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Abstract
AIM: To establish an easily-handled method to isolate mesenchymal stem cells (MSCs) from coagulated human bone marrow samples. 

METHODS: Thrombin was added to aliquots of seven heparinized human bone marrow samples to mimic marrow coagulation. The clots were untreated, treated with urokinase or mechanically cut into pieces before culture for MSCs. The un-coagulated samples and the clots were also stored at 4 ℃ for 8 or 16 h before the treatment. The numbers of colony-forming unit-fibro​blast (CFU-F) in the different samples were determined. The adherent cells from different groups were passaged and their surface profile was analyzed with flow cytometry. Their capacities of in vitro osteo​genesis and adipogenesis were observed after the cells were exposed to specific inductive agents.

RESULTS: The average CFU-F number of urokinase-treated samples (16.85 ± 11.77/106) was comparable to that of un-coagulated control samples (20.22 ± 10.65/106, P = 0.293), which was significantly higher than those of mechanically-cut clots (6.5 ± 5.32/106, P < 0.01) and untreated clots (1.95 ± 1.86/106, P < 0.01). The CFU-F numbers decreased after samples were stored, but those of control and urokinase-treated clots remained higher than the other two groups. Consis​tently, the numbers of the attached cells at passage 0 were higher in control and urokinase-treated clots than those of mechanically-cut clots and untreated clots. The attached cells were fibroblast-like in morphology and homogenously positive for CD44, CD73 and CD90, and negative for CD31 and CD45. Also, they could be induced to differentiate into osteoblasts and adipocytes in vitro. 

CONCLUSION: Urokinase pretreatment is an optimal strategy to isolate MSCs from human bone marrow samples that are poorly aspirated and clotted.
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Core tip: It is usually difficult to isolate mesenchymal stem cells (MSCs) from bone marrow samples that have been coagulated due to inappropriate marrow aspirations or in the setting of pathologically hypercoagulative state. In this study, the authors found that urokinase pretreatment could dissolve stem cells from the clots. The MSCs were fibroblat-like in morphology and homog​enously positive for CD44, CD73 and CD90, and negative for CD31 and CD45. Also, they could be induced to differentiate into osteoblasts and adipocytes in vitro. Urokinase pretreatment is an optimal strategy to isolate MSCs from poorly aspirated and clotted human bone marrow samples.
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INTRODUCTION
Mesenchymal stromal cells (MSCs) are a kind of adult stem cells characterized by their hematopoiesis-supporting and immune regulatory activities, and have been clinically trialed in the treatment of various kinds of diseases including graft-versus-host disease, musculoskeletal defects, ischemic disorders, and neurological diseases[1-3]. Though MSCs are low in immunogenicity and allogeneic transplantation has been widely used, autologenous MSCs still remain an ideal option in some cases, such as in the repair of bone and cartilage defects. And in these settings, bone marrow is usually aspirated from the patients though adipose tissue might be another choice for MSC isolation[4]. In some cases, however, bone marrow samples are poorly aspirated and clotted promptly after the procedure, especially when the patients are in a hypercoagulative state[5-7]. This usually leads to the decrease of MSC output or even failure to culture-expand MSCs. To solve this practical problem, we have developed an easily-handled method to isolate MSCs from human marrow clots. 

MATERIALS AND METHODS
Marrow sample collection and treatment

Heparinized bone marrow samples were aspirated from seven healthy adult donors after informed consent in accordance to the Ethical Guidelines for Research Involving Human Subjects or Human Tissue from General Hospital of Air Force. Nucleated cells were counted by trypan blue exclusion assay and the samples were diluted with PBS to a concentration of 2 × 106 or 2 × 107/mL. The samples were then treated as depicted in Figure 1. Briefly, one sample was divided into 12 aliquots containing 2 × 106 nucleated cells and 12 aliquots containing 2 × 107 nucleated cells. To mimic coagulation, eight aliquots of each group were treated with thrombin (Sigma) at a final concentration of 1 U/mL and maintained at 37 ℃ for 1 h. The thrombin-treated and untreated samples were stored at 4 ℃ for 0 (subgroup 0 h), 8 (subgroup 8 h) and 16 h (subgroup 16 h) for further treatment. Each subgroup contained 3 thrombin-treated samples and one un-coagulated sample. The three clotted samples were either untr​eated, mechanically minced into pieces or treated with urokinase. For urokinase treatment, urokinase (Urokinase for injection, Lizon Pharmaceutical Factory, Zhuhai, Guangdong) was added into the samples at a final concentration of 50000 U/mL and maintained at 37 ℃ with a horizontal rotation of 120 rpm for 20 min. All the samples were further treated with NH4Cl buffer to lyse the contaminated red blood cells, washed twice in PBS, and suspended in alpha-MEM containing 10% fetal bovine serum from selected lots (Stemcell Co. Canada)[8]. The cells were used in the experiments described below.

Colony-forming unit-fibroblast assay

The samples which contained 2 × 106 nucleated cells each and stored at different times were separately seeded into culture dishes with a diameter of 100 mm. The culture was maintained for 12 d. The medium was then removed, and the cells were washed twice with PBS. Wright–Giemsa staining was performed to reveal the colonies that were more than 0.5 mm in diameter. The number of colonies was calculated with the software of Quantity One 4.4 as described previously[9].

Cell passage culture

When the confluence of the attached cells cultured from un-clotted samples reached to around 80%, the cells from all groups were harvested by trypsin digestion, counted and re-seeded into culture dishes at a density around 6000 cells/cm2. When the cell attachment from the control samples reached around 80%, the cells from all the counterpart groups were detached, the cell numbers were counted and the cells were plated for passage culture. The cells at passage 2 were also collected for phenotype analysis and in vitro differentiation assay as reported previously[9,10]. Colony-forming unit-fibroblast (CFU-F) was stained with Giemsa solution and counted as routinely described[9].   

Flow cytometry

The attached cells from passage culture were detached by trypsin digestion, washed in PBS and reacted with PE-conjugated monoclonal antibodies (BD, United States) against human CD31 (endothelial cell marker), CD45 (hematopoietic cell marker), CD73 (positive on mesenchymal cell lineage) and CD90 (stem cell marker) for 30 min in dark at room temperature. The cells were washed twice in PBS and at least 10000 events were collected with FACSCalibur (BD, United States). The data were analyzed with WinMdi 2.9 software after the targeted events were gated according to the cell size and granularity. 

Differentiation assays

For in vitro osteogenic differentiation, the attached cells for passage culture were digested with 0.05% trypin, washed in PBS, and seeded into 24-well plates at a density of 5000 cells per well. The cells were allowed to attach overnight and then exposed to 0.1 mol/L dexamethasone, 50 mol/L ascorbic acid 2-phosphate, and 10 mmol/L b-glycerophosphate as previously described with a little modification[10,11]. After 12 d, cellular activity of alkaline phosphatase (ALP) was revealed with ALP immunohistochemistry kit (Sigma, United States) following the manufacture’s protocol.

For adipogenic differentiation, the cells were seeded a 24-well plate at a density of 10000 cells per well. Inductive agents containing 1 mol/L dexamethasone, 0.5 mmol/L isobutylmethylxanthine (IBMX, Sigma, United States), and 100 mol/L indomethacin (IDM, Sigma, United States) were supplemented. The culture was maintained for 7 d and intracellular lipid droplets were revealed by Oil-Red staining[9-11].

Statistical analysis

The data were expressed as mean values incorporating the standard deviation. Statistical significance was analyzed by Student’s t test. A P-value less than 0.05 was considered significant. The statistical analysis has been reviewed by Dr. Qing-Yi Zhang from Beijing Institute of Basic Medicine.

RESULTS
Urokinase treatment could release MSCs from clotted marrow samples 

To establish a ready-use method to isolate MSCs from clots of human bone marrow aspirates, heparinized marrow samples were aliquoted according to the nucleated cell numbers and treated with thrombin to coagulate the samples. Then, the clots were treated with urokinase digestion, mechanically minced or untreated. The cells were plated to allow MSCs to attach and expand. The numbers of CFU-F and the attached cells were counted disparately. 

As expected, bone marrow coagulation did affect the output of MSCs. The numbers of CFU-F were greatly decreased from clotted samples compared with those from un-clotted samples (Figure 2A). However, the average CFU-F number of urokinase-treated samples (16.85 ± 11.77/106) was comparable to that of un-coagulated control samples (20.22 ± 10.65/106, P = 0.293), which was significantly higher than those of mechanically-cut clots (6.5 ± 5.32/106, P < 0.01) and untreated clots (1.95 ± 1.86/106, P < 0.01). Statistical analysis showed that the CFU-F numbers decreased after samples were stored for 8 h, and those were greatly decreased after the samples were stored for further 8 h compared with those from the same groups. However, the CUF-F numbers of control and urokinase-treated clots from stored samples were higher than those in the stored samples of the other two groups (Figure 2A). 

Consistent with the results above, as shown in Figure 2B, the numbers of the attached cells at passage 0 were higher in control (average: 38.86 ± 17.4 × 104, n = 7) and urokinase-treated clots (38.57 ± 16.78 × 104, n = 7) than those of mechanically-cut clots (18.57 ± 13.69 × 104, n = 7, P = 0.016 compared with control) and untreated clots (13.14 ± 8.39 × 104, n = 7, P = 0.002 compared with control). These differences were also observed when cell counting was performed at passage 1 and 2 (Figure 2C and D). The results further confirm the advantages of urokinase treatment on bone marrow coagulated clots. 

The attached cells were MSCs per se

Marrow samples were treated by different protocols and the nucleated cells were cultured in media traditionally for MSC expansion after the contaminated red cells were lysed in NH4Cl. After 72 h, cells attached to the plastic were observed and colonies were evident after 12 d of culture. As shown in Figure 3, the attached cells appeared in all of the four groups and were fibroblast-like in morphology, suggestive of the features of the cells as MSCs. 

To further confirm that the attached cells from differently treated bone marrow samples were MSCs per se, some of the surface markers on several kinds of fibroblast-like cells were analyzed with flow cytometry. The results showed that the cells from the four groups were homogenously negative for CD31 and CD45, proving that the cells were devoid of endothelial and hematopoietic cells, two cell types that are commonly observed when bone marrow cells are cultured (Figure 4). Meanwhile, the cells were positive for CD73, a mesenchymal marker[12], and for CD90, a pan-marker for stem cells including MSCs[13]. 

Furthermore, when the attached cells were exposed to specific inductive conditions, they became ALP-positive and intracellular lipid droplets were observed (Figure 5). The results prove that the cells had the capacity to differentiate into osteoblasts and adipocytes. The fibroblast-like in morphology, the expression of unique surface markers and the differentiation capacity support the conclusion that the attached cells were MSCs per se[14].

DISCUSSION
Bone marrow sample coagulation is a common pheno​menon in clinical practice and, it is indeed a problematic issue to isolate MSCs from the samples. To overcome this problem and establish an easily handled method, urokinase was used in this study to dissolve the clots and subsequently, the contaminant red blood cells in the pre-treated bone marrow samples were lysed with ammonium chloride, and the nucleated cells were seeded. The procedures described here seem practical in isolating MSCs from the bone marrow clots as the treated cells could form CFU-F and the attached cells had the capacity to differentiate osteoblasts and adipoblasts. 

CFU-F is a well-recognized surrogate for MSCs[15-18]. The numbers of CFU-F in urokinase-treated clots were comparable to those in uncoagulated controls at three time points, suggesting that urokinase treatment could optimally release MSCs in the clots. Urokinase is not only able to dissolve the coagulated clots but also could migrate MSCs from the potentially existed undissolved small ones[19], resulting in the “liberation” of MSCs from the dense fibrin arrangement. Further, it is interesting that the numbers of CFU-F decreased sharply when the samples, pre-coagulated or uncoagulated, were stored at 4 ℃ for 8 or 16 h. It has been proven that prolonged storage time does decrease the viable cell numbers in bone marrow aspirates[20], which is also observed in this study. Meanwhile, the temperature is also an important issue for preservation of marrow samples. It is clear that room temperature is an optimal condition for marrow sample storage when the sample is designed to be used shortly afterwards[21]. Therefore, it is recommended that human bone marrow samples be used as soon as possible or be stored at room temperature when necessary.  

The results above suggest that urokinase pretreat​ment is an optimal strategy to culture MSCs when human bone marrow are poorly aspirated and clotted. Urokinase might not only dissolve the coagulated clots but also mobilize MSCs wrapped in the fibrin structure[19]. Previous data have also shown that urokinase might affect the migration and differentiation[19,22]. However, urokinase treatment described in this protocol needs only four hours and the potential ligation of urokinase to the receptor on MSCs is transient. The differentiation properties of MSCs might be unaffected. Therefore, urokinase treatment should be a practical method to release MSCs in the coagulated clots.

COMMENTS
Background

Bone marrow is a commonly used origin for the isolation of mesenchymal stem cells (MSCs); however, in some cases, marrow samples are poorly collected and clotted promptly after aspiration, leading to the decrease of MSC output or even failure to culture-expand MSCs. 

Research frontiers

MSCs are adult stem cells with the capacities to differentiate several connective tissues, support hematopoiesis, promote angiogenesis, and regulate immune reactions. Therefore, several hundreds of clinical trials with MSCs are on-going and MSCs have officially approved to treat ischemic diseases and immune-associated disorders.   

Innovations and breakthroughs

In this study, the authors found that urokinase treatment could release MSCs from clotted marrow samples and maintain the number of colony-forming units compared with the uncoagulated control. The isolated MSCs exhibited fibroblast in morphology, expressed the specific markers and could be induced to osteoblast and adipoblast. 

Applications

Coagulation of human bone marrow samples is a common problem in practice. The study strongly suggests urokinase digestion is a good method to treat the clots to isolate MSCs in this setting. 

Terminology

Mesenchymal stromal cells: MSCs are adult stem cells characterized by their hematopoiesis-supporting, angiogenesis-promoting and immune regulatory activities, and have been officially approved by several countries to treat various kinds of diseases including graft-versus-host disease, musculoskeletal defects and ischemic heart disorders. Colony-forming unit-fibroblast: Colony-forming unit (CFU) is a unit commonly used to estimate the number of viable targeted cells in a sample. CFU-fibroblast (CFU-F) expresses the frequency of cells in a sample that can form colonies consisting of fibroblasts or fibroblast-like cells after culture for several days. The visual appearance of a colony in a cell culture requires significant growth, and when counting colonies it is uncertain if the colony arose from one cell or a group of cells. Expressing results as colony-forming units reflects this uncertainty. CFU-F is a well-recognized surrogate for MSCs and used to evaluate the potential proportion of MSCs in a sample. Urokinase: Urokinase is a serine protease that was originally isolated from human urine. The primary physiological substrate of urokinase is plasminogen. Clinically, urokinase is used in the treatment of deep venous thrombosis, pulmonary embolism, and myocardial infarction.

Peer-review

This is a well-designed study that clearly shows that urokinase-treated samples provides a superior method for obtaining useable mesenchymal stem cells.   The methods of this study were sound and the conclusions followed logically from the data obtained. The study has significant relevance for stem cell therapies.
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Figure 1  Study design. Bone marrow samples from 7 healthy volunteers were aliquoted and treated by different protocols. The cells were plated for passage culture or CFU-F assay. CFU-F: Colony-forming unit-fibroblast.
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Figure 2  Colony-forming unit-fibroblast and mesenchymal stromal cell numbers of different groups. A: CFU-F numbers per 106 nucleated cells from seven bone marrow samples; B-D: Bone marrow samples were diluted and split into 12 aliquots containing 107 nucleated cells. The attached cells at passage 0 (B: × 104), passage 1 (C: × 105) and passage 2 (D: × 105) were counted and summed up. The average and standard errors are shown. CFU-F: Colony-forming unit-fibroblast. 
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Figure 3  Representative morphological features of the colonies and the attached cells. Bone marrow samples were treated by different protocols and the cells were maintained for 12 d. Colonies of fibroblast-like cells were stained with Wright-Gimsa solution and observed under a microscope with a lower (A) and a higher magnification field (B). CTR: Un-coagulated control; UK: Urokinase-treated clots; CUT: Mechanically-cut clots; CLOT: Untreated clots.
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Figure 4  Surface marker analysis of the attached cells by flow cytometry. The attached cells at passage 2 were collected for flow cytometric analysis. The antigenic markers are indicated. UK: Urokinase-treated clots; CUT: Mechanically-cut clots; CLOT: Untreated clots. The results are representative of 7 individual experiments. 
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Figure 5  Identification of in vitro osteogenesis and adipogenesis. The attached cells at passage 2 were exposed to specific inductive conditions and stained with oil-red (upper panel) or ALP solutions. The results are representative of 7 individual experiments. ALP: Alkaline phosphatase. CTR: Un-coagulated control; UK: Urokinase-treated clots; CUT: Mechanically-cut clots; CLOT: Untreated clots.
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