Study on Viability and Chondrogenic Differentiation of Cryopreserved Adipose Tissue-Derived Mesenchymal stromal Cells for future use in regenerative medicine
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Abstract

Adipose-derived mesenchymal stromal cells are promising as a regenerative therapy tool for defective tissues in mesenchymal lineage, including fat, bone, cartilage, and blood vessels. In potential future clinical applications, adipose-derived stem cell cryopreservation is an essential fundamental technology. The aim of this study is to define an adequate protocol for the cryopreservation of adipose-derived mesenchymal stromal cells, by comparing various protocols so as to determine the effects of cryopreservation on viability and chondrogenic differentiation potential of adipose-derived stem cells upon freeze-thawing of AT-MSCs colonies cryopreserved with standard and modified protocols, using flow cytometry and confocal microscopy. The study concludes that adipose-derived mesenchymal stromal cells could be long-term cryopreserved without any loss of their proliferative or differentiation potential. 
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Introduction
The adipose tissue represents an alternative adult stem cell source and can have therapeutic applications in various fields of medicine. This tissue is derived from the embryonic mesenchyme and contains a support stroma rich in adherent cells [6,27]. Adipose derived multipotent mesenchymal stromal cells (AT-MSCs) exhibit multi-lineage potential [33,34] and they can differentiate in vitro towards different connective tissues when treated with specific differentiation medium.
It can be seen that adipose tissue is an abundant, easily accessible reserve for tissue-specific adult mesenchymal stromal cells. However, with this growing interest in possible cell therapeutics using AT-MSCs [5], many fundamental questions arise as to the logistics of a clinical application of these cells. One issue that arises in pursuit of this type of application is the method of conservation and maintenance of differentiation potential of AT-MSCs after undergoing a period of time. Cryopreservation provides many advantages for practitioners engaged in cell-based therapies, including transportability of stem cells, pooling of cells to reach a therapeutic dose, and time for the completion of safety and quality control testing. Understanding the storage and post-thaw characteristics of these cells is essential for both preclinical and clinical research to ensure a good product. Using the potential benefits of AT-MSCs cells to develop tissue engineering strategies and cell-based therapies requires efficient cryopreservation of these cells for extended periods of time without loss of their multipotentiality [17].

An ideal cryoprotection solution should be nontoxic for cells and patients, nonantigenic, chemically inert, provide high survival rate after thawing and allow for transplantation without washing (30). The most commonly used cryoprotector, DMSO, shows cytotoxicity [28,31]. Clinically, DMSO can cause leukoencephalopathy [16], epileptic seizures [15] or elevated lactate dehydrogenase levels [11] after transplanting DMSO-preserved human bone marrow cells. Nonetheless, DMSO-preserved is widely seen as essential at least as a component of a cryoprotectants solution. To eliminate the toxic characteristics of high concentrations of DMSO for treatment of stem cells for clinical use, an optimal cryopreservation method was developed for the cryopreservation of hematopoietic progenitor stem cells using low concentrations of trehalose [19]. 
Chondrogenic differentiation of AT-MSCs is another critical point for successful cartilage tissue engineering [9]. Nowadays, the vast majority of works found are based on embrionary or adult human AT-MSCs [32], but little is known about the characterization of AT-MSCs from different animal sources. Thus, literature shows data on AT-MSCs from mouse subcutaneous adipose tissue [25], or equine [3,20].

The aim of this study is to determine whether there is an immediate or gradual loss of cell viability and chondrogenic differentiation potential upon freeze-thawing of AT-MSCs colonies cryopreserved with standard and modified protocols, using FACS methodology and confocal microscopy for these purposes.
Materials and Methods
Adipose Tissue Harvest

The protocols for this experimental study agree with the Guidelines of the Council of the European Union (86/609/EU) and followed Spanish regulations (BOE 67/8509-12, 1998) for the use of laboratory animals. They were approved by the Scientific Committee of the University of León. 

In order to harvest adipose tissue, we used 5 adult male Wistar rats (Rattus norvegicus), aged 9 months and weighting between 386 and 603 grams. Approximately 5 grams of inguinal and abdominal fat were collected by biopsy and stored in a sterile 50 ml conical tube containing phosphate buffered saline (PBS) and an antibiotic-antimycotic solution (10,000 units penicillin, 10 mg streptomycin and 25 μg amphotericin B per mL. Sigma®). Samples were finally transferred to Dulbecco’s modified Eagle’s medium (DMEM, Sigma®). 
Isolation and Cell culture of AT-MSCs
After harvesting, the adipose tissue was dissociated with 0.075% of type I-S collagenase (Sigma®) at 37º C for one hour and AT-MSCs were then isolated. The protocol followed the indications by Zuk et al, [34]. The cells were collected and plated in 25 cm2 culture flasks (Iwaki®). The flasks were incubated at 37°C in a humidified 5% carbon dioxide environment. Cells were incubated until they reached 80% confluence. Trypsinization was accomplished by using 0.05% Trypsin and 0.04% EDTA solution (Sigma®).
Characterization of AT-MSCs

Characterization by Flow Cytometry

The surface markers for AT-MSCs used were mouse CD29 and CD73 (1:1000) (Abcam®). The cells were stained with streptavidin-Alexa 488 antibodies (1:100) (Invitrogen®). To perform cytometry 1 × 106 cells were used, these being suspended in cold buffer and analysed with a FACS Cyan ADP (Dako®). In controls, only a secondary antibody was used and no marker cells were used in selecting the gate for cells to be analysed. This procedure was carried out on the lines put forward by Zuk et al, 2002 [33]. 

Standard labelling protocols and the suggestions by the manufacturers were followed. About 10,000 events (minimum) were used for fluorescence capture with CellQuest® (Summit 4.3) software. All data were analysed using WinMDI 2.8 software. 

Confocal Characterization

The cells were sub-cultured on eight-well Nunc Lab-Tek Chamber Slide System® chamber slides (2 × 103 per well). Cells were fixed with 2% paraformaldehyde (PFA) for 15 minutes prior to incubation with primary mouse CD 29 and CD73 antibodies (1:1000) (Abcam®) overnight at 4°C, and treated with secondary biotinylated antimouse antibodies (1:100) (Abcam®). They were then stained with streptavidin-Alexa 488 antibodies (1:100) (Invitrogen®). Finally, chamber slides were mounted using Vectashield mounting medium containing 4', 6-diamidino-2-phenylindole (DAPI) (Invitrogen®).

AT-MSCs cryopreservation and cell viability assay
Harvested cells, were resuspended in six variants of cryopreservation medium (Table 1) at a density of 1x106 cells/ml. Cryovials were maintained 24 h at -80ºC, then the cell suspensions were placed into liquid nitrogen for long-term storage (12 weeks).

Cell viability of cryopreserved AT-MSCs was determinate by flow cytometry. After 12 weeks in liquid nitrogen, cryovials were thawed in a water bath at 37ºC. After the cells were thawed and washed they were seeded in 25cm2 culture flasks and were cultured for three days at 37°C in a humidified 5% CO2 atmosphere. 

Then AT-MSCs viability was assessed using a LIVE/ DEAD® Viability/ Cytotoxicity assay kit (Molecular Probes®). Cells were analysed using FACS Cyan ADP (Dako®) flow cytometry system and carried out using at least 10,000 events per sample.
Chondrogenic differentiation 

Cells were seeded in micromass culture [10] to obtain chondrogenic differentiation from both fresh cells and 12 weeks cryopreserved-thawed cells. In short, 10 μl AT-MSCs concentrated (9x106cells/ml) were seeded dropwise onto 24 well multiplate, which were then incubated at 37ºC for 60 minutes. Cells were covered with chondrogenic-induction medium [DMEM-high-glucose, 10 ng/ml recombinant transforming growth factor beta 1 (TGFβ1), 6,25 µg/ml ITS; 50 nM Ascorbate-2-Phosphate, all from Sigma®] and medium was replaced every 3 days. Some of the cultures were maintained with control medium (90% DMEM and 10% of FBS). Cultures were kept in a chondrogenic medium for two weeks. After 14 days in culture, the chondrocyte nodule was fixed in 10% formalin. The presence of extracellular matrix proteoglycans was visualized with Alcian blue staining, and the expression of collagen type II was determined by confocal microscopy.
Osteogenic differentiation
Cells were cultured under osteogenic culture conditions for 15 days in a solution containing 10 mM β-glycerophosphate, 10μM L-ascorbic acid 2-phosphate and 0.1μM dexamethasone in DMEM high-glucose (all from Sigma®). Osteogenesis was evaluated by Alizarin Red S (Sigma®) staining method. Mineralization of extracellular matrix was quantified spectrophotometrically (absorbance at 550 nm) after staining extraction by 10% cetylpyridium chloride (CPC, Sigma®) in PBS. 

Adipogenic differentiation
Cells were cultured under adipogenic culture conditions in a solution containing 500 μM isobutyl-methyl-xanthine IBMX, 150 μM indomethacin, 1 μM dexamethasone and 10 μM insulin (all from Sigma®). Adipogenesis was confirmed by visualization of neutral lipid vacuoles which were further stained with oil Red O (Sigma®) after 15 days in culture, followed by extraction in isopropyl alcohol and the bound dye quantified spectrophotometrically (absorbance at 500 nm).  

Confocal images and immunostaining

Confocal images were obtained using a Nikon®D1 confocal/multi photon laser scanning microscope, transmission light and software EZ-C1 3.70. Primary antibody rat anti-collagen II was used at 1:100 (Abcam®). The nodules were incubated with a biotinylated antibody (1:100) (Abcam®) overnight. Finally, nodules were incubated with extreptavidin-Alexa 488 (1:100) (Invitrogen®). Negative controls were incubated omitting the primary antibody. 

Statistical analysis

All statistical analysis was carried out using IBM® SPSS® Statistics version 21 and data are presented as mean with their standard error. Data were calculated according to two-tailed Student’s t test. Results with P<0.05 were considered significant.

Results and Discussion
Isolation and characterization of AT-MSCs

AT-MSCs were isolated from inguinal fat tissue from rats. Stromal Vascular Fraction (SVF) obtained from isolation was cultured to obtain the minimum cell quantity so as to continue the assays. Expression of stem cells markers CD29 and CD73 of AT-MSCs were determined in fresh monolayers cultures. Immunophenotypic characterization was carried out by confocal microscopy, using monoclonal antibodies (mAbs) against multipotent cell surface markers CD29 and CD73 which were selected for mAbs availability. 
In the cell populations, the expression of CD29 and CD73 as specific surface AT-MSCs markers was analysed. Immuno-fluorescent characterization of rat AT-MSCs confirmed the stem cell characteristics, and expression of all markers was obvious (Fig. 1). Positive expression of CD29 and CD73 agreed with the results from studies into this cell type in humans [8,33]. 
Post-thaw viability
The percentage of live and dead AT-MSCs was determined by LIVE/ DEAD® Viability/ Cytotoxicity assay kit (Molecular Probes®). The results of six different cryopreservation solutions, listed in Table 1, were analysed. Different cryopreservation protocols showed percentages higher than 50% of viability (Fig. 2A). Cell viability after of cultivation for 3 days were determined as a considerable post-thaw decrease in cell viability is known to be related to apoptotic and necrotic processes which occur within first 24 hours and are not evident immediately after thawing [13,14,22]. Best protocols of cryopreservation obtained viability of about 85-90%, including A, B and F solutions. There were significant differences between the cryopreservation solutions (Fig. 2B) obtaining higher differences (P<0.005) in E solution compared with others. High effective protocol of AT-MSCs cryopreservation was B solution. Trehalose, one of the disaccharides, has been widely used as natural cryoprotecting agent, as excipients for freeze drying and stabilizers during dehydration [26]. It has been shown that threhalose enhances cryoprotection for a number of cells [4,7] and the mechanism of trehalose protection has been shown as an interaction of sugars with plasma membranes [23,24]. But our results show that solution D, containing 80% trehalose can offer limited cryoprotecting effect.

When the addition of only 10% of FBS was used the cellular viability was loss than 50%. These results do not agree with those reported by Heng et al, [14] who characterized cell death within frozen-thawed stem cells colonies which were cryopreserved under standard conditions. Their results showed that immediately after post-thaw washing, the overwhelming majority of cells were viable (approximately 98%), as assessed by the trypan blue exclusion test. However, there was a steep decline in viability when cells were incubated at 37ºC. There is a difference between this study and our work, as we measured post-taw cell viability after three days of culture, but we did not observe loss of viability when they were cultured at 37ºC.

Prior to this study, we did not fully optimize the protocol for cryopreservation of AT-MSCs. We found that the cryoprotective B solution used in this study containing 80% FBS, contributes to the prevention of viability loss of AT-MSCs during freezing and thawing. For this reason B solution was chosen to analyse the chondrogenic differentiation capacity and phenotyping of post-thawing AT-MSCs.
Post-thaw phenotyping of AT-MSCs fresh and cryopreserved

Expression profiles of cell surface markers and their changes after various passages, were analysed using flow cytometry. CDs were measured directly after thawing and compared to non-cryopreserved cells. AT-MSCs before and after 12 weeks of cryopreservation showed similar expression patterns of the cell surface markers selected for evaluation at all passage numbers examined (Passages 0, 1, 2 and 3). Sequential changes in the expression patterns were also quite similar between the two groups of AT-MSCs. Only CD73 declined in first passage of fresh cells, where a higher marker expression in cryopreserved than in the fresh cells was observed. The other marker, CD29 generally remained constant in both groups (Fig. 3). Therefore, as far as those analysed marker subsets are concerned, the expression profile of cell surface markers of AT-MSCs underwent very little change through cryopreservation.

As expected [21], in this study, we showed that cryopreservation did not alter the superficial markers of rat AT-MSCs. 

The effects of cryopreservation have been investigated using other types of stem cells [1,22]. These results and our results indicate that the freeze-and-thaw process and long-term storage in liquid nitrogen do not critically alter the phenotype of rat AT-MSCs. Cryopreservation could however cause some damage to the structural and functional proteins of the cells and reduce their viability, immunophenotypic changes in the cells scarcely occur.

Multilineage differentiation capacity of fresh and cryopreserved AT-MSCs

We wanted to assess and compare the ability of AT-MSCs fresh vs cryopreserved in solution B, to differentiate towards mesodermal lineages. AT-MSCs were differentiated in vitro along osteogenic and chondrogenic lineages for 15 days and stained with Alizarin Red S and oil red O, respectively (Fig. 4-A). No significant difference in staining was noted between the two populations (Fig. 4-B). Comparing data from our experiment with other studies (reviewed by [2,29]) we obtained similar results. 
The chondrogenic potential of rat AT-MSCs cryopreserved using B cryopreservation solution was assayed in micromass cultures, adding distinctively adding a control and differentiating medium. These were followed by confocal microscopy analysis and Alcian blue staining. It was observed that control medium cells adhered and maintained undifferentiated, cells maintained in a chondrogenic medium started forming nodules at 24 hours with high extracellular matrix production, mainly after day 14 (Fig. 5-B). 

The nodules formed were stained with Alcian blue staining, which detected the location of any acidic polysaccharides such as glycosaminoglycans which is contained in cartilaginous tissue. Intense staining by Alcian blue was striking in the chondrogenic nodules (Fig. 5-D).
By using confocal microscopy, an intense reaction to collagen II (Fig. 6) in fresh cells as well as 12 weeks cryopreserved cells can be outlined which indicates the chondrogenic differentiation. There were no visible differences in the chondrogenic potential between fresh and cryopreserved samples. Cryopreservation up to 12 weeks does not affect the chondrogenic potential of rat AT-MSCs. 
No differences in the differentiation potential between fresh and cryopreserved cells have been reported [18,25]. With regard to the chondrogenic differentiation only reports by Mambelli et al, [20], Berg et al, [3] and Martinello et al, [21] were found. These authors used other sources (bone marrow, umbilical blood cord) from equine stem cells.

The main problem in stem cells cryopreservation was the loss of their differentiation potential after thawing. In our case, with the cryopreservation solution B (90% FBS, 10% DMSO), the chondrogenic differentiation potential was not altered (cartilage nodules were formed 4 days after the chondrogenic medium was added to the cultures). Our results agree with those reported by Gonda et al., [12] using human lipoaspirates, however when referring to the cellular viability and chondrogenic potential of AT-MSCs, their investigation is based in the use of a non-defined cryopreservation medium (Cell-Banker 1), and programmed freezer prior to cryopreservation. 

In this study, it is shown that rat adipose-derived mesenchymal stromal cells preserve their chondrogenic potency, and surface marker expression after 12 weeks of cryopreservation. It is of clinical importance that at least one single cycle of freezing, thawing, and storage at -196°C up to 12 weeks does not affect the biological characteristics of animal AT-MSCs. The overall results of this study would encourage the practicing, the application of cryopreserved adipose-derived mesenchymal stromal cells in human as well as veterinary cell-based therapies.

Conclusion
A main purpose of this study is to define an adequate protocol for the cryopreservation of AT-MSCs in order to determine the effects of cryopreservation on the phenotypes, and chondrogenic differentiation potentials of AT-MSCs, which indicate their potentials for cell-based therapy. AT-MSCs cryopreserved with B solution maintain their characteristic cell surface marker expression as well as the chondrogenic differentiation potential. Even under these storage conditions, it is shown that AT-MSCs still retain their differentiation potentials after long-term cryopreservation. 
To sum up, a 10% DMSO/90% FBS solution cryopreservation solution can be recommended as optimal for rat AT-MSCs cryopreservation.
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TABLES
Table 1. Cryopreservation solutions used in this study.
	SOLUTION
	COMPOSITION

	A
	10% DMEM, 10% (DMSO), 80 % FBS

	B
	10% DMSO, 90% FBS

	C
	80% DMEM, 10% DMSO, 10 % FBS

	D
	80% DMEM+Trehalose (20 mM), 10% DMSO, 10% FBS

	E
	80% DMEM-High glucose (25 mM), 10% DMSO, 10% FBS

	F
	10% DMEM-High glucose (25 mM), 10% DMSO, 80% FBS


FIGURES

Figure 1. AT-MSCs Phenotyping. Confocal images of surface markers CD 29 (A-B) (Scale bars 100 µm) and CD 73 (C-D) (Scale bars 50 µm). Green fluorescence shows the presence of surface markers. 

Figure 2. The effect of cryopreservation on AT-MSCs viability using different cryopreservation solutions (A) and the statistical differences between cryopreservation solutions (B). Data are expressed as mean ± SEM (n=3). * indicates p≤0.05, ** indicates p≤0.01 and *** indicates p≤0.005.

Figure 3. Representative data of cell surface markers (CD 73 and CD29) in fresh and cryopreserved rat AT-MSCs. Note the higher marker expression for cryopreserved cells than for fresh ones, especially in the first passages, and uniformity in the latter ones. Note similarity of expression of CD 29 throughout the passages. The main difference is observed in the SVF.

Figure 4. AT-MSCs cryopreserved in solution B were subjected to (A) adipogenic and (C) osteogenic differentiation and stained with oil red O and Alizarin Red S respectively. (A) Photomicrograph of cells after 15 days in adipogenic differentiation medium showed intracellular lipid vesicles in mature adipocytes stained bright red. (C) Cells in osteogenic differentiation formed nodules showing the positive result for osteogenic differentiation. (Scale bars 100 µm). (B,D) Corresponding fresh cultures were induced to differentiate for reasons of comparison with cryopreserved AT-MSCs, but no significant differences were observed in osteogenic and adipogenic induction.
Figure 5. Post-thaw chondrogenic potentials cryopreserved AT-MSCs. (A) Photomicrograph of cells growing in monolayer (4 days in chondrogenic medium). (B) Photomicrograph of nodule formed after 14 days in chondrogenic medium. (C) Pellet maintained in control medium negative to Alcian blue staining. (D) Nodule formed after 14 days in chondrogenic medium, Alcian blue positive staining. (Scale bars 100 µm).
Figure 6. Confocal photomicrographs of collagen II expression as differentiation marker. (A-B) Negative expression of collagen II in rat AT-MSCs maintained in control medium. (C-D) Great expression of collagen II at 12 weeks cryopreserved AT-MSCs after 14 days in chondrogenic medium. (E-F) Great expression of collagen II of fresh AT-MSCs after 14 days in chondrogenic medium. Both groups showed comparable degrees of chondrogenic matrix production. (A, B, C, E: Scale bars 100 µm. D, F: Scale bars 50 µm).
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