีนท่ีกระตุน้การสร้างหลอดเลือดใหม่ (VEGFa) ไดสู้งกวา่สเตม็เซลล ์
จากไขมนัท่ีหนาเเน่นนอ้ยกวา่ เเละพบวา่มีการเเสดงออกของยนีท่ีกระตุน้การอกัเสบนอ้ยกวา่ ไดเ้เก่ TNFa, 
PTGS2 เเละเม่ือน าอาหารเล้ียงสเตม็เซลล ์ (Conditioned medium) ท่ีความหนาเเน่นต่างกนัไปทดสอบ 
ยงัพบวา่ สามารถกระตุน้การเจริญของเซลลห์ลอดเลือด เเละการเคล่ือนท่ีของเซลล์ไฟโบรบลาสท ์ ไดดี้กวา่ 
สเตม็เซลลจ์ากไขมนัท่ีความหนาเเน่นนอ้ยอยา่งมีนยัส าคญั เม่ือเล้ียงสเตม็เซลลใ์นภาวะท่ีมีการกระตุน้ดว้ย 
สารอกัเสบ (TNFa+ IFNg) เเผน่สเตม็เซลลจ์ากไขมนัยงัสามารถมีชีวติรอด (viability)ไดสู้งกวา่สเตม็เซลล ์
จากไขมนัท่ีความหนาแน่นต ่า 
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 บทท่ี 3 เป็นการศึกษาเปรียบเทียบแผน่สเตม็เซลลจ์ากไขมนัเทียบกบัแผน่เซลลจ์ากไขกระดูกเเละ 
แผ่นเซลล์จากเซลล์ไฟโบรบลาสท์ถึงผลต่อการเปล่ียนชนิดของเซลล์เม็ดเลือดขาวเเม็คโครฟาจ การ 
ศึกษาพบวา่เเผน่สเตม็เซลลจ์ากไขมนัสามารถกระตุน้การเปล่ียนชนิดของเซลลเ์มด็เลือดขาวเเมค็โครฟาจให ้
ลกัษณะท่ีปรากฏออกมาเปล่ียนไปในเเนวทางต่อตา้นการอกัเสบ (anti-inflammatory macrophage) 
ไดอี้กดว้ย ซ่ึงถือเป็นคุณสมบติัท่ีดีในการกระตุน้การหายของเเผล นอกจากน้ีเเผน่สเตม็เซลลจ์ากไขมนั 
ยงัสามารถมี ชีวติรอดไดสู้งกวา่เเผน่สเตม็เซลลจ์ากไขกระดูก เเละ แผน่เซลลจ์ากเซลลไ์ฟโบรบลาสท ์
 บทท่ี   4    จากผลการทดลองในหลอดทดลองท่ีมีเเนวโนม้ท่ีน่าสนใจ ท าใหมี้การศึกษาต่อเน่ืองเพื่อ 
ศึกษาการใชเ้เผน่สเตม็เซลลจ์ากไขมนัในการรักษาเน้ือเยื่อต่างๆในสัตวท์ดลอง เพื่อทดสอบสมมุติฐานวา่ 
เเผน่สเตม็เซลลจ์ากไขมนัจะมีผลในการกระตุน้การหายของเเผลเน้ือเยือ่หรือไม่ในสัตวท์ดลอง เร่ิมตน้โดย 
การทบทวนวรณกรรมอยา่งเป็นระบบ (systematic review) เพื่อหาขอ้สรุปจากผลการศึกษาวจิยัทั้งหมด 
เก่ียวกบัแผน่สเตม็เซลลจ์ากไขมนัท่ีใชใ้นสัตวท์ดลอง โดยมีเกณฑก์ารคดัเลือกอยา่งเขม้งวด เฉพาะงานวจิยัท่ี 
เปรียบเทียบอยา่งชดัเจนกบักลุ่มควบคุมท่ีดี ผลจากการทบทวนงานวจิยัท่ีมีขณะนั้นพบวา่มีการทดลองใช ้
แผน่สเตม็เซลลจ์ากไขมนัในหลายเน้ือเยื่อ ไดเ้เก่ เน้ือเยือ่หวัใจท่ีขาดเลือด แผลผวิหนงั เน่ือเยือ่ช่องปาก 
เเละหลอดอาหาร ภาวะขาหลงัท่ีขาดเลือด โดยพบวา่การใชแ้ผน่สเตม็เซลลจ์ากไขมนั ส่งผลกระตุน้การหาย 
ของแผลไดดี้กวา่การไม่ใชแ้ละการใชส้เตม็เซลลไ์ขมนัเเบบฉีด นอกจากน้ีการใชแ้ผน่สเตม็เซลลจ์ากไขมนั 
ท่ีมีการกระตุน้ก่อนการใชใ้ห้มีการแสดงออกของยนีกระตุน้หลอดเลือด (VEGF Overexpression) สามารถ 
ท าใหผ้ลการรักษาดียิง่ข้ึนอีกดว้ย อยา่งไรก็ตามพบวา่ยงัไม่มีการทดลองใชแ้ผน่สเตม็เซลลจ์ากไขมนัเพื่อ 
รักษาเน้ือเยือ่ ของอวยัวะในช่องทอ้ง  
 ในบทท่ี 5 เเละ 6 ผูว้จิยัท าการทดลองวิจยัใชเ้เผน่สเตม็เซลลจ์ากไขมนัในการป้องกนั 
การร่ัวซึมภายหลงัการตดัต่อล าไส้หนูทดลอง เน่ืองจากภาวะรอยต่อล าไส้ใหญ่หรือล าไส้ตรงร่ัวซึม 
(colorectal anastomosis leakage) จดัเป็นภาวะเเทรกซอ้นท่ีมีอุบติัการณ์การเกิดสูงภายหลงัการผา่ตดัตดัต่อ 
ล าไส้ เเละ ถือเป็นภาวะท่ีเส่ียงต่อการเสียชีวติ โดยเลือกใชห้นูทดลองท่ีตดัต่อเเละเยบ็ในเเบบท่ีมีความเส่ียง 
ในการร่ัวซ่ึมสูง (anastomotic leakage model) ผลการทดลองพบวา่แผน่สเตม็เซลลจ์ากไขมนัสามารถ 
ปิดแผลตดัต่อล าไส้ได ้ ไม่เคล่ือนยา้ยไปต าเเหน่งอ่ืนถึงเเมจ้ะไม่ไดเ้ยบ็ร้ังเเผน่สเตม็เซลล ์ กลุ่มทดลองท่ีใช ้
เเผน่สเตม็เซลลจ์ากไขมนันั้น มีอตัราการเกิดฝีจากการร่ัวซึมนอ้ยกวา่ กลุ่มควบคุมเม่ือตรวจท่ี 3  เเละ 7 
วนัหลงัการปลูกถ่าย อีกทั้งยงัไม่พบภาวะช่องทอ้งอกัเสบหรือการยดึติดของเน่ือเยือ่อ่ืนมากกวา่กลุ่มควบคุม 
อีกดว้ย เม่ือยอ้มสีพบวา่สเต็มเซลลไ์ขมนัในแผน่เซลล ์ มีชีวติถึง 3  วนัหลงัการปลูกถ่ายถึงเเมป้ริมาณหลอด 
เลือดเเละคอลลาเจนจะไม่สูงข้ึนอยา่งมีนยัส าคญั เเต่แผน่สเตม็เซลลจ์ากไขมนัสามารถกระตุน้เพิ่มปริมาณ 
เซลลเ์มด็เลือดขาวท่ีมีอิทธิพลต่อการหายของเเผล 
 ถึงเเมว้า่การใชแ้ผน่สเตม็เซลลจ์ากไขมนัสามารถใชโ้ดยไม่ตอ้งเยบ็หรือ ร้ังดว้ยวสัดุทางการเเพทย ์
เเต่ความเเขง็เเรงของเเผน่สเต็มเซลลย์งันอ้ยหรือการจบัปรับรูปร่างยงัท าไดย้าก ในบทท่ี 7 ผูว้จิยัไดท้ดลอง 
การเล้ียงสเตม็เซลลจ์ากไขมนับนเเผน่วสัดุชีวภาพทางการเเพทยท่ี์มีคุณสมบติัสามารถใชใ้นร่างกายได ้
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การวจิยัเบ้ืองตน้พบวา่การเล้ียงเเผน่สเตม็เซลลบ์นเเผน่วสัดุชีวภาพ ไม่ก่อใหเ้กิดอนัตรายต่อตวัเซลลห์รือ 
มีผลเปล่ียนการเเสดงออกของยนี ซ่ึงจากผลการวจิยัน้ีสามารถต่อยอดไปทดลองต่อในอนาคตได ้ อาจมีการ 
ปลูกถ่ายแผน่สเตม็เซลลร่์วมกบัแผน่วสัดุชีวภาพท่ีน าพายาหรือสารกระตุน้ 
การหายของเเผลไปยงัเน้ือเยื่อต่างๆไดห้ลากหลายรูปแบบข้ึน   
 งานวิจยัในหนงัสือเล่มน้ีเเสดงถึงคุณสมบติัขอ้ดีเเละผลของการใช้แผ่นสเต็มเซลล์จากไขมนัว่า 
สามารถกระตุน้การหายของเเผลท่ีเน้ือเยือ่ไดดี้ และทดลองใชเ้ป็นคร้ังแรกในแผลการตดัต่อล าไส้ อยา่งไร 
ก็ตามเพื่อความปลอดภยัในการใชท้างคลินิกยงัคงตอ้งมีการวจิยัเพิ่มเติมเพื่อใหไ้ดข้อ้มูลท่ีจ  าเป็นก่อนการน า
ไปใชจ้ริง ในบทสุดทา้ยผูว้ิจยัไดเ้ขียนสรุปเเนวทางการวิจยัในอนาคต เพื่อเพิ่มเติมรายละเอียดในเเนวทาง 
ของการผลิตเเผน่สเตม็เซลลจ์ากไขมนัท่ีส าเร็จรูปพร้อมใชใ้นการรักษา ไม่วา่จะเป็นปัจจยัจากการเล้ียงเซลล ์
และปัจจยัจากผูบ้ริจาคเซลลต่์อผลการรักษา การปลูกถ่ายแผน่เซลลต่์างสายพนัธ์ุ  การติดตามหลงัการ 
ปลูกถ่าย เเละ เทคนิคในการเก็บรักษาแผน่สเตม็เซลลจ์ากไขมนั เพื่อใหพ้ร้อมใชง้านอยา่งทนัท่วงที 
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