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1. Introduction 

Mesenchymal stromal cells (MSC, MSCs) are cells firstly described 35 years ago in bone 
marrow (Friedenstein et al, 1976), but present basically in all adult and fetal tissues, where 
they reside in the vessel wall as part of the population of pericytes (Crisan et al, 2008). These 
rare cells (10-6-10-4 of nucleated cells in various tissues – Werntz, 1996) received special 
attention of biomedical researchers as they are easy to expand and able to differentiate in 
various cell and tissue types (Pittenger et al, 1999, Battula et al, 2009, and many others).  
Later, these cells were found to be little immunogenic and to have immunosuppressive 
properties, which they exert by action on T cells, B cells, NK cells and dendritic cells (Beyth 
et al, 2005; Corcione et al, 2006; Spaggiari et al, 2008; Spaggiari et al, 2007). Furthermore, 
MSCs do not necessarily need to differentiate into tissue of interest, but they can exert their 
therapeutic effect through secretion of various cytokines (Phinney & Prockop, 2007; Horwitz 
& Dominici, 2008). Use of these cells therefore appears to be a promising strategy for 
treatment of various disorders, including orthopedics, heart and vessel, or graft versus host 
disease (Shenaq et al, 2010; Mathiasen et al, 2009; Le Blanc et al, 2008). 
Mesenchymal stromal cells cultivated in vitro are a mixture of cells of various clonogenic 
and differentiating properties, which are partly dependent on cultivation conditions, partly 
they are donor specific (Tsai et al, 2011; Friedl et al, 2009). There is no single marker which 
would distinguish MSCs from other fibroblastoid cells. Therefore, The International Society 
for Cellular Therapy set in 2006 minimal set of requirements which mesenchymal stromal 
cells should fulfill. These are: 1. adherence to plastic, 2. expression of CD73, CD90, and 
CD105 antigens, while being CD14, CD34, CD45, and HLA-DR negative, and 3. their ability 
to differentiate to osteogenic, chondrogenic and adipogenic lineage (Dominici et al, 2006). 
Every method used for production of MSCs must be shown to produce cells of above 
mentioned characteristics. There are several exception from these rules, however – for 
example MSCs derived from the adipose stromal vascular fraction are CD34 positive (De 
Ugarte et al, 2003), or can express HLA-DR in certain culture conditions (Tarte et al, 2010).  
Though first clinical trial of mesenchymal stromal cells was reported as early as in 1995 
(Lazarus et al, 1995), the transfer to clinics has been relatively slow and complicated by 
several issues, especially in the context of good manufacturing practice preparations of these 
cells. Among them are issues of cultivation medium, serum and supplementation used, 
suitable expansion systems and reproducibility of results. Mesenchymal stromal cells can be 
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freezed and stored (Haack-Sørensen & Kastrup, 2011), but it is not clear if autologous 
(customer specific) or allogeneic („off the shell or „one size fits all“) products are preferable. 
As a result of these problems, there is still no standard or universally accepted or preferred 
way how to produce mesenchymal stromal cells for clinical use. 
In this review, we will focus on application of good manufacturing practice standards 
principles to MSC production, with reference to choice of starting material, cultivation 
media, serum and supplements, cultivation systems, cultivation process, quality control, 
efficacy and safety concerns. References to universal GMP principles will be made as 
appropriate and selected choices of clinical grade cultivation components will be provided, 
as authors knowledge permits. As cellular therapy is a quickly evolving field (both from the 
practical and regulatory point of view), we have to state that following paragraphs will not 
be by any means exhaustive, and they may be also subject of changes during the time. On 
the other hands, some of the outlined principles may apply to other somatic cell products as 
well. 

2. Mesenchymal stromal cells as advanced medicinal products 

Mesenchymal stromal cells (with some exceptions mentioned below) belong to advanced 
therapy medicinal products (ATMPs), according the EC Regulation No 1394/2007, together 
with other somatic cell therapy medicinal products. According to this regulation, somatic 
cell therapy medicinal product means a biological medicinal product that has the following 
characteristics: 1. contains or consists of cells or tissues that have been subject to substantial 
manipulation so that biological characteristics, physiological functions or structural 
properties relevant for the intended clinical use have been altered, or of  cells or tissues that 
are not intended to be used for the same essential function(s) in the recipient and the donor (italics 
added by authors); 2. is presented as having properties for, or is used in or administered to 
human beings with a view to treating, preventing or diagnosing a disease through the 
pharmacological, immunological or metabolic action of its cells or tissues.  
There is a significant trend to establish risk-based systems for regulation of ATMPs  
including mesenchymal stromal cell - based therapy products within the regulatory systems 
worldwide, although some countries did not follow this route so far (e.g., Australia). 
Numbers of governments have moved to introduce specific regulations for this sector, while 
others try to develop the traditional model of regulation for medicines and enable the 
regulatory authorities to respond to technology changes. The International Conference on 
Harmonization (ICH) established in 1990 in order to harmonize different regional 
requirements for registration of pharmaceutical drug products has no specific guidance 
document for cell products at the moment, although some guidance may be applicable (e.g. 
ICH S6, ICH Q5A-E).  Clearly, there is insufficient worldwide unity of the regulatory 
approaches to cell based products at the moment.  
Recently, the EU, USA, and Canada have implemented new systems for the regulation of 
ATMPs that are risk based oriented and specific for the geographic areas governed by 
appropriate local regulation.   
The EU system formulates minimum quality and safety standards for harvesting, 
procurement, testing, processing, preservation, storage and distribution of human cells that 
need to be documented including donor selection procedures,  traceability and adverse 
event reporting processes, GMP-based quality system, data and confidentiality protection. 
Within the EU, to assess the quality, safety and efficacy of ATMPs, including mesenchymal 
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stromal cells, Committee for Advanced Therapies (CAT) was established at the European 
Medicines Agency in accordance with Regulation (EC) No 1394/2007 on advanced-therapy 
medicinal products. The main responsibility of the CAT is to prepare a draft opinion on each 
ATMP application submitted to the European Medicines Agency, before the Committee for 
Medicinal Products for Human Use (CHMP) adopts a final opinion on the granting, 
variation, suspension or revocation of a marketing authorization for the medicine 
concerned. This decision is subsequently formalized by the decision of the European 
Commission that is binding in all EU member states.  
The US FDA review process is conducted by the Office of Cellular, Tissue and Gene 
Therapies (OCTGT), Center for Biologics Evaluation and Research (CBER), under the Code 
of Federal Regulations Title 21 Parts 1270 and 1271. Health Canada regulates mesenchymal 
stromal cell derived products as medicines under Schedule D of the Food and Drugs Act. 
Health Canada also developed a regulatory framework under the Food and Drugs Act, “The 
safety of human cells, tissues and organs for transplantation regulations” (CTO Regulations 
2007), which specifies requirements for the establishment of licensing and processing quality 
standards for cells, tissues and organs.   
The Australian´s Therapeutic Goods Administration (TGA) plans to introduce new 
framework for human cell and tissue therapy products with a classification where 
mesenchymal stromal cells will fit into a Class 3 product – “A cell or tissue processed in a 
manner that may alter the structure and properties of the cell or tissue but does not 
purposefully alter the biological activity.” This class of products will require:  TGA Licensed 
Manufacturer, Relevant cGMPs, Good Tissue Practice Standards, and TGA pre-market 
approval.  
The regulatory systems distinguish between cell products with substantial manipulation or 
without. Now, it is clear that in vitro cultivation represents substantial manipulation for 
cells isolated from human body, making from naturally occurring cells an artifact, changed 
by the unnatural cell culture environment. Substantial manipulation involves also cell 
purification or enrichment, for example their selection by monoclonal antibodies against 
CD34, CD49a, or CD271 antigens, as outlined below. On the other hand, the term 
„substantial manipulation“ does not apply to simple isolation of bone marrow mononuclear 
cells or adipose tissue stromal vascular fraction, and also can be argued that cells isolated in 
this way are intended for use for similar purposes as they fulfill in the body (i.e., 
regeneration of damaged or aging tissues). Therefore, it can be argued that the mentioned 
EC Regulation does not apply to such products, though this is still under debate. This does 
not mean, however, that the harvesting, isolation and preparation of these otherwise 
unmanipulated cellular products for clinical use does not require the adherence to good 
manufacturing practice (GMP) principles, but regulatory requirements in these cases are 
similar for blood banking products and therefore these cells may be prepared in suitable 
transfusion or blood banking facilities. As preparation of crude cell mixtures is less difficult 
than preparation of better defined cell populations, these were also used in preclinical and 
clinical trials, sometimes with encouraging results (Hernigou et al, 2005; Chochola et al, 
2008; Akita et al, 2010). There is also a frank exception from the EC Regulation No. 
1394/2007: custom-made (hospital) ATMPs, which are prepared on a non-routine basis 
according to specific quality standards, if they are used within the same member state in a 
hospital under exclusive professional responsibility of a medical practitioner to comply 
with a medical prescription for a custom-made product for an individual patient (Sensebé, 
2010). 
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The following text focuses mostly on further manipulated MSCs, as production of such cells 
are much more complex and basic principles of good manufacturing practice as well as 
national and international regulation requirements have to be followed. 

3. Good manufacturing practice principles 

It has to be understand that good manufacturing practice guidelines are not instructions on 
how to manufacture products. Rather, these are series of principles that must be fullfilled 
during the manufacturing process. Their goal is to obtain a final product from defined 
materials, by a defined, documented and traceable way, by trained operators. Currently, cell 
products regulated as medicines must comply with the GMP for Medicinal Products. 
However, the GMP for Medicinal Products is not yet fully adapted for dealing with the 
unique circumstances  of cell based products.  The main principles are as follows: 
Materials. Raw materials have to be of a documented quality. They should be certified by 
their manufacturer and their batches should be registered. This does not necessarily mean 
that all materials have to be of clinical grade, though this is clearly an advantage. When the 
clinical grade material is not availlable, sufficient documentation about its production and 
about composition of individual batches has to be obtained to minimize the risk of its 
contamination by undesired elements. The documentation about used materials have to be 
preserved for legally determined time period. 
Manufacturing processes. Manufacturing processes have to be clearly defined by a set of 
instructions known as standard operational procedures. These should be written in clear 
and unambiguous language and easily availlable for operators. 
Documentation. Each part of the manufacturing process have to be documented, beginning 
from the storage conditions of raw materials (freezer and fridges temperatures) to the final 
product. These records should demonstrate that the standard operational procedures were 
in fact followed and that the quality of the product is as expected. Any deviations from 
standard operational procedures have to be documented. 
Validation. National legislations have usually sets of recommended procedures for certain 
parts of the manufacturing process (e.g., the required tests for bacterial contaminations are 
described in pharmacopoiea). These procedures are usually designed for conventional drugs 
and cannot be allways used for somatic cell therapy products (e.g., sterilization, microbial 
tests of final product). The process called validation means the comparison of alternative 
procedures to the customary ones and proofs that these deviations from standard 
procedures bring desired outcomes. 
Standardization. For good management of internal quality controls is a must. At present, 
there are also many programs of external quality controls performed by national authorities 
or commercial subjects. Manufacturer shall control storage areas to prevent mix-ups, 
deterioration, contamination, cross-contamination, and improper release or distribution of 
products. The storage temperature must be validated for each type of product and it is 
convenient to use devices with appropriate certificates.   
Also set of standards have to be adopted for release of the product and these standards have 
to be followed and release criteria for every batch have to be documented.  
Requirements for cellular products are also mentioned in International Standards for 
Cellular Therapy Product Collection, Processing and Administration (Fourth Edition, 
Version 4.1, April 2011) made by FACT-JACIE. These Standards are designed to provide 



 
Production of Clinical Grade Mesenchymal Stromal Cells 

 

149 

minimum guidelines for programs, facilities, and individuals performing cell 
transplantation and therapy or providing support services for such procedures. 
Traceability. Records of manufacture (including distribution) that enable the complete 
history of a batch to be traced are retained. A system is available for recalling any batch of 
product from sale or supply. If undesired effect of the product occur, the causes for possible 
quality defects have to be investigated and appropriate measures have to be taken to exlude 
the defective batch from further use and to prevent recurrence of possible mistakes. Also, 
database of undesired drug effect should be established (pharmacovigilance).  
Training. Operators have to be fully trained in standard operational procedures and their 
knowledge should be periodically examined.  
GMP requirements are regulated by national and international legislatives and adherence to 
their principles is controlled by special agencies – in Europe, it is EMA (European Medical 
Agency), in the United States the FDA (Food and Drug Administration). Other countries, as 
Australia, Canada, Japan, Singapore or United Kingdom have highly developed GMP 
requirements. In other countries, especially in the developing world, the World Health 
Organization (WHO) version of GMP is used by pharmaceutical regulators and the 
pharmaceutical industry. Control of adherence to the GMP principles is performed by 
regular inspections by the governmental agencies.  

4. GMP facilities 

Good manufacturing practice facilities are the basic prerequisites for GMP preparation of 
medicinal products. They are designed to create the appropriate production environment, to 
prevent product contamination by raw materials and cross-contamination between batches 
and to ensure that standard operational procedures may be followed as intended. Again, 
GMP facilities for somatic cell therapy products may differ from facilities designed for 
manufacturing of conventional drugs.  
Cleanroom desings should in general complie to International Standard ISO 14644 – 
Cleanrooms and associated controlled environments. ISO 14644 consists of eight parts: 
• ISO 14644-1: Classification of air cleanliness 
• ISO 14644-2: Specifications for testing and monitoring to prove continued compliance 

with ISO 14644-1 
• ISO 14644-3: Test methods 
• ISO 14644-4: Design, construction and start-up 
• ISO 14644-5: Operation 
• ISO 14644-6: Vocabulary 
• ISO 14644-7: Separative devices (clean air hoods, gloveboxes, isolators and mini-

environments) 
• ISO 14644-8: Classification of airborne molecular contamination 
It is above the scope of this chapter to run into details. In following examples, ISO 14644-1 
requirements for airborne particulate cleanliness (Table 1), and scheme of contamination 
control concept following ISO 14644-4 (Figure 1) are shown. 
The ascending requirements for cleanliness (from rooms class C to process core class A) is 
achieved by elaborate air conditioning systems, which ensure the highest pressure in the 
process core, with pressure gradient descending to peripheral parts of the facility. Air is 
blowed into the facility by systems of high-effective or ultrahigh-effective particle filters 
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(HEPA or UEPA). Between spaces of different classes of cleanliness, filters are designed for 
decontamination of materials as well as operating personell. 
As is clear from what was written above, construction and running of GMP facility is very 
expensive. These expenses are naturally calculated to the final cost of the product. However, 
for small GMP productions, e.g. university based, or for Phase 1 clinical trials, solutions also 
exist (Xvivo production systems - www.biospherix.com, and others). 
 

Maximum concentration limits (particles/m3 of air) for particles equal to 
or larger than the considered sizes shown below 

ISO 
classification 

number 0,1 μm 0,2 μm 0,3 μm 0,5 μm 1 μm 5 μm 
ISO Class 1 10 2   
ISO Class 2 100 24 10 4   
ISO Class 3 1 000 237 102 35 8  
ISO Class 4 10 000 2 370 1 020 352 83  
ISO Class 5 100 000 23 700 10 200 3 520 832 29 
ISO Class 6 1 000 000 237 000 102 000 35 200 8 320 293 
ISO Class 7 352 000 83 200 2 930 
ISO Class 8 3 520 000 832 000 29 300 
ISO Class 9 35 200 000 8 320 000 293 000 

Table 1. Requirements for airborne particulate cleanliness 

 

 
Fig. 1. Scheme of clean facility for GMP. Classification of rooms matches the requirements 
for airborne particulate cleanliness. For example, room of GMP class C requires cleanliness 
ISO Class 8 or higher 
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5. Choice of the starting material 

MSCs are most easily obtained from bone marrow or adipose tissue. Other tissues of interest 
involve cord blood, amniotic fluid, or trophoblast.  

5.1 Autologous or allogeneic? 
Use of autologous material may be preferable for number of reasons. It eliminates or 
significantly reduces risks of disease transmission and overcomes the problems with a 
suitable donor selection. This is true even if we assume that MSCs are non-imunogenic and 
suitable for use across histocompatibility bariers (Niemeyer et al, 2006, Hare et al, 2009), as 
cells from different donors do not grow equally well. Also, there are reports that MSCs grow 
better in autologous plasma than in fetal calf serum (Stute et al, 2004). 
On the other hand, the indisputable advantage of allogeneic cells is the possibility of their 
cryopreservation for later use as “off the shelf” product. This means that for acute or 
unpredicted indications (trauma, burns) there will be no need to wait several days or weeks 
untill autologous cells become availlable. Also, the quality tests, including sterility, 
differentiation or immunosuppressive abilities of cells, and viability of cells after thawing 
may be performed in full before the use of the product. Use of allogeneic, well characterized 
and quality-controlled cells also solves the problem of unpredicable growth of MSCs from 
different donors, as is autologous setting, adequate number of good quality cells may not 
be allways obtained. Allogeneic MSCs have been used successfully in treatment of graft 
versus host disease (Le Blanc et al, 2008), or myocardial infarction (Hare et al, 2009). Most 
donors in Le Blanc´s and all donors in Hare´s work were unrelated and HLA-mismatched 
individuals. 
The choice of autologous versus allogeneic cells will be also guided by the wider settings 
of their therapeutic use. For example, in academic settings, where small-scale production 
is sufficient and customarized production of MSCs is feasible, autologous products 
might be preferrable. Also, it is possible that in certain countries it would be easier to 
obtain authorisation for autologous rather than for allogeneic products. However, in 
large-scale production setting, use of larger batches of an allogeneic product is probably 
inevitable. 

5.2 Bone marrow  
Bone marrow was the first source of MSCs for experimental and later for clinical use. For 
experimental use, it is still probably the best and most accessible, as small amounts of bone 
blood can be easily aspirated in local analgesia. Also, for small-scale experimental MSC 
cultivation, local hematology department may provide an easy access to bone blood when 
bone marrow samples from patients with known or suspected hematological disorder are 
taken for diagnostic purposes. However, one must be careful when MSCs are cultivated 
from hematological patients, as in certain diseases (acute and chronic leukemias, multiple 
myeloma, myelodysplastic syndrome) mesenchymal stromal cells may have slightly 
different properties from MSCs from healthy bone marrow (Garaoya et al, 2009), and may 
even harbor chromosomal abnormalities (Blau et al, 2007).   
For larger scale and therapeutic purposes, where several hundred mililiters of bone marrow 
blood is necessary, bone marrow must be harvested under general anesthesia. Harvest is 
usually performed from posterior iliac crests similarly as for bone marrow transplantation 
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for hematological disorders, i.e., in collection bags of vessels with an anticoagulant, usually 
heparin. There are several recommendations about the volume that should be taken in one 
aspiration, but they are somehow contradictory. Fennema recommends to harvest at least 8 
ml portions, as in lower volume the yield of nuclear cells and MSCs in unpredictable. Also, 
second portion of up to 10 ml may be taken from the same site without significant loss of 
quality due to dilution by peripheral blood (Fennema et al, 2009). On the other hand, in 
older work Muschler concludes that aspiration of more than 2 ml of bone blood results in 
smaller number of colony forming units -fibroblast (CFU-F) (Muschler et al, 1997). It may be 
therefore prudent for each centre to establish its own aspiration protocol, which yields the 
best results in their settings. 
For isolation of mononuclear fraction, several methods are availlable. For smaller volumes, 
Ficoll centrifugation method is usually used, and GMP-compatible Ficoll is availlable. In 
larger volumes, bone marrow is usually processed on blood separators, which is similar to 
harvest of peripheral blood progenitor cells. Sometimes, the older starch or dextran 
sedimentation methods are still at use. In any case, closed isolation system is preferrable for 
mononuclear cell isolation. This may be challenging especially with small bone marrow 
blood volumes. Therefore, the alternative is to seed bone marrow mononuclear cells on 
plastic without previous enrichment, with or without preceeding red cell lysis (Tarte et al, 
2010, online supplement; Horn et al, 2008; Horn et al, 2011).  

5.3 Adipose tissue 
Multipotent stromal cells in adipose tissue reside in stromal vascular fraction (SVF), which 
can be easily separated from fat cells after collagenase digestion (Zuk et al, 2002; Gimble & 
Guilak, 2003). Adipose tissue is richer source of MSCs than bone marrow, as these cells 
account for almost 2% of cells in SVF (Valle et al, 2009). This means that from 200-500 g of 
fat, 100-300x106 MSCs can be obtained, a number that might be used for treatment even 
without further expansion (unpublished data). Adipose tissue mesenchymal stromal cells 
are CD34 positive and they may differ from bone marrow stromal cells a little, but not by 
their differentiating potential into three main lineages (Kern et al, 2006).  
Adipose tissue MSCs may be obtained after lipoexcision or lipoaspiration. If any of these 
procedures has a clear advantage in number or quality of cells over the other, is still a matter 
of debate (Torio Padron et al, 2010), but lipoaspiration is far less invasive procedure. Also, 
lipoaspirates are superior to excisates from the point of view of their stability, as the cell 
number in aspirates remains stable even after 24 hours, in contrary to rapid decrease of their 
yield in the excided tissue (Bieback et al, 2010). There is also uncertainity about the part of 
the body which is the richest in adipose tissue-derived MSCs (Fraser et al, 2007; Jurgens et 
al, 2008), but this does not seem to be of great clinical importance. On the other hand, it was 
established that higher aspiration pressures (-350 mm Hg) are preferrable to lower ones (-
700 mm Hg), as they lead to higher cell yield (Mojallal et al, 2008). 
The greatest disadvantage of adipose tissue in contrast to bone marrow is the necessity to 
digest the starting material by collagenase. From the technical point of view, besides manual 
method there are also automated devices which can produce SVF by good-manufacturing 
practice compatible method (TGI1200, Cytori Celution, Adistem et al). GMP compatible 
collagenase also exists, but is very expensive (Brooke et al, 2009). However, the advantages 
of adipose tissue seem to prevail and therefore, it may be expected that it will become more 
popular for MSC production than bone marrow. 



 
Production of Clinical Grade Mesenchymal Stromal Cells 

 

153 

5.4 Trophoblastic tissues  
In general, trophoblastic tissues present an excellent source of cells  for stem cell therapy, as 
they are abundant, their use is not connected with any ethical problems, and they contain 
developmentally young and putatively more plastic stem cells. The use of umbilical cord 
blood is well established in transplantation medicine (Wagner & Gluckman, 2010). 
Mesenchymal stromal cells can be retrieved from cord blood, Wharton jelly, and placenta 
(Wang, 2004; Flynn et al, 2007; Troyer & Weiss, 2008; Brooke et al, 2009). Mesenchymal 
stromal cells from trophoblastic tissues have been shown to have similar transcriptome, 
proteome, immunsuppressive and differentiation abilities as MSCs from bone marrow 
(Jones et al, 2007; Tsai et al, 2007; Barlow et al, 2008). Of these, umbilical cord blood MSCs 
were first described and probably most extensively characterized. They have higher 
proliferation capacity than bone marrow mesenchymal cells, but they are quite rare and even 
in experienced laboratories they can be successfully isolated from only about two thirds of 
cord blood units (Kern et al, 2006). Isolation of Wharton jelly and placental MSCs is in general 
similar to isolation of adipose tissue stromal cells in that digestive enzymes have to be used. 
However, they are more abundant and more easily isolated than MSCs from the cord blood.  
One protocol for GMP isolation and expansion of placental MSCs was described recently 
(Brooke et al, 2009). Briefly, the placenta was aseptically collected and minced in small 
pieces, which were then digested by collagenase, type 1, and DNA-se I in Dulbecco´s 
modified Eagle´s medium, low glucose (DMEM, LG). After digestion, centrifugation tubes 
were pulse spun to remove large particular matter and mononuclear cells from the 
suspension were retrieved after centrifugation on Ficoll-Paque. Then adherent cells were 
isolated by cultivation on plastic for three days, in DMEM-LG with 20% FCS and 50 mg/l 
gentamycin. Cells were propagated for a total of five passages and cells not required for 
further propagation were cryopreserved after each passage. 
After isolation, 74% of cells were found to be CD45+ leukocytes and 0.6% of cells were 
CD73+CD105+. Initial propagation in eight 175 cm2 flasks yielded 40-100x106 adherent cells, 
from which still approximately 25% were CD45+ (P0). Percentage of CD45+ cells rose to 
more than 50% during first passage (P1), but fell quickly under 1% in following passages 
(P2-P5). In first passage, there was 40% of CD73+CD105+ cells and the percentage was 
above 90% in successing passages. Cell recoveries after cryopreservation were 96% from P2, 
100% from P3, and 60% from P4 and P5. 120x106 MSCs from one placental unit was infused 
to a patient suffering with acute myeloid leukemia, who was co-transplanted with two units 
of umbilical cord blood (HLA-mismatched with infused MSCs). Though the hematopoietic 
engraftment could not be fully evaluated because of early death of the recipient, the infusion 
itself was reported to be uneventful. 
This report shows that large numbers of MSCs can be obtained from human placenta. 
However, at least two passages have to be employed to deplete the final product from 
hematopoietic cells. The manufacturing procedure was reported to be labour-intensive and 
time consuming, using the open system of plastic cultivation flasks. However, this report 
shows that placental tissue can be used as an alternative source to bone marrow or adipose 
tissue for allogeneic applications, as is engraftment or treatment of graft-versus-host disease 
in blood progenitor cell transplantation setting. 

5.5 Enrichment of starting material for MSCs 
Mesenchymal stromal cells do not have any particular markers or antigenes to allow for an 
easy separation, as in case of CD34+ or CD133+ stem cells, or CD3 lymphocytes. Essentially, 
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two ways of enrichment of mononuclear cells for MSCs in the starting population are 
depletion of lineage-positive cells, or selection for MSC-containing fraction. RosetteSep© 
Mesenchymal Enrichment Cocktail (StemCell Technologies) contains monoclonal antibodies 
against hematopoietic cells (CD3, CD14, CD19, CD38, CD66b and Glycophorin A) and is 
mixed with bone marrow blood before separation on Ficoll gradient. Lineage positive 
hematopoietic cells form rosettes with erythrocytes and sediment with them. For selection of 
MSC-containing fraction, antibodies against CD271 (Jarocha et al, 2008; Poloni et al, 2009), or 
against CD105 (Jarocha et al, 2008), were used. Besides, while cited studies reported good 
results, Bierback reported worse results for RosetteSep© and CD271+ separation compared 
to plastic adherence, at least when MSCs were grown in platelet lysate (Bieback et al, 2009). 
Furthermore, monoclonal antibodies are expensive and they add another element into 
altogether complex process of GMP isolation and expansion of MSCs. If no new, 
revolutionary strategy for MSC enrichment will emerge, it is therefore unlikely that 
enrichment of starting material will become a standard procedure in GMP mesenchymal 
stromal cell production in the near future.  

6. Cultivation conditions  

The choice of cultivation conditions is of uttermost importance, with respect to GMP 
requirements. All components of the cultivation system should be fully characterized, 
certified or validated, and their robustness and stability of performance of the whole system 
have to be assured. However, in practical way, this might be quite challenging. As patented 
techniques and formulas are used for production of many ingredients, from surface 
treatment of cultivation vessels to the formulations of medium composition, both the 
researcher and regulatory agency have sometimes to rely on incomplete information. From 
this point of view, it is questionable whether the newest solutions just introduced to the 
market are always preferrable to older and well-tried technologies.  

6.1 Cultivation vessels and systems 
Traditionally, MSCs were cultivated in open systems. There is a plethora of companies 
(Corning, Nunc, TPP, to name at least few), that produce plastic flasks suitable for research-
grade cultivation of MSCs. However, these do not seem to be optimal for clinical-grade 
production for several reasons:  
1. Though these vessels are manufactured as sterile, tissue culture treated and apyrogenic, 

they are not certified for GMP-production.  
2. They have to be opened before each manipulation. This was overcomed e.g. in 

RoboFlaskTM produced by Corning, which have silicon rubber seal that can be 
repeatedly penetrated by injection needle without the need to open the vessel.  

3. Classical flasks are small and difficult to manipulate. For production of clinically 
meaningful numbers of MSCs, tens or even more than hundred of these flasks would be 
needed for every single patient. This may be partially overcomed by use of larger flasks 
with several cultivation surfaces (e.g., CellSTACK® Culture Chambers, 
HYPERFlask®Culture Vessels, both Corning), on the other hand, the visual assessment 
of culture grow is very difficult under these conditions. Small bioreactors (CellCube®, 
Corning) offer as much as 80, 000 cm2 culture surface and accessories, as are setup kits, 
oxygenators, oxygen probes, etc.  
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4. There is a need for reseeding of MSCs after they reach critical density. Traditionally, 
this has been performed by trypsinization, centrifugation and reseeding of cells to new 
flasks. This is labour-demanding, expensive and increases the risk of microbial 
contamination. Possible solution of this problem may be the dynamic culture surface 
expansion, as described by Majd (Majd et al, 2009). The bottom of the cultivation vessel 
was made from high-extension silicon rubber, which could be mechanically expanded 
by iris-like device from the initial area of 10 cm2 to area of 80 cm2. In this device, cells 
were grown in constant densities for more than 9 weeks. Quick and hands-free harvest 
of adherent cells can be performed by several robotic systems, as is Tecan Freedom 
EVO (Tecan Group LTD).  

Solutions mentioned above are mostly still suitable for small-volume production. However, 
larger robotic systems compatible with good manufacturing practice and good tissue 
practice principles, are available as well. Tecan CellerityTM is a fully robotic modular system 
with several possible configurations, including HEPA filtred clean bench, robotic CO2 
incubator, media refrigerator, etc. One possible configuration is shown on Figure 2. As is 
clear, these are already very complex and expensive solutions for large-scale commercial 
production. For smaller manufacturers, reasonable compromise between optimal and 
realistic will have to be achieved.  
 

 
Fig. 2. Tecan Celerity configuration employing laminar box, incubator, liquid handling, 
cultivation media storage (down, left) and automatic processing of cell cultures 

6.2 Choice of cultivation medium 
A variety of cultivation media for mesenchymal stromal cells currently exist. Most 
commonly used are research-grade media DMEM (Dulbecco´s modified Eagle medium) 
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low-glucose, IMDM (Iscove´s modified Dulbecco´s medium) and alpha-MEM (minimal 
essential medium). The first of them is most commonly used and is present in EMEA 
approved GMP-compliant medium (Haack- Sørensen et al, 2008). It was shown that 
DMEM is preferrable to IMDM with the respect of preservation of MSC “stemness” (Pierri 
et al, 2011). However, alpha-MEM was found to better preserve osteogenic properties of 
MSCs than DMEM (Coelho et al, 2000), and in at least one work (Lange et al, 2007) also to 
lead to higher CFU-F retrieval in primary expansion (P0). Superiority of alpha-MEM over 
DMEM with respect to MSC expansion was found also in our own unpublished 
experiments. 
There is a number of expansion media claimed to be GMP compliant: the LP02 basic 
medium (Lange et al, 2007), or the CellGroTM medium for hematopoietic stem cells (Pytlík et 
al, 2009). However, both of these need to be supplemented with fetal calf serum or some of 
its human alternatives (see below). Serum-free chemically defined media for mesenchymal 
stromal cells were also developed. Instead of serum they contain attachment factors for 
adherent cells and sometimes they have to be supplemented with recombinant cytokines. Of 
course, these media are all patented, thus the researcher does not know in full what is their 
exact composition. StemPro® is a serum-free medium pioneered by Invitrogen. While one 
group (Hartmann et al, 2010) were unable to cultivate MSCs in it without supplementation 
with 2% human serum (Hartmann et al, 2010), another group was more successfull after pre-
coating of cultivation vessels with CELLStartTM xenogeneic free substrate (Invitrogen) or 
with human fibronectin and adding recombinant PDGF-BB, FGF-2 and TGF-beta (Chase et 
al, 2010). Another serum-free medium is MesenCult© ACF (StemCell Technologies) 
(Hartmann et al, 2010), which, however was not found comparable with DMEM and human 
platelet lysate in our hands (Matějková et al, unpublished data). 

6.3 Choice of serum 
First published results of clinical trials with MSCs used fetal calf serum (FCS) as a 
supplement to culture medium (Lazarus et al, 1995; Koç et al, 2000; LeBlanc et al, 2008). 
EMEA-compliant fetal calf serum does exist (Haack- Sørensen et al, 2008). Such a serum is 
produced e.g. by PAA Laboratories or Lonza. It origins in bovine spongiform 
encephalopathy-free countries (Australia, New Zealand) and is treated by irradiation to 
inactivate possible pathogens. However, fetal calf serum has several disadvantages. The first 
is great variability among batches with regard to MSC growth support, which necessitates 
expensive prescreening. The second is possibility of allergic reactions to xenogeneic protein. 
One group already reported presence of anti-fetal calf serum antibodies in blood of patients 
treated by MSCs expanded in FCS-containing medium (Sundin et al, 2007), and others 
reported anaphylatoxic reactions after administration of other cellular products prepared 
with FCS (Mackensen et al, 2000). Transmission of prion or viral diseases remains a 
theoretical possibility with fetal calf serum, too, though no zoonosis was reported in 
several thousands of patients treated with various cellular therapies manufactured with 
FCS so far.  
As mentioned above, experiences with serum-free media are currently limited and reports 
are controversial. Therefore, before use of such media becomes widespread, human 
alternatives for FCS should be sought for. Autologous human plasma (AP) was reported to 
be at least comparable to FCS (Stute et al, 2004). However, given the amount of AP that may 
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be realistically obtained (200-250 ml maximum with one blood donation) and taken into 
account the amount of medium needed for replacements and serial passagings, AP does not 
seem to be a realistic option for clinical-scale MSC manufacturing. Experiences with 
allogeneic human serum (HS) are controversial, too. While several groups reported early 
senescence of MSCs grown with HS (Stute et al, 2004), others did not observe such a 
phenomenon (Bierback et al, 2009). In our hands, human serum (unsupplemented) 
performed worse than FCS and cells grown in human serum frequently underwent early 
adipogenic differentiation (Pytlík et al, 2009, and unpublished data). Thrombin-activated 
platelet releasate in plasma (t-PRP) and pooled human platelet lysate (p-HPL) are two other 
FCS substitutes of human origin. While both of them take advantage of release of platelet-
derived cytokines and growth factors in plasma or serum, their manufacturing and 
subsequently their performance are substantially different. T-PRP is prepared by adding 
human thrombin to the platelet concentrate, with subsequent centrifugation and filtration 
through 0.2 μm filter (which also sterilizes the product). It is necessary to freeze t-PRP in 
small aliquots and thaw it just before preparation of fresh medium. The product may need 
aditional centrifugation to remove possibly developing clots and heparin have to be added 
to the complete medium to prevent gel formation. 
P-HPL may be produced either from buffy coats or from expired platelet concentrates. These 
are briefly centrifuged at room temperature and frozen in aliquots in -30 to -80°C. The 
freeze-thaw cycles may be repeated several times. One team found to be advantageous to 
adjust the number of residual platelets in platelet-rich plasma (after centrifugation) to 
1.5x109/ml, as with these numbers, the performance of p-HPL was found to be optimal 
(Lange et al, 2007). Before use, the p-HPL should be spun at high speed (4000-8000 g) to 
remove the cellular debris. 
In her seminal work, Bierback et al found that pHPL have better performance than tPRP, but 
also than HS and FBS. Besides higher yield of MSCs, use of pHPL also led to less 
contamination with hematopoietic cells (Bierback et al, 2009). P-HPL may be produced in 
most transfusion departments under GMP conditions, and its sources are not limited as are 
sources of autologous serum or human plasma. Even if it is not currently known which 
factors or cytokines in pHPL are responsible for its efficacy, it constitutes a suitable 
surrogate for fetal calf serum. First clinical experiences with MSCs produced in p-HPL 
supplemented medium were already reported (von Bonin et al, 2009).   

6.4 Supplements 
One of the first researchers who studied influence of various growth factors and other 
supplements on MSCs grown in serum-deprived conditions were Gronthos and Simmons 
(Gronthos & Simmons, 1995). They studied 25 different growth factors and found that the 
combination of insulin, platelet-derived growth factor BB (PDGF-BB) and epidermal growth 
factor (EGF), together with dexamethason and ascorbic acid, led to superior yields of MSCs 
over other combinations.  
PDGFs were first found in platelets and they might be responsible for some of the platelet 
lysate activity in MSC growth. Some authors described role of PDGF during osteogenic, 
adipogenic and chondrogenic differentiation, however, the primary effect seems to be 
mitogenic. PDGF also inhibits differentiation of cells including MSCs. PDGF-BB form can 
activate all  PDGF receptors and therefore is the best choice as a culture supplement. PDGF-
BB may be obtained in GMP quality (CellGenix).  
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EGF has similar mode of action in MSC cultures as PDGF. It acts as a mitogen  (Krampera et 
al, 2005), and in adition it can maintain stem cell properties of hMSCs. Indeed, 
Kratchmarova found that EGF and PDGF signaling leads to phosphorylation of similar set 
of proteins (Kratchmarova et al, 2005), with the one exception, the proteins of PI3K pathway, 
which is phosphorylated by PDGF only. Therefore, synergism of PDGF and EGF in 
Gronthos & Simmons work seems a little surprising and our experiments have shown that 
in certain cultivation systems, their action may be redundant (Stehlík, unpublished data). 
Subsequently, other growth factors were found to be useful in MSC expansion: Fibroblast 
growth factor 2 (beta FGF or FGF-2) was found not only to enhance growth of CFU-F 
colonies, but also to preserve stem cell characteristics of MSC (Tsutsumi et al, 2001; Bianchi 
et al, 2003).  In one work, macrophage colony-stimulating factor (M-CSF) was found also to 
stimulate expansion of MSCs (Jin-Xiang et al, 2004).  FGF-2 factor, clinical grade, is also 
available from CellGenix. Transforming growth factor beta (TGF-beta) is known to induce 
so-called epithelial-mesenchymal transition (EMT), i.e., process that enables polarized 
epithelial cells to acquire a motile fibroblastoid phenotype (Wendt et al, 2009). It also 
induces chondrogenic differentiation of mesenchymal stromal cells. However, TGF-beta was 
also found to promote growth of MSCs in serum-free medium, together with PDGF-BB and 
FGF-2 (Chase et al, 2010).  

6.4.1 An example of MSC cultivation with cytokine-suplemented medium 
We have developed a rapid cultivation procedure of MSCs grown in CellGroTM for 
Hematopoietic Stem Cells clinical grade medium supplemented with 10% human serum 
and five Gronthos & Simmons supplements (insulin, ascorbic acid, dexamethasone, EGF, 
PDGF-BB), further enhanced with FGF-2 and M-CSF. This medium, though not serum-free, 
enabled us to expand MSCs significantly in a single step from bone marrow mononuclear 
cells. Yields of MSCs were consistently above 106 MSCs per 106 seeded bone marrow 
mononuclear cells after two weeks of cultivation. Furthermore, medium did not require 
change and also hematopoietic cells did not require removal. The only manipulation was 
addition of supplements three times during the two week cultivation period. MSCs 
cultivated in this medium had phenotype comparable with MSCs cultivated in alpha-MEM 
+ fetal calf serum and were able to differentiate to three mesodermal lineages (Pytlík et al, 
2009). During futher development, we successfully transferred this technology to 
RoboFLASKsTM (Corning) with silicon rubber seal, which was only three times perforated 
by blunted needle. Cell harvest was also successful without opening the RoboFLASKTM. 
This cultivation method is very simple, easily transferrable to GMP environment and 
enables to expand enough MSCs for clinical applications during single two-weeks 
expansion. After further validation, it may become a solution for MSC production by 
smaller companies or academic facilities. 

6.5 Antibiotics 
In preclinical research, cultivation media are often supplemented by antibiotics, usually 
penicilin-streptomycin combination. However, use of antibiotics, especially beta-lactams, is 
not advocated for clinical-scale production, as they may mask bacterial contamination. Also, 
they have allergogenic potential. Aminoglycoside antibiotics may be neutralized by charcoal 
adsorption (Kielpinski et al, 2005), or on special membrane filters (e.g., TTHVAB210 by 
Millipore, Steigman et al, 2008). However, the most preferrable option is not to use 
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antibiotics at all and to secure sterility of the product by strict adherence to principles of 
asepsis, rather than antisepsis.  
 

 
Fig. 3. Comparison of yields of MSCs grown in different media. a – alpha-MEM + FCS, b – 
alpha-MEM + HS, c – alpha-MEM + HS + 5 Gronthos & Simmons supplements, d – alpha-
MEM + HS + 5 Gronthos & Simmons supplements + FGF-2, e – alpha-MEM + HS + 5 
Gronthos & Simmons supplements + FGF-2 + M-CSF, f – CellGroTM + HS + 5 Gronthos & 
Simmons supplements + FGF-2 + M-CSF. Cell yields (x106) per 106 seeded bone marrow 
mononuclear cells. Adapted from Pytlík et al, 2009 

6.6 Harvesting of adherent cells 
Harvesting of adherent cells is usually performed by EDTA-trypsin solution. Trypsin is 
typically porcine, and therefore not optimal for GMP production of MSCs. An alternative, 
TrypLETM Select (Invitrogen) is a recombinant bacterial enzyme, produced on dedicated 
animal origin-free equipment, GMP compliant. It is availlable in two strenghts and the more 
concentrated (10x) is recommended for MSC harvest. Its performance is at least comparable 
to classical EDTA-trypsin and it has been already used for clinical-grade preparation of 
mesenchymal stromal cells (Brooke et al, 2009). Similar performance has also Sigma product 
from corn, TrypZean (Carvalho et al, 2011). 

6.7 Cryopreservation of cellular products 
MSCs can be cryopreserved, however, as with their expansion, no method is universally 
accepted and data differ significantly when recovery rates from different freezing methods 
and formulas are reported. As most experience in GMP cryopreservation of cellular product 
have been made with hematopoietic progenitor cells (HPCs), in some centres, protocols 
derived from HPC-freezing ones are used for MSC cryopreservation as well. Also, bags used 
for cryopreservation of MSCs are the same as used for HPC freezing and storage. On the 
other hand, other teams simply extend their experience with research-grade freezing and 
cryopreservation to clinics.  
Most cryopreservation techniques use a mixture of cell culture media, animal sera, and 
dimethylsulfoxide (DMSO) as a freezing solution. DMSO has been extensively used as a 
cryoprotectant because of its high membrane permeability. However, despite the protection 
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this cryoprotectant offers, DMSO can be damaging to cells when used in high concentration, 
especially during the thawing procedure. Also, if not removed, it can cause adverse 
reactions in patients (nausea, vomiting, tachycardia, bradycardia, hypotension, etc.). Other 
cryoprotectants, as methylcellulose, sucrose, threhalose, glycerol, hydroxyethylstarch, 
polyvinylpyrrolidon, or various combinations of these were tested, however, in the end 
none of them has been found to be superior to DMSO. Therefore, the main issues in 
development of GMP freezing and cryopreservation protocols is the choice of serum (if 
any), and the adjustment of the DMSO concentration to lowest possible level.  
Haack-Sørensen et al (Haack-Sørensen et al, 2007; Haack-Sørensen & Kastrup, 2011) 
advocates the use 5% concentrations of DMSO together with 95% fetal calf serum. Control-
rate freezing method (freezing at rate of 1°C per minute) is employed, as this was clearly 
found to be better than uncontrolled freezing (Fuller & Devireddy, 2008). Cell concentration 
should be between 0.5-1x106/ml (Goh et al, 2007). It is essential that all procedures 
beginning with adding DMSO and ending with thawing, are performed at 4-8°C on ice and 
after thawing, the cell suspension is quickly diluted to lower the DMSO concentration. 
While probably not better than other protocols (the cell viability or CFU-F retrieval after 
thawing is not presented), this method is quite simple and may be quickly adopted for GMP 
conditions, if use of FCS is plausible.  Autologous serum might be the best alternative to 
FCS, if serum is needed at all, however, its use is limited by the same problems as its use in 
MSC cultivation (Reuther et al, 2006). Human allogeneic serum is surely an option, too, but 
it still brings risk of disease transmission. 
The question therefore is, if serum is needed at all for MSC cryopreservation. Other 
researchers found that even 2% DMSO, with culture medium (DMEM) without serum was 
as good as 10% DMSO with 80% human or fetal calf serum (Thirumala et al, 2010a, 2010b, 
2010 c). Defined, serum-free and animal components-free freezing media, as is CryostorTM 
CS 10 (StemCell Technologies, Woods et al, 2009), or Plasmalyte-A (Baxter, Steigman et al, 
2008) are also availlable. 
The results of freezing-thawing procedures with the respect to cell viability are controversial 
and difficult to compare. For similar protocols, recovery rates are as different as 50% to 90% 
of viable cells. Comparisons of CFU-F formation from unfrozen and frozen cells from the 
same passage were not reported, to our knowledge. The greatest problem with viability 
reports is that most researchers use only the simplest method for its evaluation, which is 
trypan blue exclusion. Freeze-thawing process may start early apoptosis in cryopreserved 
cells, while these cells still may appear as viable in the trypan blue exclusion test (Baust et al, 
2002). Better tests (e.g., flowcytometric staining by DiOC6 for analysis of mitochondrial 
transmembrane potential, together with propidiumiodine or 7-AAD to exclude dead cells) 
therefore should be employed. CFU-F assays, for (at least) post-hoc quality control would be 
also desirable, as in our hands, only half of colony forming ability could be retreieved after 
the freezing-thawing procerures (unpublished data). As is evident, cryopreservation of 
MSCs is still largerly an unresolved issue and further attempts toward its optimalization 
and standardization have to be performed.  

7. Quality issues 

7.1 Viability, clonogenicity and senescence 
Viability of cells is traditionally performed by trypan blue staining in Burkers chambers. 
Special counting machines, which evaluate both cell concentration and tolluidin blue 
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permeability (Countess® from Invitrogene, Cellometer® from Nexcelcom Bioscience) are 
also availlable, but their running is quite expensive. Flow cytometric staining by propidium 
iodine or 7-AAD may be more advantageous than trypan blue, especially when combined 
with suitable other fluorochrome to detect still viable, but early apoptotic cells. 
Clonogenicity of produced cells should be compared with cells produced by standard 
procedure by CFU-F formation (Colter et al, 2000). This test, which involves seeding cells in 
densities of 1.5, 3, 5, and 10 cells/cm2 in a 100 mm Petri dish, is simple, inexpensive and 
has been shown in our hands to be highly reproducible. Its disadvantage, however, is the 
lenght of this test, which lasts from 7-14 days. This may be longer than the shelf-live of the 
final product. However, this testing might be useful as a part of a post-release evaluation 
of a product quality to ensure that possible failure of the treatment procedure was not due 
to poor graft quality. 
Senescence is an underestimated problem in MSC production. MSCs have only limited 
number of population doublings, known as Hayflick limit, before senescence growth arrest 
occur (Hayflick, 1963). In MSC, this is typically from 20 to 50 doublings, depending on cell 
source and culture conditions (Izadpanah et al, 2006; Suchánek et al, 2007, Cholewa et al, 
2011). Senescent cells not only cease to proliferate, but their differentiation properties are 
also impaired and they can differentiate to osteogenic lineage only. They can display 
aneuploidy without transformation (Tarte et al, 2010), and exhibit certain mutations, e.g., in 
p53 gene. P53 mutated MSC can migrate to mammary tissue and form an inductive 
microenvironment for breast cancer (Houghton et al, 2010). Senescence is easy to evaluate in 
non-confluent cell cultures by beta-galactosidase staining (Bandyopadhyay et al, 2005), and 
this test has been recently adapted for flow cytometry as well (Noppe et al, 2009). Senescent 
MSC have typical secretome and gene expression profiles – they secrete for example 
interleukin-6, matrix metalloproteinases, hepatocyte growth factor, or FGF2. These 
molecules can reinforce the senescent arrest or stimulate growth and invasion of established 
cancer (Coppé et al, 2008). Senescent gene expression profile of MSC – cultivated either with 
fetal calf serum or human platelet lysate – includes upregulation of hyaluronan and 
proteoglycan link protein 1 (HAPLN1), keratin 18 (KRT18), brain-derived neurotrophic 
factor (BDNF), or renal tumor antigen (RAGE), while pleiotropin (PTN) is downregulated 
(Schallmoser et al, 2010). From practical point of view, beta-galactosidase testing should 
become a routine pre-release quality test of MSC preparations, while rt-PCR testing for 
selected senescence-associated genes may be a part of post-release quality surveillance (see 
below). 

7.2 Product characterization 
The minimal set of requirements for cells to be recognized as MSCs are set in Introduction to 
this chapter (Dominici et al, 2006). However, testing the full set of these requirements for 
every batch can be challenging, as e.g. lineage differentiation lasts several weeks, which may 
be longer than the expiration period of the product. On the other hand, performance of 
various MSC products, especially in the autologous setting, may be at least partially donor 
dependent (Friedl et al, 2009). Therefore, a reasonable compromise has to be achieved 
depending on particular situation. 
Full characterization of the product has to be performed in the preclinical phase of its 
development. These tests should show reproducible profile of surface markers, performed 
by flow cytometry or immunocytochemistry. Testing for surface markers may also reveal 
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some impurities of the final product, especially admixture of hematopoietic cells. Release 
standards (percentage of cells positive for given antigen, acceptable amount of undesired 
cells) should be set at this point.  
If the manufacturing procedure differs from accepted standard (e.g., from cultivation of cells 
in DMEM or alpha-MEM medium with 10% fetal calf serum), full tests for differentiation 
properties should be performed to prove that the final product complies with the minimal 
set of requirements for MSCs. This may involve comparison of cells produced by alternative 
procedure with cells produced by standard way. These comparisons should be not only 
qualitative (Oil red staining for adipogenic, von Kossa or alizarin red staining for 
osteogenic, and staining for collagen II for chondrogenic differentiation), but also 
quantitative (e.g., calcium accumulation or triglyceride synthesis). If desired effect of MSC 
product is immunosuppression (e.g., for treatment of graft-versus-host disease), allogeneic 
mixed leukocyte reactions with admixture of various ratios of MSCs should be performed 
(Le Blanc et al, 2003). 
Preclinical characterization of the product may involve also gene expression profiling. In 
current literature, there is a number of papers describing gene expression profiles of MSC 
obtained from various tissues or cultivated by different methods (Wagner et al, 2005; Tsai et 
al, 2007; Secco et al, 2009), and it might not be necessary to repeat these expensive, 
cumbersome and poorly standardised experiments in full. If it is necessary, Wang et al. 
provide a detailed protocol how to perform gene expression analysis (Wang et al, 2011). In 
any way, qualitative or quantitative testing for expression of selected genes of interest 
(genes related to growth, stemness, differentiation properties or senescence) might be 
useful. This testing could also apply to final clinical products, either as pre-release or post-
release control of quality. 
For quality testing of fully developed and approved product intended to clinical use, it must 
be kept in mind that the donor variability might substantially influence the final quality of 
the batch. Full testing for clonality, differentiation, immunosuppressive properties or gene 
expression might not be possible because of the short shelf-life of the product. Even when 
there is an intention to freeze the product before use, its performance might be different 
before freezing and after thawing (our unpublished experiments). However, it might be 
advisable to perform these tests as a part of post-release testing, to ensure the released 
product was of sufficient quality and to be able to show that possible treatment failure was 
not due to poor quality of the MSC product. 

8. Safety issues 

8.1 Donor screening 
In general, the same set of examinations as for blood banking purposes should be 
performed. Testing for hepatitis B, C, HIV and syphilis are mandatory. In certain areas of 
the world, testing for HTLV-1 and/or Chagas disease may also apply. 

8.2 Microbial contamination 
Bacterial contamination of classical pharmaceutical products is excluded by standardized 
tests, as set for example in European Pharmacopoiea (EP, chapter 2.6.1), or US 
Pharmacopoiea (USP, chapter 71). These growth promotion tests (GPT) involve two 
different cultivation media – Fluid thyoglicollate medium and soya-bean casein digest 
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medium, and two different temperatures – 22.5°C and 32.5°C – for growth of each tested 
sample. However, this test takes 14 days to finish and is clearly unsuitable for products with 
short shelf-live. There are instructions on validation of rapid microbiological tests both in 
USP (ch. 1223) and EP (section 5.1.6). These require for alternative microbiological testing to 
ensure following, compared with standard GPT: 
Specificity. All microbial strains must be detected and confirmed. Aerobic strains must be 
detected in the aerobic culture bottles. Anaerobic strains must be detected in anaerobic 
bottles. It should be confirmed that cell cultures themselves will not generate false positive 
tests. Microbial strains can be bought e.g. from ATCC (American Type Culture Collection), 
however, the set should also include isolates from microbiologically positive samples and 
from environment of the facility.  
Limit of detection. Each challenge microorganism must be detected at less than 100 CFU 
but greater than 0 CFU.  
Repeatability. All replicates inoculated with challenge microorganisms are determined to 
be positive.  
Ruggedness. All strains must be detected and confirmed as prepared by different analysts. 
Equivalence. Alternative method must detect challenge organisms sooner than the 
compendium method. 
There are several solutions for rapid microbiological testing, but all have their advantages 
and disadvantages. Best comparable to pharmacopoieal methods are cultivation methods 
based on CO2 detection (BACTECTM – Becton Dickinson, BacT/ALERT® - bioMérieux), and 
they have already been approved for tissue products (Kielpinski et al, 2005). These are also 
relatively unexpensive, easy to handle and do not require much space. Results are typically 
obtained in 48-72 hours. DNA detecting tests (e.g., LightCycler® SeptiFast Test – Roche) 
may be more challenging to be validated, as they may not detect all possible contaminating 
organisms (especially the environmental isolates) and, on the other hand, they may detect 
DNA from unviable organisms. Also, the number of gene copies (GC) is not easy to 
compare directly with the number of colony-forming units (see also 8.3). However, these 
tests are attractive as they can detect microorganisms in less than 24 hours. Fluorescent 
cytometry tests (ScanRDI® AES Chemunex) provide ultra-rapid detection of 
microorganisms (90 minutes), but are very expensive and used typically by large 
pharmacological companies. 
It have to be stressed that validation of an alternative microbiological testing method may be 
very laborious and time consuming and can take several years before successfully 
completed. This may change, as these tests are getting more widespread. Close cooperation 
with the regulatory agency from the very time such a method is contemplated, is necessary 
in any case. For a close introduction to the rapid sterility test implementation, see Gressett 
(Gressett et al, 2008). 
A good question is what to do when final products – especially customized ones – are 
eventually found to be microbiologically positive. At that time already a lot of work and 
money have been invested in the product, not to mention a patient who might in the 
meantime undergo some kind of preparative procedure for cellular treatment. This is similar 
to situations in hematopoietic progenitor cell transplants, where even microbiologically 
positive graft cannot be withdrawn and discarded, as this would mean inevitable death of 
the patient in many cases. Positive grafts are found in wide range of 0-43% of cases (Lowder 
& Whelton, 2003), but surprisingly they do not appear to present unacceptable risks. In two 
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large studies, (Patah, 2007; Phinney, 2007) the frequency of positive grafts was between 1-
2%. While Phinney gave preemptive antibiotic treatment to the graft recipients, Phinney just 
observed them. The frequency of adverse events was zero in the first study and close to zero 
in second. Preemptive antibiotic treatment based on tested or presumed microbial 
sensitivity might be a reasonable strategy for transplantation of microbiologically positive 
products, under strictly controlled conditions.  

8.3 Mycoplasma contamination  
Mycoplasmas are microorganisms without cell wall, which may pass through sterilization 
with 0.2 μm filters. They have quite complex requirements for survival conditions, but cell 
culture media make good environment for their growth. As such, mycoplasmas present 
significant thread to cell and tissue cultivation. European, United States or Japanese 
pharmacopoieas state requirements for mycoplasma testing. Essentially, two types of tests 
are used: first is inoculation of cell culture samples on a solid agar or in a liquid enrichment 
medium, from which are mycoplasma cultures after several days transferred on agar. This 
test is quite sensitive (10 CFU/ml), but takes 28 days to complete. In second method, the 
indicator cell culture, samples are co-cultured with permissive cell lines (usually Vero cells) 
and then stained with fluorescent DNA-binding dyes (DAPI or Hoechst). This approach also 
takes time and is less sensitive than agar cultivation (100 CFU/ml). 
Fortunately, there are several tests, based on nucleic acid testing (NAT), which have been 
already validated, though NAT is not without its problems. First, it does not distinguish 
dead cells from living ones. Second, the translation of gene copy numbers to colony finding 
units is problematic. Not only all mycoplasmas detected by NAT are not necessary live ones, 
but also CFU is not an equivalent to living cell – it is an expression of its ability to form 
typical colony. Also, cultivation methods work with larger volumes (1 to 10 ml of medium) 
than NAT tests (tens to hundreds μl). Therefore, enrichment of a starting material (e.g., by 
high-speed centrifugation) may be necessary. It has to be assured that sequences of all 
mycoplasmas are covered by single PCR reaction and it also has to be assured that this 
reaction will not amplify sequences from related microorganisms (Streptococci, Clostridia, 
Lactobacilli). 
MycoTOOLTM (Roche Diagnostics) is a test amplifying a part of the 16S rDNA of 
Mycoplasmas. It was validated with the European Pharmacopoiea tests (Chapter 2.6.7.) and 
is able to detect Mycoplasmas with sensitivity of at least 10 CFU/ml (Deutschmann et al, 
2010). A quantitative MycoSensor QPCR assay kit was developed by Stratagene and found 
acceptable in preclinical regulatory validation of amniotic MSC manufacturing protocol 
(Steigman et al, 2008). For detail description of NAT-based Mycoplasma detection 
techniques, problems with alternative non-microbial detection and possible other solutions, 
see Volokhov (Volokhov et al, 2011). 

8.4 Endotoxin testing 
Endotoxins are lipopolysaccharides from gram-negative bacteria and are the most common 
cause of toxic reactions resulting from contaminations with pyrogens. Reactions to 
endotoxin can cause serious health problems, as is diarrhea, septic shock, marrow necrosis 
and others (Opal & Steven, 2007). Testing for endotoxins is therefore a standard release test 
for cellular and gene therapy products. The acceptable level of endotoxin in these products 
is usually 5.0 EU/kg/dose.  
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Endotoxin is usually tested with the Limulus Amebocyte Lysate (LAL) method. The 
problem with this test is not the time (results can be usually obtained in 3-4 hours), but its 
sensitivity to external factors and complexity of its setting. Endosafe® PTSTM is a 
chromogenic LAL test that provides quantitative results in approximately 15 minutes (Gee 
et al, 2008). It has been already validated for testing of bone marrow mononuclear cells for 
cardiac regeneration (Soncin et al, 2009), and is relatively easy to use. For other applications, 
however, comparison with standard accepted method may still be necessary. 

8.5 Tumorigenicity 
There were several reports of spontaneous transformation of human MSC in cultures (Rubio 
et al, 2005; Wang et al, 2005; Rosland et al, 2009). Most, if not all, these results reflect cross-
contamination of mesenchymal cultures with exogenous tumor cell lines (Torsvik et al, 
2010), which hardly can be a concern in a well-conducted GMP facility. However, 
transformation of MSC was observed after prolonged cultivation in human telomerase 
immortalized cells (Serakinci et al, 2004). This should not again cause concern in production 
of non-manipulated MSC, however, it shows to potential danger in case MSC were genetically 
manipulated. Furthermore, these immortalized transformed MSCs lost the p16ink4a gene, which 
was shown to occur occasionally even in non-immortalized MSC cultures (Shibata et al, 2007). 
In conclusion, risk of spontaneous malignant transformation of human MSC products does not 
seem to be very high. The question of routine cytogenetic testing of MSC product has to take in 
account the fact of low sensitivity of classical cytogenetic examination which may easily miss 
potentially dangerous but still very small clone and certainly will miss most losses of 
heterozygozity or similar small genetic changes. Also, cytogenetic testing can lead to false-
positive results, as it was shown that aneuploidy might in fact be quite common in MSC 
undergoing senescence, but not transformation (Tarte et al, 2010).  

8.6 Clinical safety and surveillance principles 
As the experience with somatic cell therapy is still limited, there are no universally 
applicable principles of clinical safety monitoring. Until sufficient information will be 
availlable, all recipients of somatic cell therapy, including the treatment with MSC, should 
be followed indefinitely (for a lifetime), and monitored for possible adverse effects of 
treatment. Adverse events should be collected in context of the clinical trials in the 
premarketing phase, and according to general pharmacovigilance principles in the 
postmarketing phase. 
Possible acute complications connected with mesenchymal stromal cell treatment, as 
perceived from preclinical evaluation, are infusion related complications, immunological 
reactions (more probable with use of xenogeneic proteins during MSC production and/or 
after repeated use), and local reactions (with local application). Significant number of MSCs, 
especially from the Stro-1- fraction, engrafts in lungs (Devine et al, 2003; Bensidhoum et al, 
2004), and lungs are the first organ attended by intravenously administered MSCs. 
Therefore, the possibility of MSC induced lung injury have to be taken seriously. In 
experimental animals, administration of large numbers of MSCs may cause stroke or even 
death. Therefore, it is desirable that all systemically treated patients would be closely 
monitored during the infusion and some time thereafter. 
MSCs are little immunogenic and immune reactions caused by their administration 
therefore should not be problem. However, when cultivated in xenogeneic protein-
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containing systems, they may internalize and present these proteins to recipient. This 
problem may become significant especially if repeated administrations of MSCs are planned 
(e.g., for graft versus host disease treatment), as first exposure of xenogeneic protein may 
cause priming of the recipient immune system and subsequent administrations may trigger 
an allergic reaction. 
In the long-term follow-up, three issues seem to be particularly important: 
“maldifferentiation” of MSCs, tumor propagation, and disease transmission. 
“Maldifferentiation” of MSCs refer to differentiation in a tissue type not desired in the 
particular organ. It was shown that MSCs, in contrast to hematopoietic progenitor cells, 
produce calcifications after local injection to an infarcted heart (Breitbach et al, 2007). In 
another model of glomerular injury, MSCs prevented progressive renal failure when 
administered intraarterially to rats, but degraded in kidney to fat cells, surounded by 
fibrotic tissue (Kunter et al, 2007). To our knowledge, nothing similar was observed after 
intravenous infusion or in humans, but similar undesired effects of human MSCs cannot be 
excluded.  
For tumor formation, patients should be followed indefinitely. As shown  above, the risks of 
spontaneous transformation of human MSCs are probably very small, however, there are 
concerns that MSCs may support tumor growth by a variety of mechanisms, involving 
immunosuppression, transformation of MSCs to CAFs (cancer associated fibroblasts), or 
tumor vasculature support (Momin et al, 2010; Klopp et al, 2011). Human MSCs have been 
shown to promote tumor development in several animal models (Zhu et al, 2006; Karnoub 
et al, 2007). In clinical practice, rather than facilitating growth of previously undiagnosed 
tumors, MSCs may promote tumor growth when applied to patients with established 
cancer, for example in hematopoietic cell transplantation setting. There is one report 
showing that patients who had cotransfused MSCs together with hematopoietic progenitor 
cells, had less graft versus host disease but more leukemia relapses (Ning et al, 2008). On the 
other hand, there are also reports that unmanipulated MSCs may also suppress tumor 
growth (Khakoo et al, 2006; Qiao et al, 2008). Large series of patients, optimally in 
randomized clinical trials, need to be followed for the frequency of various types of 
spontaneous tumors before the tumorigenicity of human MSCs may be excluded. The 
question of tumorigenesis will undoubtebly become even more significant if genetically 
engineered MSCs will be used for treatment of cancer or metabolic diseases, however, this is 
beyond the scope of this chapter (reviewed in Aboody et al, 2008 and Momin et al, 2010).  
To our knowledge, disease transmission was not reported yet after mesenchymal stem cell 
therapy. Usual infection surveillance should be sufficient. Infectious origin of any febrile 
reaction during and after MSC application should be excluded and MSC recipients should 
be tested for hepatitis or HIV transmission in a fixed time after cellular therapy. If blood-
transmitted infection is confirmed in recipient, donor of MSC should be investigated as well, 
in case of allogeneic therapy. If fetal calf serum is used for MSC expansion, it must be from 
bovine spongiform encephalopathy-free area, as noted above.  

9. Conclusion 

Mesenchymal stromal cell therapy offers solutions for a number of currently unmet clinical 
needs in modern medicine. These solutions might be less than optimal in certain cases, or 
may not fulfill the expectations at all. Mesenchymal stromal cell therapy may well provide 
only temporary clinical solutions, before better understanding of underlying principles of 
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diseases and their treatment become availlable and better treatment approaches (e.g., 
targeted delivery systems for cytokines and gene products, small molecules, etc.) will be 
developed. At this time, however, it seems that somatic cell therapy is worth exploring, 
despite the new challenges connected with it. 
Because of the complex regulatory requirements, cell therapy will probably be very 
expensive and during this time, when its safety and efficacy are being tested, it will be 
difficult to find reimbursement of expenses connected with its development. An inequality 
in access to new treatments may result on one hand and difficulties with accrual of patients 
to clinical trials on the other. Therefore, it is crucial that all involved in mesenchymal 
stromal cell treatment, including funding institutions, regulatory institutions, academic 
facilities and private subjects, would cooperate closely together, on national or international 
platforms. On these platforms, fabrication of GMP-compatible facilities and development of 
GMP prepared products for cellular therapy will undoubtedly prove to be crucial in 
transferring the experimental knowledge into clinical practice. Falling behind the 
international level of knowledge and experience may have very undesired effects on health 
care in underdeveloped countries or regions. The purpose of this chapter was to provide at 
least partial solutions to challenges in this exciting new area of medicine.  
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CORRESPONDENCE

Research
Correspondence Intracoronary Injection of Autologous Bone

Marrow-Derived Mononuclear Cells in Patients
With Large Anterior Acute Myocardial Infarction
A Prematurely Terminated Randomized Study

To the Editor: One-third of patients with ST-segment elevation
myocardial infarction, usually those presenting late, show ongoing
left ventricular (LV) remodeling and poor clinical outcome despite
primary percutaneous coronary intervention (PCI) (1). Cardiac
transfer of bone marrow-derived stem cells has been investigated as
an adjunctive therapy to promote the repair of infarcted myocar-
dium (2–5). Therefore, we designed a randomized study to test the
safety and efficacy of intracoronary injection of autologous bone
marrow-derived mononuclear cells (BMNCs) in patients with
large acute anterior myocardial infarction and late presentation
who were treated with successful primary PCI.

The study population consisted of 27 consecutive patients (age
59 � 12 years; 81% males) with the first ST-segment elevation
acute anterior myocardial infarction due to occlusion of the
proximal left anterior descending artery (LAD) who had under-
gone successful primary stented PCI. Patients were eligible if they
had primary PCI from 4 to 24 h after symptoms onset and showed
a reduced LV ejection fraction �50% with at least 3 akinetic
segments in the LAD territory. The study protocol was approved
by the Medical Ethical Committees from all involved institutions,
and informed consent was obtained from all patients.

Eligible patients were randomly assigned in a 2:1 ratio either to
intracoronary BMNCs injection (n � 17) or standard medical
therapy (n � 10). In the BMNCs group, aspiration of BMNCs
was performed 4 to 11 days after PCI. After isolation, mononu-
clear BMNCs concentrate was infused in the LAD using a
stop-flow technique through an over-the-wire balloon catheter (2).
At baseline and 4-month follow-up, LV ejection fraction and
volumes were assessed by echocardiography with the biplane
Simpson methods, infarct size with single-photon emission com-
puted tomography combining perfusion by technetium-99m ses-
tamibi and glucose uptake by F-18-fluorodeoxyglucose. Coronary
angiography was repeated at 4 months. All statistical analyses were
conducted according to the intention-to-treat principle. Two-
sided paired and unpaired Student t test or Fisher exact test was
used as appropriate. For all tests, p � 0.05 was considered
significant.

Baseline characteristics, including infarct size (maximum crea-
tine kinase 2,995 � 1,975 U/l vs. 2,751 � 789 U/l, p � ns), degree
of LV dysfunction (ejection fraction 38 � 7% vs. 39 � 4%, p �
NS) and proportion of patients with Thrombolysis In Myocardial
Infarction flow grade 3 after PCI (77% vs. 80%, p � NS) were
comparable between groups. The median time from pain onset to
PCI was �5 h (interquartile range [IQR] 5 to 11) in both groups
(p � NS). The median time from PCI to BMNCs intracoronary
injection was 9 days (range 4 to 11 days). On average, 171 � 48 ml

of bone marrow blood was harvested and processed to a final
volume of 27 � 7 ml. The median number of injected BMNCs
and CD34� cells was 26.4 � 108 (IQR 19.6 � 108 to 33.0 � 108)
and 1.3 � 106 (IQR 1.1 � 106 to 1.4 � 106), respectively. The
viability of BMNCs ranged from 94% to 99%. Intracoronary
transfer of BMNCs was successful in all patients, and no serious
periprocedural complications or increase in cardiac markers were
observed.

At 4-month follow-up (Table 1), infarct size decreased, and LV
ejection fraction improved to a similar extent in both groups
whereas LV volumes did not changed significantly. In the BMNCs
group, insignificantly more dysfunctional segments showed im-
provement in contractile function as compared with the control
group.

Regarding the safety, 2 patients developed serious complications
during or after bone marrow harvest. One patient had a ventricular
septal rupture before the injection of BMNCs, underwent
emergency surgery, and died 3 months later as the result of
severe heart failure. The other patient suffered a stent throm-
bosis with reinfarction immediately after we harvested the
BMNCs. He had a complicated PCI followed by coronary
artery bypass grafting and died 2 weeks later from sepsis and
acute respiratory distress syndrome. Another patient had diag-
nosed biliary carcinoma 6 weeks after BMNCs’ transfer and
died 2 months later. One BMNC patient suffered from reinfarc-
tion due to LAD occlusion distally to the implanted stent 9
months after randomization.

One patient in each group was hospitalized for worsening heart
failure. The rate of revascularization was similar in both groups
(24% in the BMNCs group and 40% in the control group; p �
NS). At 12-month follow-up, LV ejection fraction (46 � 7% vs.
49 � 13%; p � NS) improved to a similar extent. No patient
developed malignant arrhythmias. The original intention was to
enroll a total of 40 patients in the BMNCs group and 20 patients
in the Control group. After enrollment of the initial 27 patients,
the trial was terminated prematurely because of the unexpected
occurrence of serious complications in the BMNCs group and no
incremental functional effects of BMNCs as compared with
control patients.

This randomized study showed that, in patients with large acute
anterior myocardial infarction and late presentation, intracoronary
infusion of BMNCs in the infarct-related coronary artery at a
median of 9 days after primary PCI does neither increase recovery
of LV ejection fraction nor reduce LV volumes and infarct size at
4 months, as compared with control subjects. Four randomized
trials (2–5) have been conducted so far to investigate the functional
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effects of BMNCs intracoronary injection in patients with smaller
acute myocardial infarction with controversial results. Only 1 trial
(4) reported enhanced and sustained recovery of LV ejection
fraction in the BMNCs group as compared with control patients.
In the present study, we enrolled a homogenous population of
patients with extensive anterior myocardial infarction with an
ejection fraction 6.7% to 11.3% lower than in all previous trials.
Nevertheless, corroborating data from previous trials (3,5), did
not observe any improvement in ejection fraction by BMNCs
over primary PCI alone. Low regenerative potential (6) and low
engraftment in the heart after intracoronary injection (7) may
be the major explanations for lack of functional effects of
BMNCs.

The present study has several limitations. The number of
enrolled patients was small, and the study was terminated prema-
turely. Hence, the potential treatment effect could be missed. Yet,
inclusion of more patients would have not been likely to change the
results. In contrast to previous studies, we included patients with
poor LV function, late revascularization, and late BMNCs injec-
tions. It may be possible that this subset of patients does not
benefit from the transplantation of BMNCs. Hence, our results are
not necessarily in contradiction with positive results of larger trials
(4). It should be pointed out that adverse events observed in the
study do not seem to be directly related to the BMNCs procedure.
No complications were observed during the injection of BMNCs.

Given the laborious nature of BMNC harvest and intracoronary
transfer, small, if any, functional effects, and lack of prognostic
data, the routine use of BMNCs after acute myocardial infarction
cannot be recommended at the present time.
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LV Systolic Global and Regional Function, LV Volumes, and Infarct Size at Baseline and 4-Month Follow-Up

Table 1 LV Systolic Global and Regional Function, LV Volumes, and Infarct Size at Baseline and 4-Month Follow-Up

BMNCs Group (n � 14)* Control Group (n � 10)
p Value Follow-Up

BMNCs vs. Control GroupValue Change From Baseline Value Change From Baseline

LV end-diastolic volume (ml) NS
Baseline 163 � 30 162 � 30
4 months 172 � 34 15.5% 174 � 29 17.4%

LV end-systolic volume (ml) NS
Baseline 98 � 25 98 � 23
4 months 95 � 28 23.1% 96 � 28 22.0%

LV ejection fraction (%) NS
Baseline 39 � 6 39 � 4
4 months 45 � 9† 115.4% 47 � 7† 120.5%

Akinetic and severely hypokinetic segments
in the LAD perfusion territory

NS

Baseline 5.9 � 1.6 5.8 � 1.8
4 months 3.5 � 2.6‡ 240.7% 3.8 � 2.4‡ 234.5%

Infarct size at SPECT (%) NS
Baseline 41.4 � 18.3 47.5 � 20.8
Follow-up 30.5 � 16.1‡ 226.3% 35.3 � 17.2‡ 225.7%

*The 4-month functional follow-up data are reported in 14 patients in the BMNCs group who survived the first 4 months after randomization. †p � 0.05, ‡p � 0.01 baseline versus follow-up.
BMNC � bone marrow-derived mononuclear cell; LAD � left anterior descending; LV � left ventricular; NS � not significant; SPECT � single-photon emission computed tomography.
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Clinical application of human multipotent mesenchymal stromal cells (hMSCs) requires their expansion
to be safe and rapid. We aimed to develop an expansion protocol which would avoid xenogeneic
proteins, including fetal calf serum (FCS), and which would shorten the cultivation time and avoid
multiple passaging. First, we have compared research-grade alpha-MEM medium with clinical grade
CellGro� for Hematopoietic Cells’ Medium. When FCS was used for supplementation and non-adherent
cells were discarded, both media were comparable. Both media were comparable also when pooled
human serum (hS) was used instead of FCS, but the numbers of hMSCs were lower when non-adherent
cells were discarded. However, significantly more hMSCs were obtained both in alpha-MEM and in
CellGro� supplemented with hS when the non-adherent cells were left in the culture. Furthermore,
addition of recombinant cytokines and other supplements (EGF, PDGF-BB, M-CSF, FGF-2, dexamethasone,
insulin and ascorbic acid) to the CellGro� co-culture system with hS led to 40-fold increase of hMSCs’
yield after two weeks of cultivation compared to alpha-MEM with FCS. The hMSCs expanded in the
described co-culture system retain their osteogenic, adipogenic and chondrogenic differentiation
potential in vitro and produce bone-like mineralized tissue when propagated on 3D polylactide scaffolds
in immunodeficient mice. Our protocol thus allows for very effective one-step, xenogeneic protein-free
expansion of hMSCs, which can be easily transferred into good manufacturing practice (GMP) conditions
for large-scale, clinical-grade production of hMSCs for purposes of tissue engineering.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Cellular therapy is an attractive treatment modality in many
areas of medicine, including orthopedic surgery. This form of
treatment could be beneficial in patients with large bone and
chondral defects resulting from developmental causes, trauma or
tumors, nonunions, aseptic osteonecroses, and in patients under-
going corrective osteotomies, spinal fusions or revision hip
icine, 1st Medical Faculty, U
420 22496 2675; fax: þ420

All rights reserved.

al., The cultivation of human
), doi:10.1016/j.biomaterials.2
replacement. In some of these indications, treatment with either
unprocessed bone marrow or bone marrow mononuclear cells has
already given promising results [1–3]. However, these approaches
are limited by the small number of osteogenic cells which may be
obtained from bone marrow without previous in vitro expansion.

The hMSCs are pluripotent precursor cells that can differentiate
into chondrocytes [4], myocytes [5], adipocytes, neural cells [6],
beta-pancreatic islet cells [7] and lastly osteoblasts [8,9]. The
hMSCs have already been used in autologous and allogenic stem
cell transplantation [10,11], in the treatment of metabolic disorders
[12], as well as in cardiology, neurology and orthopedic surgery
[13–15]. The hMSCs also play an important role in tissue engi-
neering of arteries [16], tendon [17] cartilage [18], lung tissue [19],
nervous tissue [20], and bone [21,22].
multipotent mesenchymal stromal cells in clinical grade medium for
009.03.001
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Table 1
Nomenclature of cell culture systems.

Abbreviation Explanation

aFSw� alpha-MEMþ 10% fetal calf serum (þ2% glutamineþ 1% antibiotic–
antimycotic solution), no other supplements, non-adherent cells
washed and discarded

CFSw� CellGro� for Hematopoietic Stem Cellsþ 10% fetal calf serum (þ2%
glutamineþ 1% antibiotic–antimycotic solution), no other
supplements, non-adherent cells washed and discarded

ahSw� alpha-MEMþ 10% pooled human serum (þ2% glutamineþ 1%
antibiotic–antimycotic solution), no other supplements, non-adherent

R. Pytlı́k et al. / Biomaterials xxx (2009) 1–132
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The hMSCs can be easily obtained and expanded from bone
marrow under in vitro conditions. However, all protocols published
to date have certain disadvantages [23]. Clinical trials reported thus
far [10–15] have used fetal calf serum (FCS) for initial expansion and
further propagation of hMSCs. While no serious adverse effects
have been reported in these trials, anaphylactic reactions have been
reported to other cellular products cultivated with animal serum
[24]. Moreover, use of xenogeneic serum carries the potential risk of
viral or prion disease transmission. For these reasons, new
approaches using human autologous or allogenic plasma or platelet
lysates have been pioneered with controversial results.

Current protocols in use require at least one passaging proce-
dure to obtain an adequate number of cells. Requirement for
passaging prolongs the period from the bonemarrow harvest to the
delivery into patient by up to four or six weeks and necessitates
replating of cells in an open system or use of bioreactor [25].
Moreover, some authors reported the loss of multipotentiality, and
a decrease of osteogenic potential aftermultiple passagings [26,27].

An option to increase the expansion of hMSCs and possibly to
avoid passagings is the addition of recombinant growth factors and
other supplements to the culture medium. In 1995, Gronthos and
Simmons [28] examined 25 purified recombinant human growth
factors for their ability to stimulate growth of CFU-F from purified
STRO-1 positive human bone marrow cells. They found that in
alpha-MEM with 20% fetal calf serum, supplements such as EGF,
PDGF, IFN-g, TNF-a and IL-1 had stimulated growth of hMSC
colonies, while IL-4 and IFN-a inhibited them. Simultaneous use of
PDGF and EGF increased the size but not the number of CFU-F.
Effects of other cytokines, namelyM-CSF and FGF-2, were described
by Jin-Xiang [29] and Tsutsumi [30], respectively. Jin-Xiang et al.
found that M-CSF increased the CFU-F number by 25%. Tsutsumi
found that FGF-2 increased the number of hMSCs when grown in
low-density cultures and that FGF-2 stimulated hMSCs to retain
their osteogenic and chondrogenic differentiating ability for
a greater number of population doublings.

In the context of the mentioned studies, our work describes
a simple, one-step, xenogeneic protein-free cultivation procedure,
based on the use of a cultivation medium certified for clinical use,
supplemented with human serum, recombinant cytokines,
hormones and vitamins. This approach enables expansion of
sufficient amounts of hMSCs for clinical purposes in just two weeks
and is performed in a closed cultivation system, making the
expansion of hMSCs less laborious, and more amenable to current
GMP requirements and Food and Drug Administration (FDA)
regulations [31]. Furthermore, we have proven that cells grown in
these conditions maintain their proliferative potential as well as
their ability to differentiate into osteoblasts, form osteoid matrix,
induce hydroxyapatite mineralization in vitro and form bone-like
tissue on 3D scaffolds in vivo. This makes cells obtained with this
procedure suitable for new forms of experimental treatment, or
tissue engineering.
cells washed and discarded
ChSw� CellGro� for Hematopoietic Stem Cellsþ 10% pooled human serum

(þ2% glutamineþ 1% antibiotic–antimycotic solution), no other
supplements, non-adherent cells washed and discarded

ahSn/w� The same as ahSw�, but non-adherent cells are not washed away
ChSn/w� The same as ChSw�, but non-adherent cells are not washed away
ahSwþ The same as ahSw�, but ascorbic acid, phosphate, dexamethasone,

insulin, EGF, PDGF-BB, M-CSF and FGF-2 are added to the medium
ChSwþ The same as ChSw�, but ascorbic acid, dexamethasone, insulin, EGF,

PDGF-BB, M-CSF and FGF-2 are added to the medium
ahSn/wþ The same as ahSw�, but non-adherent cells are not washed away and

ascorbic acid, dexamethasone, insulin, EGF, PDGF-BB, M-CSF and FGF-
2 are added to the medium

ChSn/wþ The same as ahSw�, but non-adherent cells are not washed away and
ascorbic acid, dexamethasone, insulin, EGF, PDGF-BB, M-CSF and FGF-
2 are added to the medium
2. Materials and methods

2.1. Mesenchymal stromal cell donors

All experiments were performed on two groups of donors in two series. In total
105 hMSC donors were used. One group consisted of patients undergoing diagnostic
trephine biopsy for suspected or proven hematological disease. The second group
consisted of donors undergoing BMMCs’ harvest for autologous stem cell trans-
plantation or for treatment of ischemic leg disease. Each member of these two
groups donated 10 mL of bone marrow aspirate after giving written informed
consent. The study was conducted according to the Declaration of Helsinki and
under the Local ethical committee approval. The Series 1 of experiments (45 donors)
was performed from October 2004 to December 2005 and the Series 2 (60 donors)
from August 2007 to June 2008.
Please cite this article in press as: Pytlı́k R et al., The cultivation of human
bone tissue engineering, Biomaterials (2009), doi:10.1016/j.biomaterials.
2.2. Media and supplements

Research-grade cultivation medium (alpha-MEM) and other reagents (EDTA–
trypsin solution, glutamine, antibiotic solutions and FCS) were purchased from
Gibco (Invitrogen Division, Paisley, Scotland). Clinical grade CellGro� Medium for
Hematopoietic Stem Cells was obtained from CellGenix (Freiburg, Germany). Human
AB Rh negative plasma was purchased from the blood bank of the Institute of
Hematology and Blood Transfusion (Prague, Czech Republic). For each series of
experiments, 5 units of human plasma were pooled together before recalcification
procedure (see below).

The following supplements were used: water-soluble dexamethasone (Sigma–
Aldrich, Steinheim, Germany), recombinant human insulin for clinical use from Eli
Lilly (Prague, Czech Republic), ascorbic acid (Biotica, Prague, Czech Republic),
recombinant human epidermal growth factor (EGF, research grade) and recombi-
nant human platelet-derived growth factor BB (PDGF-BB, research grade) (both from
BD Biosciences, Bedford, Massachusetts, USA), recombinant human fibroblast
growth factor 2 (FGF-2, research grade) (Invitrogen, Eugene, Oregon, USA) and
recombinant human macrophage colony-stimulating factor (CSF-1, M-CSF, research
grade) (R&D, Minneapolis, Minnesota, USA), and recombinant human transforming
growth factor beta (TGF-b1, research grade) (PeproTech, Inc., Rocky Hill, New Jersey,
USA). All research-grade growth factors were lyophilised and, except for TGF-b1,
they were carrier-free (e.g., without bovine albumin), and were reconstituted with
tissue grade distilled water supplemented with clinical grade human albumin in
normal saline (Baxter AG, Vienna, Austria).

Pooled human serum (hS) was obtained by mixing plasma with 0.1 M CaCl2 in
a 9:1 ratio and the mixture was incubated for 180 min at room temperature. After
removal of the fibrin clot by filtration through metal strainer, the product was
incubated for a further 48 h at 4 �C. After residual fibrin removal, serum was ster-
ilized by filtration through 0.22 mm membrane and aliquots were stored at �80 �C
freezer until use.

2.3. Human mesenchymal stromal stem cell expansion and media nomenclature

Basal culture media consisted of alpha-MEM supplemented with 10% FCS or 10%
hS (aFS or ahS), or of CellGro� for Hematopoietic Stem Cells with 10% FCS or 10% hS
(CFS or ChS). In all media, 2 mM glutamine, and 1% penicillin, streptomycin and
amphotericin B solution were added. In some experiments, media with human
serum (ahS or ChS) were further supplemented with vitamins, hormones and
growth factors. We used five supplements according to Gronthos and Simmons [28],
i.e., insulin (0.25 U/mL), dexamethasone (0.01 mM), ascorbic acid (100 mM), EGF
(10 ng/mL) and PDGF-BB (100 ng/mL), with further addition of M-CSF (25 ng/mL)
and FGF-2 (1 ng/mL). These fully supplemented media were designated as ahSD or
ChSD. In initial sets of experiments, non-adherent cells were washed away after
24 h and fresh medium was added, which is designated by the letter ‘‘w’’ (e.g.,
aFSwL). Co-culture of adherent and non-adherent cells (i.e., non-adherent cells
were notwashed away) is designated as ‘‘n/w’’ (e.g., ChSn/wD). Abbreviations used
for different culture systems, and composition of the media, are summarized in
Table 1.
multipotent mesenchymal stromal cells in clinical grade medium for
2009.03.001
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The hMSCs were expanded in the described culture systems mentioned above
for a two-week period under standard conditions (5% CO2, 37 �C). In culture systems
where non-adherent cells were discarded, cultivation medium was changed once
a week. If non-adherent cells were left in the culture, the cultivation medium was
not changed during the whole two-week expansion period and only supplements
(dexamethasone, insulin, ascorbic acid, EGF, PDGF-BB, M-CSF and FGF-2) were
added twice weekly.

After two weeks of culture, non-adherent cells were removed together with the
culture medium. Adherent cells were rinsed with a phosphate-buffered saline and
harvested with 0.25% EDTA with 1% trypsin solution. After the centrifugation and
resuspension in 2 mL of fresh culture medium, the yield of the adherent cells was
measured on standard hematological analysers (Beckman–Coulter JT or Beckman–
Coulter AcTdiff2, Fullerton, California, USA). The viability of cells was assessed by
flow cytometry with 7-AAD exclusion assay.

2.4. Determination of the yield and surface markers of human mesenchymal
stromal cells

Analysis of the adherent cells obtained by different cultivation methods was
performed by FACSCalibur (BD Biosciences Immunocytometry Systems, San Jose,
California, USA). Anti-CD45 and anti-CD235a monoclonal antibodies (DakoCyto-
mation, Brno, Czech Republic) were used and cells negative for both these antigens
were considered to be mesenchymal stromal cells. The total yield of hMSCs was
determined by the formula:

hMSCs0 count ¼
ðoverall cell countÞ �

�
%CD45negCD235aneg cells

�

100

For surface marker analysis, adherent cells were depleted of the CD45 positive cells
with anti-CD45 immunomagnetic particles on MiniMACS or MidiMACS devices
(Miltényi Biotec, Bergisch Gladbach, Germany). Flow cytometry was performed on
the FACSCalibur instrument with the following panel of antibodies: CD11b FITC (BD
Biosciences Pharmingen, Erembodegem, Belgium), CD11c FITC (DakoCytomation,
Brno, Czech Republic), CD14 FITC or PE (DakoCytomation), CD18 PE (Pharmingen),
CD29 PE (Pharmingen), CD34 PE (DakoCytomation), CD44 FITC (Pharmingen), CD45
FITC or PE (DakoCytomation), CD49a FITC (DakoCytomation), CD49c FITC (R&D
Systems), CD49d FITC (DakoCytomation), CD49e FITC (R&D Systems), CD63 PE
(DakoCytomation), CD71 FITC (DakoCytomation), CD90 FITC (Pharmingen), CD105
FITC and PE (DakoCytomation), CD106 PE (Pharmingen), CD117 PE (Pharmingen),
CD166 PE (Pharmingen), biotinylated anti ALP (R&D Systems), CXCR4 PE (R&D
Systems), anti HLA-A, B, C (DakoCytomation) and anti HLA-DR, DP, DQ (DakoCyto-
mation). Streptavidin–PE for the visualization of the binding of alkaline phosphatase
on the cell surface was obtained from Sigma–Aldrich. Isotype controls IgG1 FITC,
IgG1 PE, IgG2b FITC, IgG2b PE and IgG1 PE-Cy5 were all obtained from DakoCyto-
mation. Cells with higher fluorescence than the 0.5% brightest cells stained with
control antibody were considered as positive for given marker.

2.5. Colony-formation ability of human mesenchymal stromal cells from the
primary expansion

Determination of the colony-forming ability of hMSCs was performed according
to Colter [32]. After two weeks of primary expansion in aFSw� or ChSn/wþ, hMSCs
were reseeded in the densities of 1.5, 3, 5 or 10 cells/cm2 into Petri dishes (100 mm
diameter) in 10 mL aFSw�. Cells were cultivated for another two weeks with one
medium exchange. After two weeks, Petri dishes were rinsed with a phosphate-
buffered saline and fixed and stained with crystal violet methanol solution. The
hMSC clusters (at least 2 mm in diameter) were counted as fibroblast colony-
forming units (CFU-F).

2.6. Determination of differentiation potential of human mesenchymal stromal cells

For osteogenic differentiation, either two-dimensional (2D) or three-dimen-
sional (3D) cultures were used. For 2D cultures, hMSCs were seeded in concentra-
tions from 103 to 104 cells/cm2 in the six-well cultivation plates and cultivated in the
osteogenic induction medium (aFSþ 10 mM b-glycerol phosphate, 0.1 mM dexa-
methasone and 0.5 mM ascorbic acid phosphate, all supplements by Sigma–Aldrich).
In some experiments, 10 mM b-glycerol phosphate was added also to fully supple-
mented ChS. The medium was changed weekly for 3–4 weeks. Osteogenic cultures
were stained for alkaline phosphatase, or with von Kossa stain.

For 3D cultures, polymeric scaffolds with continuous pores were prepared from
poly(L-lactide) fibers as described previously [33]. Resulting scaffolds had the shape
of small tablets with the diameter of 5.6 mm, and the thickness of 1.5–2 mm with
a distance among fibers of 100–400 mm. The hMSCs were seeded at a density of
2�105 cells per scaffold and cultivated for 2–4 weeks in osteogenic induction
medium (either aFS-based or ChS-based, as mentioned above). After cultivation,
some of the scaffolds were used for electronmicroscopy imaging, elemental analysis
of the extracellular matrix, histochemistry and immunohistochemistry, while others
were used for in vivo experiments (see below). Elemental analysis was performed on
the Hitachi scanning electronmicroscope at an energy of 8.8 keV. For histochemistry,
Please cite this article in press as: Pytlı́k R et al., The cultivation of human
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some of the scaffolds were embedded in LR-White resin (Fluka) and semithin
sectionswere cut. For immunohistochemistry, paraffin-embedded blockswere cut in
standard way and glued onto a glass slide.

For adipogenic differentiation, adherent hMSCs after 2 weeks in primary culture
(103–104 cells/cm2) were seeded in six-well plates in adipogenic induction medium
(aFSþ 1 mM dexamethasone, 0.2 mM indomethacin, 0.01 mg/mL insulin, and 0.5 mM

3-isobutyl-l-methyl-xanthine). Adipogenic induction medium was alternated with
adipogenic maintenance medium (aFSþ 0.01 mg/mL insulin) twice a week. After
four weeks, cultures were fixed with 70% ethanol and stained with oil red.

To induce chondroblast differentiation, hMSCs were trypsinized, and 106 cells
were reseeded in 3 mL expansion medium in the tip of a 4 mL conical tube (Sarstedt,
Nümbrecht, Germany) to allow aggregation of the cells in micromass suspension
culture. Three different formulations of chondrogenic expansion medium were
evaluated in different experiments: alpha-MEM without serum and with TGF-b1
only, CellGro� without serum and with TGF-b1 only, or CellGro� without serum
and with TGF-b1, ascorbic acid, PDGF-BB, EGF, and FGF-2. The mediumwas changed
every 3 days. The development of chondroblasts was followed after 2 weeks of
cultivation by staining the micromasses with hematoxylin–eosin, toluidine blue and
with antibody against type II collagen [34,35].

2.7. Growth of human mesenchymal stromal cells on polylactide scaffolds in
immunodeficient mice

Immunodeficient (NOD/LtSz-Rag1null) mice were anesthetized by ketamine–
xylazine and marked by fuchsine for further identification. Under aseptic conditions
a cut on right lateral side of the thoraxwas performed and the PLLA scaffold with the
hMSCs cultured in ChSþ was implanted into the tunnel that was preformed by
blunted preparation. The same procedure was performed on the left side and an
empty PLLA scaffold or one seeded with hMSCs cultured in aSF� were implanted as
a negative or positive control. The skin was sutured by standard surgical sewing
material and themicewere put back into their hutches. Themice were nursed under
the conditions usual for immunodeficient animals: they received sterilized food and
sterilized water with antibiotics and were controlled at least every other day. Once
in three weeks the mice were anesthetized with ketamine and xylazine and X-rayed
under mammograph. After 6–9 weeks, mice were euthanized and immediately after
euthanization were fixed by perfusion with 10% formaldehyde. Polylactide scaffolds
were removed, transferred into a vessel with 10% formaldehyde and sent for
histological examination. All manipulations with the laboratory animals were per-
formed according to the institutional guidelines for manipulationwith experimental
animals by the investigators educated and approved for themanipulationwith these
animals and the research protocol was approved by the Review board for experi-
ments with laboratory animals of the 1st Faculty of Medicine, Charles University,
Prague.

2.8. Statistical analysis

Normality of data distribution was assessed by the D’Agostino & Pearson
omnibus normality test. Because a significant number of results were not normally
distributed, non-parametric tests were used for all statistical evaluations. Paired
samples were compared with Wilcoxon signed-rank test. For multiple interdepen-
dent samples, Friedman ANOVA and Dunn’s Multiple comparisons were used. For
two or multiple independent samples, Mann–Whitney U test and Kruskal–Wallis
ANOVA tests were used, respectively. Yates corrected chi-square test or Fischer exact
test was used for comparison of categorical variables. Yields of all hMSC cultures
were recalculated per 106 seeded BMMCs and results are expressed as medians and
ranges. Calculations were performed on STATISTICA software, v. 7.1 (StatSoft Inc,
Tulsa, Oklahoma), p values <0.05 were considered as statistically significant.
3. Results

3.1. The bone marrow mononuclear cell harvest

Median age of donors was 62 years. Most of them had hema-
tological disorders (usually lymphoma) and one-third of the donors
had bone marrow infiltrated with their disease. Median number of
38� 106 BMMCs was isolated from 10 mL of harvested blood after
Ficoll centrifugation (range, 13.0–194.5�106 BMMCs). The number
of isolated BMMCs did not depend on age, sex, type of disease or
bone marrow involvement (data not shown). However, slightly
more BMMCs were isolated from the first group of donors
(p¼ 0.057), despite the fact that the starting numbers of cells
present in 10 mL of bone blood before isolation were similar. Other
characteristics of BMMC harvests for both sets of experiments are
shown in Table 2.
multipotent mesenchymal stromal cells in clinical grade medium for
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Table 2
The characteristics of mesenchymal stromal cell donors.

All donors Series 1
experiments

Series 2
experiments

p*

Number 105 45 60

Age
(median, range)

62 years
(21–86)

63 years
(31–83)

61 years
(21–86)

0.79

Men:women (ratio,
percentages)

49:56
(47%:53%)

18:27
(40%:60%)

31:29
(52%:48%)

0.33

Diagnosis
Healthy 1 (1%) 1 (2%) 0 (0%) 0.002)

Hematologic
disease

91 (87%) 34 (76%) 57 (94%)

Lymphoma 81 (77%) 31 (70%) 50 (82%)
Myeloma 5 (5%) 1 (2%) 4 (6%)
MPD 2 (2%) 1 (2%) 1 (2%)
Myelodysplasia 2 (2%) 1 (2%) 1 (2%)
Anemia 1 (1%) 0 (0%) 1 (2%)

Solid tumors 2 (2%) 0 (0%) 2 (4%)
Breast cancer 1 (1%) 0 (0%) 1 (2%)
Melanoma 1 (1%) 0 (0%) 1 (2%)

Others 11 (10%) 10 (22%) 1 (2%)
PAD 10 (9%) 10 (22%) 0 (0%)
MS 1 (1%) 0 (0%) 1 (2%)

Bone marrow involvement
Yes 35 (33%) 14 (31%) 21 (36%) 0.85
No 67 (64%) 30 (67%) 37 (62%)
Unknown 3 (3%) 1 (2%) 2 (4%)

Number of
harvested
BMMCs
(median, range)

406� 106

(56–1920� 106)
436� 106

(56–1058� 106)
391� 106

(128–1920� 106)
0.84

Number of BMMCs
after Ficoll
centrifugation
(median, range)

38� 106

(13–194.5� 106)
49.5� 106

(13–194.5� 106)
35.5� 106

(15.5–161� 106)
0.057

*Statistical significance between 1st and 2nd set of experiments.
)Comparison of disease groups (healthy, hematologic disorders, solid tumors,
others).
Abbreviations: MPD¼myeloproliferative disorder, PAD¼ peripheral artery disease,
MS¼multiple sclerosis.
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3.2. Optimization of the hMSCs’ cultivation procedure

3.2.1. Role of seeding concentrations of BMMCs in aFSw� on hMSCs’
harvest

We performed a set of 12 experiments to find the optimal
seeding concentration of BMMCs in the aFSw� medium. 2.5�106,
5�106, 7.5�106 and 10�106 BMMCs per 75 cm2 cultivation flask
were seeded in 10 mL of aFS� medium (i.e., at densities of 0.33–
1.33�105 BMMCs/cm2) and non-adherent cells were discarded
after 24 h. The yield of hMSCs was determined after two weeks of
culture. Results of this set of experiments are shown in Fig. 1A. In
general, we confirmed the earlier observations of other investiga-
tors that higher yields of hMSCs per number of BMMCs seeded are
obtained with lower seeding concentrations of BMMCs (p¼ 0.0002
in non-parametric ANOVA testing). Therefore, we used 2.5�106

BMMCs per 75 cm2 flask (i.e., 0.33�105 BMMCs per cm2) in all
subsequent sets of experiments.

3.2.2. Comparison of effect of different media on hMSCs’ yield
In the next set of experiments we used CellGro� for Hemato-

poietic Cells instead of alpha-MEMmedium. In eleven experiments,
2.5�106 or 10�106 BMMCs were seeded in 10 mL CFS� in 75 cm2

flasks. Non-adherent cells were discarded after 24 h (CFSw�
cultivation system) and the yield of hMSCs was determined after
two weeks in culture. Results are shown in Fig. 1B. As in the
previous sets of experiments, we found that lower seeding
Please cite this article in press as: Pytlı́k R et al., The cultivation of human
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concentrations led to significantly higher hMSCs’ yields if calcu-
lated per number of BMMCs seeded (p¼ 0.003). However, if the
same seeding concentrations were used we found no difference
between CFSw� and aFSw� medium (p¼ 0.10 for 2.5�106 and
p¼ 0.69 for 10�106 BMMCs seeded). Thus, the use of clinical grade
media does not lead to better results, if FCS is used, non-adherent
cells are discarded and no supplements are added.

3.2.3. Comparison of effect of different serum on hMSCs’ yield
When human serum was used instead of FCS and the non-

adherent cells were discarded after 24 h, the hMSCs’ yields after two
weeks in culturewere significantly lower in both ahSw� and ChSw�
media than in aFSw� (p¼ 0.003 in Wilcoxon matched pair test, see
also Fig. 1C). Representative photographs of cultures grown in
different serum-based media are shown in Fig. 2. In FCS-based
culture systems, hMSCs form large colonies, frequently with 100%
confluent monolayer in the center (Fig. 2A), while in hS-based
systemswithout the support of non-adherent cells, hMSCs form only
small groups of cells on the background of macrophages (Fig. 2B).

3.2.4. Co-cultivation of adherent and non-adherent cells in media
with human serum

In our previous experiments [36] we noticed that the first
hMSCs found in early cultures often arose in the context of mixed
stromal cells and hematopoietic cell colonies (Fig. 2C). Therefore, in
the following sets of experiments we left the non-adherent cells in
the culture and we did not change the medium for the whole two-
week expansion period (ahSn/w� or ChSn/w� cultivation systems).
This modification led to significant improvement in the yields of
hMSCs compared to ahSw� and ChSw� systems (Fig. 1C), though
these results were still slightly inferior to aFSw�. Representative
photographs of hMSC colonies growing in ahSn/w� and ChSn/w�
are shown in Fig. 2D and E.

3.2.5. The role of supplementation with growth factors and
cytokines on hMSCs’ harvests in co-cultivation system

To improve the yields of hMSCs from hS-based media, we sup-
plemented the unwashed human serum culture systems with the
five original Gronthos–Simmons supplements (PDGF-BB, EGF,
insulin, dexamethasone and ascorbic acid). As addition of these
supplements did not yield better results than the ahSn/w� and
ChSn/w� systems (not shown), we added M-CSF and FGF-2
resulting in fully supplemented hS-based media (ahSn/wþ and
ChSn/wþ).

We observed modest improvement in hMSCs’ yields after the
addition of M-CSF and significant improvement after the further
addition of FGF-2. Furthermore, after full supplementation, yields
in ChSn/wþ after two-week culture were significantly better than
yields in ahSn/wþ, both in paired and unpaired tests. The
comparisons among ahSn/w�, ChSn/w�, ahSn/wþ and ChSn/wþ
media, and FCS-based media (aFSw� and CFSw�), are shown in
Fig. 1D. To enable the comparison of results from all sets of exper-
iments, Kruskal–Wallis ANOVA with multiple post-test compari-
sons was used. The Kruskal–Wallis test showed highly statistically
significant differences in hMSC numbers obtained from the evalu-
ated culture systems (p< 0.0001), while post-test comparisons
confirmed significant superiority of ChSn/wþ over all other media
except the ahSn/wþ, where the difference did not reach statistical
significance (p¼ 0.14). However, in Mann–Whitney U test, yields
from ChSn/wþ were significantly better than those from ahSn/wþ
(p< 0.0001) and in a subset of seven experiments where hMSCs
from the same donor were expanded in both ChSn/wþ and ahSn/
wþ, Wilcoxon signed-rank test also favored ChSn/wþ (p¼ 0.018).

The superiority of ChSn/wþ and ahSn/wþ in comparison with
the other media depends on the fact that hMSCs in this system
multipotent mesenchymal stromal cells in clinical grade medium for
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alpha-MEM + FCSw-

different seeding concentrations

Seeding concentrations

(BMMC)

A

hMSC yield per 10
6 

seeded BMMC

(medians, ranges)

2.5x106 BMMC
(75 cm2 flask) 7.8x104 (2 - 22x104)

8.4x104 (1.6 - 13x104)

6.25x104 (0.8 - 9.3x104)

6x104 (0.9 - 9.3x104)

5x106 BMMC
(75 cm2 flask)

7.5x106 BMMC
(75 cm2 flask)

10x106 BMMC
(75 cm2 flask)

0 2 4 6 8 10x104 cells
p = 0,0002 (Friedman ANOVA)

Median hMSC yields in different cultivation

systems (from all sets of experiments)

D

hMSC yield per 10
6 

seeded BMMC

(medians, ranges)

Expansion medium

(n of experiments)

ChSn/w+
(n = 44)

2.87x106 (0.44 - 7.18x106)

0.77x106 (0.045 - 2.4x106)

0.026x106 (0.006 - 0.24x106)

0.10x106 (0.026 - 1.57x106)

0.075x106 (0.036 - 0.19x106)

0.098x106 (0.02 - 0.24x106)

ahSn/w+
(n = 19)
ChSn/w-
(n = 18)
ahSn/w-
(n = 29)
CFSw-
(n = 11)
aFSw-
(n =27)

0 0.5 1 1.5 2 2.5 3 3.5x106 cells
p < 0,0001 (Kruskal-Wallis ANOVA)

Comparison of CellGro + FCS w- 

with alpha-MEM + FCS w- 

at different seeding concentrations

Seeding concentrations

(BMMC)

hMSC yield per 10
6 

seeded BMMC

(medians, ranges)

B

7.5x104 (3.6 - 18.7x104)

7.8x104 (2 - 22x104)

4.7x104 (0.8 - 12.3x104)

6x104 (0.9 - 9.3x104)

2.5x106 BMMC
(75 cm2 flask)

10x106 BMMC
(75 cm2 flask)

CellGro + FCS, washed,
no supplements

0 2 4 6 8

*

10x104 cells

alpha-MEM + FCS,
washed, no supplements

p = 0,003 (Wilcoxon signed rank test)
*

Effect of non-adherent cells on hMSC yield

in supplemented hS-based media

Expansion medium hMSC yield per 10
6 

seeded BMMC

(medians, ranges)

E

3.65x106 (0.81 - 5.26x106)

2.2x106 (0.54 - 5.29x106)

2.18x106 (0.23 - 2.94x106)

ChSn/w+

ChSw+

ahSw+

0 0.5 1 1.5 2 2.5 3 3.5 4x106 cells

*

**

p = 0,03 (Wilcoxon signed rank test)

*
p = 0,06 (Wilcoxon signed rank test)

**

Effect of non-adherent cells on hMSC yield

in non-supplemented hS-based media

Expansion medium

C

hMSC yield per 10
6 

seeded BMMC

(medians, ranges)

9.8x104 (3.3 - 18.2x104)

2.6x104 (0.8 - 4.7x104)

6.7x104 (2.6 - 12.5x104)

2.4x104 (0.6 - 6.2x104)

1.2x104 (0.6 - 3.0x104)

aFSw-

ahSn/w-

ahSw-

ChSw-

ChSn/w-

0 2 4 6 8 10 12x104 cells
p = 0,00001 (Friedmann’s ANOVA)

  p = 0,041 (Wilcoxon signed-rank test)♣

p = 0,036 (Wilcoxon signed-rank test)

**

p = 0,0033 (Wilcoxon signed-rank test)

*

*
♣

**

Secondary CFU-F efficiency

Seeding concentrations

F

CFU-F numbers

(medians, ranges)

1,5/cm2 0 (0 - 8)
p = 0.16*

p = 0.11*

p = 0.16*

p = 0.08*

8 (8 - 23)

2 (0 - 14)
16 (2 - 28)

7 (0 - 24)
24 (3 - 46)

19 (1 - 23)
38 (4 - 107)

3/cm2

5/cm2

10/cm2

0 5 10 15 20 25 30 35 40 CFU-F
Cells expanded
with the new method
(in ChSn/w+)

Cells expanded
with the standard method
(in aFSw-)

Wilcoxon signed rank test
*

Fig. 1. A–E: Comparison of yields of hMSCs grown in different culture systems and in different concentrations. F: Comparison of the secondary colony-forming efficiency of hMSCs
grown in aFSw� or ChSn/wþ.
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Fig. 2. Representative figures of cells grown in different culture systems. A: Two-week culture in aFSw�. The hMSC colonies have 100% confluent monolayer in their center. B: Two-
week culture of hMSCs in ahSw�. Only small scattered groups of hMSCs can be seen. C: One week culture of hMSCs in ChSn/w�: mixed hMSCs and hematopoietic cells’ colony. D:
Two-week culture of hMSCs in ahSn/w�, the same donor as in Fig. 2B. E: Two-week culture of hMSCs in ahSn/w�, from the same donor as in figures A and D. F: Two-week culture of
hMSCs in ChSn/wþ.

R. Pytlı́k et al. / Biomaterials xxx (2009) 1–136

ARTICLE IN PRESS
grew in multilayered colonies compared to the monolayers of cells
in aFSw�. This is illustrated in Fig. 2F, where a representative two-
week culture from ChSn/wþ system is shown.

3.2.6. The role of non-adherent BMMCs on hMSCs’ harvest in
supplemented cultures

We have found that non-adherent cells play a positive role in
human serum unsupplemented systems, both in terms of yields
and quality of harvested hMSCs. However, it was unclear if the co-
cultivation with non-adherent cells also plays a role in fully sup-
plemented media with human serum. Therefore, in the final set of
seven experiments, 2.5�106 BMMCs were seeded in a 75 cm2

vessel with ahSþ and in two 75 cm2 vessels with ChSþ. Non-
adherent fractions were removed after 24 h from the ahSþ vessel
(ahSwþ) and from one of the ChSþ vessels (ChSwþ). In the second
ChSþ vessel, non-adherent cells were left as usual (ChSn/wþ).

Results after the two-week culture are shown in Fig. 1E. The
greatest median number of hMSCs was harvested from the ChSn/
wþ vessels (p¼ 0.03 when compared with ChSwþ and p¼ 0.001
when compared with ahSwþ), however, differences between
ChSwþ and ahSwþ did not reach statistical significance (p¼ 0.06).
Please cite this article in press as: Pytlı́k R et al., The cultivation of human
bone tissue engineering, Biomaterials (2009), doi:10.1016/j.biomaterials.
3.3. Secondary CFU-F forming assay

We performed a set of seven experiments to compare the
secondary CFU-F efficiency of hMSCs obtained from the ChSn/wþ
systemwith hMSCs obtained by the standard method (i.e., from the
aFSw� system). In all four concentrations seeded, the median CFU-
F count was higher for cells obtained from aFSw� medium.
However, due to interindividual variabilities, these results did not
reach statistical significance (Fig. 1F).

3.4. Flow cytometry analysis

Percentages of CD45-CD235a� cells (i.e., hMSCs) in adherent
cell harvests from aFSw�, CFSw�, ahSn/w�, ChSn/w�, ahSn/wþ
and ChSn/wþ culture systems are shown in Fig. 3A. Non-supple-
mented hS-based co-culture systems (i.e., ahSn/w� and ChSn/w�)
have a significantly lower proportion of hMSCs in harvested
adherent cells than FCS-based systems aFSw� and CFSw�
(p< 0.00001 and p¼ 0.000016, respectively). Addition of supple-
ments to culture systems with hS led to an increase of hMSCs in
adherent cell harvests (p¼ 0.0046 for ahSn/wþ v. ahSn/w� and
multipotent mesenchymal stromal cells in clinical grade medium for
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Percentage of CD45- CD235a- cells in harvested adherent

cells from different cultivation systems

Expansion medium Percentage of CD45- CD235a- cells

(medians, ranges)

ChSn/w+ 94% (52 - 99%)

83% (40 - 96%)

31% (9 - 81%)

67% (28 - 88%)

90% (37 - 98%)

95% (50 - 98%)

p < 0.00001

(Kruskal - Wallis ANOVA)

ahSn/w+

ChSn/w-

ahSn/w-

CFSw-

aFSw-

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

A

Percentage of living cells in harvested adherent cells

from different cultivation systems

Expansion medium

(n of experiments)

Percentage of viable (7-AAD negative)cells

(medians, ranges)

ChSn/w+
(n = 7)

ahSn/w+
(n = 11)

aFSw-
(n = 6)

86.4% (77.1 - 96.1%)

89.6% (80.0 - 96.7%)**
*

73.9% (48.0 - 87.3%)

p = 0.015 (Kruskal-Wallis ANOVA)

***
p = 0.0048 (Mann-Whitney U test)

p = 0.051 (Mann-Whitney U test)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

B

Surface markers on hMSC grown in CellGro + hS + supplements

compared to hMSC grown in alpha-MEM + FCS

Hematopoietic cell

markers

hMSC markers

and adhesion

molecules

Growth and

differentiation

markers

CD11c

CD14

CD18

CD34

CD45

CD68

CD29

CD44

CD49a

CD49c

CD49d

CD49e

CD63

CD90

CD105

CD106

CD71

CD166

ALP

10.2% (1.3 - 22.1%)

22.2% (9.5 - 46.8%)

0.2% (0.1 - 0.8%)

6.1% (0.1 - 11.7%)

0.1% (0 - 0.5%)

0.5% (0 - 2.1%)

8.8% (4.1 - 40.6%)
15.2% (7.8 - 26.5%)

7.8% (3.5 - 11.8%)
7.6% (3.5 - 14.7%)

95% (92.9 - 99.6%)

77.6% (19.3 - 92.2%)

90.8% (35.9 - 95.3%)

52.2% (16.9 - 76.5%)

13.6% (1 - 46.5%)
14.2% (0.4 - 36.9%)
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Fig. 3. Flow cytometric analyses of hMSCs grown in different culture systems. A: Percentage of hMSCs (CD45neg CD235a neg) cells in adherent cell products. Statistical differences
(Mann–Whitney U tests) between different cultivation media: aFSw� v. ahSn/w�: p< 0.00001, aFSw� v. ahSn/wþ: p< 0.00001, ahSn/w� v. ahSn/wþ: p¼ 0.0046, CFSw� v. ChSn/
w�: p¼ 0.000016, CFSw� v. ChSn/wþ: p¼ 0.086, ChSn/w� v. ChSn/wþ: p< 0.00001, aFSw� v. ChSn/wþ: p¼ 0.10. B: Percentage of living cells (7-AAD negative) in harvested
adherent cells. C: Comparison of surface molecule expression on hMSCs cultivated in ChSn/wþ and aFSw�.
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p< 0.00001 for ChSn/wþ v. ChSn/w�) which, together with an
increase in total adherent cells’ yield contributed to superior
hMSCs’ harvests from ChSn/wþ and ahSn/wþ media.

Percentages of living cells obtained from aFSw�, ahSn/wþ and
ChSn/wþ systems are shown in Fig. 3B. When compared to aFSw�,
harvested adherent cells from ahSn/wþ showed significantly better
viability (p¼ 0.0048), while differences between aFSw� and ChSn/
wþ, as well as between ahSn/wþ and ChSn/wþ were not statisti-
cally significant (p¼ 0.051 and p¼ 0.25, respectively). In any case,
lower CFU-F efficiency of adherent cells obtained from ChSn/wþ
compared to cells obtained from aFSw� cannot be attributed
neither to lower percentage of hMSCs, nor to the lower viability of
harvested cells.

In a subset of Series 1 experiments, surface markers of cells
expanded in aFSw� (n¼ 9) and ChSn/wþ (n¼ 7) were evaluated.
Results are shown in Fig. 3C. Despite small numbers of samples,
hMSCs expanded in ChSn/wþ had significantly higher expression
Please cite this article in press as: Pytlı́k R et al., The cultivation of human
bone tissue engineering, Biomaterials (2009), doi:10.1016/j.biomaterials.2
of several adhesion molecules, namely b1-integrin CD29, a3 and a4
integrins (CD49c, CD49d), and vascular cell adhesion molecule
VCAM-1 (CD106). The hMSCs expanded in ChSn/wþ also had
a higher expression of the proliferation marker CD71 (transferrin
receptor), which correlated with their higher growth fraction in
comparison to cells expanded in aFSw� (data not shown).

3.5. Differentiation assays

In 2D osteogenic differentiation assays, hMSCs obtained from
the ChSn/wþ system formed nodules, which stained positively
using von Kossa staining, and alkaline phosphatase positivity and
collagen I production were confirmed by histochemical and
immunohistochemical staining. Interestingly, von Kossa staining
was much stronger on cells differentiated in ChS-based osteogenic
medium (see Fig. 4A and B, with Fig. 4C as negative control). When
hMSCs obtained from the ChSn/wþ system were seeded on 3D
multipotent mesenchymal stromal cells in clinical grade medium for
009.03.001



Fig. 4. Osteogenic differentiation of hMSCs obtained from ChSn/wþmedium. A: Osteogenic differentiation in 2D assay (alpha-MEM-based osteogenic medium, von Kossa stain, four
week culture). B: Osteogenic differentiation in 2D assay (CellGro�-based osteogenic medium, von Kossa stain, four week culture from the same donor). C: Negative control for A and
B (ChSþ medium without b-glycerophosphate, four week culture from the same patient). D–F: 3D osteogenic differentiation assays, after two to four weeks in osteogenic medium.
D: Native photograph of polylactide scaffold two weeks after seeding of the cells. Extracellular matrix deposition can be seen in the spaces between polylactide fibers (white
arrows). E: Scanning electron microscope image of area where osteogenic cells are covered by collagen and reticulin fibers and hydroxyapatite deposition (four week culture).
F: Scanning electron microscope image of polylactide scaffold with cells and extracellular matrix (four week culture). White quadrant¼ polylactide fiber. Cells are covered by
reticulin and collagen fibers with hydroxyapatite depositions (black arrow). G: The elemental analysis diagraph of osteogenic differentiated cells on 3D scaffolds showing peaks for
carbon (C), oxygen (O), phosphorus (P) and calcium (Ca), with calcium–phosphorus 5:3 ratio characteristic for hydroxyapatite.
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polylactide scaffolds and grown in osteogenic differentiation
medium, bridging of the polylactide fibers and matrix formation
were clearly seen in native microphotographs after two to four
weeks (Fig. 4D, white short arrows). Extracellular matrix and
microcrystalline depositions are also clearly visible on scanning
electron microscopy photographs (Fig. 4E and F). Elemental anal-
ysis of areas rich in microcrystals confirmed that these crystals had
the calcium–phosphorus ratio 5:3, which is typical for hydroxy-
apatite (Ca10(PO4)6(OH)2) (Fig. 4G).

Adipogenic differentiation abilities of hMSCs obtained by
expansion in ChSn/wþ were confirmed by accumulation of fat
droplets that stained with oil red (Fig. 5A). While we were not able
to induce chondrogenic differentiation in standard alpha-
MEMþ TGF-b1 medium, when TGF-b1 was added to CellGro�,
micromasses formed readily, cells acquired chondroblastic pheno-
type and surrounding matrix stained positively with alcian blue
and antibodies against collagen II (Fig. 5B–F).
Fig. 5. Adipogenic and chondrogenic differentiation of cells obtained from ChSn/wþ me
cultivation. B–F: Chondrogenic differentiation in micromass culture after two weeks of cult
collagen II, peroxidase. F: Immunofluorescent staining for collagen II: collagen II, Cy3 (red)

Please cite this article in press as: Pytlı́k R et al., The cultivation of human
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3.6. Implantation of polylactide scaffolds seeded with hMSCs into
immunodeficient mice

Polylactide scaffolds seeded with hMSCs expanded in ChSn/wþ
system were preincubated in osteogenic medium for two to four
weeks in vitro and implanted subcutaneously into NOD/LtSz-
Rag1null mice. Empty scaffolds and scaffolds seeded with cells
obtained from aFSw� system were used as controls. After six to
nine weeks, mice were euthanized, scaffolds were explanted and
subjected to histological analysis.

Fig. 6A shows one of the explanted scaffolds seeded with cells
grown in ChSn/wþ stained with Ladewig’s modification of Mas-
son’s blue trichrome. This scaffold was explanted after six weeks.
The cellular network is sparse and only blue colour corresponding
to uncalcified osteoid can be seen. After nine weeks, however, red
areas of fibrous ossification are clearly identifiable (Fig. 6B and C).
The scaffold fibers are grey-brown on both of these photographs. In
dium. A: Adipogenic differentiation in 2D system, oil red stain after three weeks of
ivation. B: Hematoxylin and eosin, C and D: Alcian blue, E: Immunohistochemistry for
, chondroblast nuclei, DAPI (blue).

multipotent mesenchymal stromal cells in clinical grade medium for
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Fig. 6. Polylactide scaffolds seeded with hMSCs implanted subcutaneously in NOD/LtSz-Rag1null/null mice. A: hMSCs obtained from ChSn/wþ, Ladewig’s modification of Masson’s
blue trichrome, scaffold explanted after six weeks. Non-mineralized matrix stains blue, cell nuclei are clearly visible. B and C: hMSCs obtained from ChSn/wþ, Ladewig’s modi-
fication of Masson’s blue trichrome, scaffold explanted after nine weeks. Non-mineralized matrix stains blue, calcified areas are stained orange-red. Polylactide fibers are stained
brown in A–C. In B, the bridging between fibers and the lamellar structure of some calcified areas is visible. D: hMSCs obtained from ChSn/wþ, Masson’s green trichrome, scaffold
explanted after nine weeks. Collagen fibers are stained green, cells are stained violet-brown. Long arrows show human cells between collagen bundles, the large short arrow shows
one of the multinucleated cells. E: hMSCs obtained from aFSw�, Masson’s green trichrome, a scaffold explanted after nine weeks. Collagen fibers are much more sparse and much
less organized. Small arrows show some of the artifacts that emerged during the embedding of the scaffold to synthetic resin. F: Control scaffold without hMSCs, Masson’s green
trichrome. Only mice vessels and small amount of mice cells and extracellular matrix can be seen.
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Fig. 6D–F, Masson’s green trichrome staining is shown to visualize
collagen bundles. Fig. 6D shows scaffold seeded with hMSCs grown
in ChSn/wþ, where parallel orientation of collagen fibers is clearly
visible and two types of cells can be seen: small mononuclear cells
corresponding to human cells of mesenchymal origin (small
arrows), and large multinucleated cells (large arrow). These
multinucleated cells may either correspond tomouse giant foreign-
bodies cells as a reaction to polylactide scaffolds, or to human
osteoclast-like cells.

In Fig. 6E, a scaffold seeded with cells obtained from aFSw�
medium and grown in the same mouse is shown for comparison.
Collagen fibers are less abundant and more disorganized than on
previous figure. Fig. 6F shows control scaffold without human cells
grown in another mouse, where only several blood vessels and
scarce mouse cells are visible.
Please cite this article in press as: Pytlı́k R et al., The cultivation of human
bone tissue engineering, Biomaterials (2009), doi:10.1016/j.biomaterials.
4. Discussion

In this study, we described an effective one-step cultivation
method of hMSCs in a closed, xenogeneic protein-free system,
using clinical grade culture medium, human serum and human
recombinant supplements and growth factors. The hMSCs obtained
by this procedure can be differentiated towards osteogenic, chon-
drogenic and adipogenic lineages and undergo fibrous ossification
after heterotopic implantation in immunodeficient animals. It
seems that hMSCs obtained by this procedure might be particularly
suitable for use in traumatology and reconstructive orthopedic
surgery.

The ideal cultivation medium seems to be a chemically defined
serum free medium. However, nowadays serum-containing culture
system is necessary at least for the initial hMSCs’ expansion [23,37].
multipotent mesenchymal stromal cells in clinical grade medium for
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It is precisely for this reason that the first problem we needed to
resolve was that of serum source.

FCS is a well-established medium supplement for hMSCs’
growth. As its potential risks are being increasingly recognized,
several groups have attempted to minimize them, namely the
immunogenic potential of certain FCS compounds [38,39].
However, as the risks of serious side effects can probably never be
fully eliminated [24,40–42], we consider FCS as less suitable for
producing cells for therapeutic use.

Replacement of FCS with heterologous or autologous human
serum or plasma has led to contradictory results. Several investi-
gators have found superior growth of hMSCs in autologous plasma
compared to fetal calf serum [43–46], while in other works,
senescence and growth arrest of hMSCs were observed [47,48]. The
latter observations are comparable with our own results. We had
observed very poor growth and occasional adipogenic differentia-
tion of cells grown in hS supplemented media, when non-adherent
cells were removed (ahSw� and ChSw�). Better and more
consistent results were observedwith hS supplementedwith FGF-2
[49] or with platelet lysates [50]. However, in all these studies at
least one passage of hMSCs was required to obtain sufficient
numbers of cells.

On the basis of initial observations that hMSCs in cultures often
appear faster in the context of mixed hMSCs–hematopoietic cells
colonies, we performed further experiments with hS-based media
without non-adherent cells’ removal (ahSn/w� and ChSn/w�). We
found that in these systems, the medium does not need to be
replaced for the whole two-week expansion period and that yields
of hMSCs from ahSn/w� are almost comparable to those obtained
from aFSw� system, despite the fact that a larger proportion of
hematopoietic cells is present in the adherent cell fraction. On the
contrary, in the ChSn/w� system yields of hMSCs were inferior and
adherent cells obtained from the ChSn/w� system were mostly
macrophages. This is probably due to the fact that the CellGro�
medium was originally developed for Hematopoietic Stem Cell
expansion.

After achieving reliable growth of hMSCs in hS-based co-culture
systems, we examined whether the hMSCs’ yields can be increased
by further addition of chemically defined supplements. The five
supplements found to be of benefit by Gronthos and Simmons [28]
did not improve results when added to our previously described
systems. On the other hand and in contrary to the negative results
achieved by Gronthos and Simmons, the addition of M-CSF and
FGF-2 dramatically increased yields of hMSCs. These improvements
can be at least partially attributed to the loss of contact growth
inhibition of these cells. Interestingly, in the hSn/wþ systems,
CellGro� was found to be superior to alpha-MEM, which was in
contrast to the non-supplemented hS-based systems.

We observed that in systems without supplements, superior
growth of hMSCs was obtained when non-adherent cells were not
removed. Therefore, wewanted to find out if non-adherent cells are
still beneficial even in fully supplementedmedia. In ChSwþ system,
significantly lower yields of hMSCs were obtained than in ChSn/wþ
medium. Thus, even after addition of supplements, contribution of
non-adherent cells to hMSCs’ expansion was still significant. This
confirms the previous results of Baksh, Davies, and Zandstra, who
had described the mechanism of reciprocal support between
stromal and hematopoietic marrow cells in non-adherent cultures
in rotating flasks [51,52]. Similar to our cultures, human hemato-
poietic cells in their works had formed clusters with mesenchymal
stromal cells, and the yields of both hematopoietic and non-
hematopoietic cells were higher thanwhen each of these cell types
were cultured separately. The addition of stem cell factor further
increased the yields of stromal cells in mixed cultures but not in
purified cultures of nonhematopoietic cells, showing the
Please cite this article in press as: Pytlı́k R et al., The cultivation of human
bone tissue engineering, Biomaterials (2009), doi:10.1016/j.biomaterials.2
importance of the stromal cell and hematopoietic cell communi-
cation. Similar observations were also made by Dennis et al. in his
bioreactor system [25].

Contrary to previously mentioned works with human serum,
plasma or platelet lysates, our fully supplemented ChSn/wþ system
enabled us to derive sufficient amounts of hMSCs for potential
clinical use after just two weeks of primary expansion, thus elim-
inating the need for cell passaging. This time reduction makes our
system suitable for the production of hMSCs not only for elective
procedures but also for traumamedicine. The hMSCs obtained from
the ChSn/wþ systemwere able to proliferate as well as differentiate
towards osteogenic, chondrogenic and adipogenic lineages. Inter-
estingly, we have observed superior results of osteogenic and
chondrogenic differentiation, when CellGro�-based media instead
of alpha-MEM-based media were used for differentiation purposes.
We speculate that for cells expanded in ChS systems, moving into
alpha-MEM might cause growth and/or differentiation arrest, as
these cells were used to grow in specific conditions. This was also
proven by the fact that cells obtained from ChSn/wþ have grown in
their first passage better in ChSþ again than in aFS� (data not
shown).

Bone formation abilities of hMSCs obtained from ChSn/wþ in
immunodeficient mice compared favorably to hMSCs cultivated
in aFSw�. The fact that fibrous and not trabecular bone was formed
in this heterotopic xenograft model is easily explainable by the fact
that there was no physiological strain which would enable the
newly formed cells to enter the preexisting Haversian systems.
More physiological approach, e.g., orthotopic implants of cell-
seeded scaffolds into surgically induced long bones defects, would
bemore appropriate for the study of the trabecular bone formation,
but this was not performed because at that time we did not have
access to the more relevant animal model [53]. However, as all the
cell-seeded scaffolds for xenografts were preincubated in osteo-
genic medium in the same way as scaffolds used for electron
microscopy and elemental analysis, it is quite improbable that these
cells, already dedicated to the osteoblastic lineage, would undergo
some kind of dedifferentiation or degeneration while growing in
immunodeficient mice.

The technical difficulties, namely the embedding method used
for explanted xenografts, kept us from performing immunohisto-
chemistry on these samples. Therefore, we were not able to
distinguish between human and mice cells in cases where it would
be desirable and we were also not able to show that the collagen
present is indeed collagen type I, though this was proven on scaf-
folds grown in vitro only (not shown).

Some minor differences in secondary CFU abilities and surface
markers between hMSCs expanded in aFSw� and ChSn/wþ were
found in our experiments. Cells expanded in ChSn/wþ had lower
CFU-F efficiency than cells expanded in aFSw� system, though
these differences did not reach statistical significance, probably due
to the large variation among samples and the small number of
experiments performed. Lower numbers of CFU-F forming cells in
harvests from ChSn/wþ system cannot be attributed to a lower
percentage of hMSCs or lower viability of cells in the adherent cell
fraction, as thesewere comparable to cells obtained from aFSw�, so
other explanations should be sought for this. It is possible that due
to faster growth in primary culture, the cells from the ChSn/wþ
system had a lower proliferative capacity after passaging. This
would be similar to the results of Schallmoser et al., who had
observed that hMSCs grown in a medium supplemented with
human platelet lysates had undergone more population doublings
than cells grown in FCS-supplemented medium during initial
expansion and during the first passage [50]. During the second
passage, the number of population doublings was comparable
between the two media and from the third passage, hMSCs grew
multipotent mesenchymal stromal cells in clinical grade medium for
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better in FCS-supplemented cultures. A second possible explana-
tion for the lower CFU-F efficiency of our cells from the ChSn/wþ
system may be that these cells had a longer lag phase after re-
seeding in the aFSw� system, where all the CFU-F experiments
were performed.

A significantly higher percentage of hMSCs expanded in ChSn/
wþ expressed typical hMSC markers, as CD29, CD44 and CD90, but
not CD105. There was also a significantly higher expression of
CD49c and CD49d on cells growing in ChSn/wþ system. The last
two surface markers correspond to a3 and a4 integrins, which
heterodimerize with b1-integrin CD29. As was recently reviewed
by Humphries, Byron and Humphries [54], different integrin het-
erodimers exhibit differences in binding to extracellular matrix
molecules. A higher expression of a3b1 and a4b1 heterodimers
might lead to better adhesion to thrombospondin, fibronectin and
osteopontin in vivo. Possibly, knowledge of these binding differ-
ences might lead to optimization of scaffold preparation for cells
expanded by different methods of cultivation. However, it should
be acknowledged that expression of only a small number of
adhesion molecules was evaluated in our work and more complex
studies are necessary in the future.

5. Conclusions

In this work we described a simple, efficient method for a one-
step expansion of a large number of human multipotent mesen-
chymal stromal cells. Key components of this method are the
co-cultivation of adherent and non-adherent bone marrow cells,
the use of a special medium supplemented with human serum
and the use of additional growth factors and cytokines. When all
of these components are implemented in unison, they have
a synergistic effect on the number of harvested hMSCs. Due to the
fact that the cultivation medium and the non-adherent portion of
cells are not removed during the two-week expansion period, this
method can easily be performed in a closed system under good
manufacturing practice conditions. Furthermore, the fact that
hMSCs are produced without the need for animal proteins makes
this procedure more acceptable to regulatory agencies, which
could in turn contribute to a paving of the way of hMSCs into
clinical practice, namely bone regeneration surgery and bone
tissue engineering.
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Appendix

Abbreviations
2D – two-dimensional
3D – three-dimensional (or three dimensions)
alpha-MEM – minimal essential medium (Eagle) alpha
BMMCs – bone marrow mononuclear cells
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CFU-F – colony-forming unit (fibroblast)
EGF – epidermal growth factor
FCS – fetal calf serum
FGF-2 – fibroblast growth factor 2 (also known as basic fibro-
blast growth factor)
GMP – good manufacturing practice
hMSCs – human multipotent mesenchymal stromal cells
hS – (pooled) human serum
IFN-a – interferon alpha
IFN-g – interferon gamma
IL-1 – interleukin 1
IL-4 – interleukin 4
M-CSF – macrophage colony-stimulating factor
PDGF-BB – platelet-derived growth factor BB
PLLA – poly(L-lactide) acid
TGF-b1 – transforming growth factor beta-1
TNF-a – tumor necrosis factor alpha.
Appendix

Figures with essential colour discrimination. Certain figures in
this article, in particular parts of Figs. 2, 4–6 are difficult to interpret
in black and white. The full colour images can be found in the on-
line version, at doi:10.1016/j.biomaterials.2009.03.001.
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Xenogeneic Protein-Free Cultivation of Mesenchymal Stromal 
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Abstract. We have studied a rapid cultivation meth-
od for human mesenchymal stromal cells based on 
CellGroTM medium and human serum, supplement-
ed with insulin, ascorbic acid, dexamethasone, epi-
dermal growth factor, platelet-derived growth factor 
BB, macrophage colony-stimulating factor and fi-
broblast growth factor 2. This study has shown that 
rapid expansion of human multipotent mesenchymal 
stromal cells using human serum could not be 
achieved without addition of growth factors. Fur-
thermore, we have found that insulin and, quite 
probably, epidermal growth factor may be omitted 
from our formula without loss of colony-forming 
 capacity or total cell yield. On the other hand, dexa-
methasone, ascorbic acid and fibroblast growth fac-
tor 2 were necessary for the growth and colony-for-
ming capacity of multipotent mesenchymal stromal 
cells, while platelet-derived growth factor BB pre-
vented their differentiation into adipogenic lineage. 
Moreover, multipotent mesenchymal stromal cells 
cultivated in our system expressed higher levels of 
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bone morphogenetic protein 2, but not bone mor-
phogenetic protein 7, than cells cultivated in α-MEM 
with foetal bovine serum. This shows that our system 
promotes differentiation of mesenchymal cells to-
wards osteogenic and chondrogenic lineages, making 
them more suitable for bone and cartilage engineer-
ing than cells grown in conventional media. Further-
more, we have proved that these cells may be con-
veniently cultivated in a closed system, in vessels 
certified for clinical use (RoboFlaskTM), making the 
transfer of our cultivation technology to good clinical 
practice easier and more convenient.

Introduction 
the revelation of multipotency of human mesenchy-

mal  stromal  cells  (Friedenstein  et  al.,  1968)  promised 
broad applications in numerous areas of medicine (koc 
et al., 2000; Le Blanc et al., 2004; Kawate et al., 2006; 
Lin et al., 2006). Today, however, the reality is far beyond 
expectations. one of the reasons is the failure to obtain 
sufficient amounts of human multipotent mesenchymal 
stromal cells (hMSCs) via the harvesting method 
(Connolly et al., 1989; Hernigou et al., 2005) or expan-
sion protocols (Abdallah and kassem, 2009) in a short 
time period while preserving their multipotency. Several 
methods of hMSC cultivation have been evaluated, but 
none of them is absolutely satisfactory (Mannello and 
Tonti 2007; Tonti and Mannello, 2008; pal et al., 2009). 
Another problem is the ability of the cultivation meth-
ods to conform with good manufacturing practice 
(GMP), the criteria and requirements of the Food and 
Drug Administration (FDA) or similar regulatory au-
thorities (Halme and Kessler, 2006; Unger et al., 2008). 

the current laboratory standard expansion protocol 
for hMSCs is based on various cultivation media sup-
plemented with foetal bovine serum (FBS). Although 
hMSCs obtained in this way were used for experimental 
clinical applications (Kawate et al., 2006; Le Blanc et 
al., 2008), there are certain safety concerns about this 
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technique. the most important is the risk of immune re-
actions, viral and prion transmission, or the senescence 
of  hMSCs  (Lepperdinger  et  al.,  2008; Wagner  et  al., 
2008) caused by FBS. the next critical point is the ne-
cessity for multiple passages, which increases the culti-
vation time and potentially increases the risk of micro-
bial contamination. 

in 2009, we published a one-step, xenogeneic pro-
tein-free cultivation protocol for hMSCs, based on clin-
ical-grade CellGrotM Medium for haematopoietic Stem 
Cells, human serum and seven supplements (dexameth-
asone, insulin, ascorbic acid, EGF, PDGF-BB, FGF-2 
and M-CSF). Multipotent mesenchymal stromal cells 
were co-cultivated with haematopoietic cells, with the 
intention of decreasing the necessity of culture manipu-
lation. in fact, we found that this co-cultivation actually 
increases  the  yield  of  hMSCs,  resulting  in  40  times 
higher yields than standard cultivation method based on 
research-grade  α-MeM  medium  with  FCS.  our  cells 
were able to differentiate into three lineages (chondro-
genic, adipogenic, osteogenic) and to form bone-like 
structures on three dimensional scaffolds in immuno-
compromised mice (Pytlik et al., 2009). in the presented 
work, we identify essential supplements with relation to 
further development of our method towards GMP re-
quirements and better characterization of cells obtained 
by our way of cultivation. 

Material and Methods

Mesenchymal stromal cell donors 

Patients undergoing diagnostic or staging trephine bi-
opsy for suspected or proven haematological disease 
were used as hMSC donors. After providing informed 
consent, 10 ml of bone marrow blood was harvested 
from the posterior iliac crest. the study was conducted 
according to the Declaration of helsinki and under the 
local ethics committee approval.

Media and supplements
research-grade  cultivation  medium  (α-MeM)  and 

other reagents (EDtA-trypsin solution, glutamine, anti-
biotic solutions and FCS) were purchased from Gibco 
(invitrogen division, Paisley, Scotland). Clinical grade 
CellGrotM Medium for haematopoietic Stem Cells was 
obtained from CellGenix (Freiburg, Germany). 

the following supplements were used: water-soluble 
dexamethasone (Sigma-Aldrich, Steinheim, Germany), 
recombinant human insulin for clinical use from Eli 
lilli (Prague, Czech Republic), ascorbic acid (Biotica, 
Prague, Czech Republic), recombinant human epider-
mal growth factor (EGF, research grade), recombinant 
human platelet-derived growth factor BB (PDGF-BB, 
research grade) (both from BD Biosciences, Bedford, 
MA), and recombinant human macrophage colony-
stimulating factor (CSF-1, M-CSF, research-grade) 
(r&D, Minneapolis, Mn). recombinant human fibro-

blast growth factor 2 (FGF-2) was purchased either as 
research grade from invitrogen (Eugene, oregon, oR), 
or as clinical grade from CellGenix. All research grade 
growth factors were lyophilized and carrier-free (e.g., 
without bovine albumin), and were reconstituted with 
tissue grade distilled water supplemented with clinical 
grade human albumin in normal saline (Baxter AG, 
vienna, Austria). 

Pooled human serum (hS) was obtained by mixing 
5 units  of  human AB  rh-negative  plasma,  purchased 
from the blood bank of the institute of haematology and 
Blood transfusion (Prague, Czech Republic), with 0.1 
M CaCl2 in a 9 : 1 ratio. the mixture was then incubated 
for 180 min at room temperature. After removal of the 
fibrin  clot  by  filtration  through  a  metal  strainer,  the 
product was incubated for a further 48 h at 4 °C. After 
residual fibrin  removal,  serum was  sterilized by filtra-
tion through 0.22 µm membrane and aliquots were 
stored in a -80 °C freezer until use. 

Human multipotent mesenchymal stromal cell 
expansion 

human mesenchymal stromal cell expansion was 
performed as described previously (Pytlik et al., 2009). 
Briefly, after obtaining the BMMCs (bone marrow mon-
onuclear cell fraction) on Ficoll gradient, standard cul-
tures were established by seeding 105 BMMCs/cm2 cul-
ture  flask  (Tpp,  Trasadigen,  Switzerland)  in  α-MeM 
supplemented with 10% FCS, 2 mM glutamine, and 1% 
penicillin, streptomycin and amphotericin B solution. 
After 24 hours, non-adherent cells were washed away 
and the cultures were maintained for two weeks, with 
change of media twice weekly. Experimental cultures 
were established by seeding 3.3 × 104 BMMCs/cm2 cul-
ture  flask  in  CellGrotM Medium for haematopoietic 
Stem Cells with 10% hS, 2 mM glutamine, and 1% pen-
icillin, streptomycin and amphotericin B solution, insu-
lin  (0.25  U/ml),  dexamethasone  (0.01  µM),  ascorbic 
acid (100 µM), EGF (10 ng/ml) and PDGF-BB (100 ng/
ml),  M-CSF  (25  ng/ml)  and  FGF-2  (1  ng/ml). non-
adherent cells were not washed away, unless specified 
otherwise. Medium was not changed for the whole 
2-week period of cultivation, but supplements were add-
ed twice weekly. in certain experiments, RoboFlaskstM 
(Corning, Acton, MA) were used. these are rectagonal 
flasks certified for clinical use, with a 92.6 cm2 cultiva-
tion area, a gas exchange port and a cap with soft rubber 
septum which can be punctured by a sterile needle for 
addition of supplements and cell harvests. the amounts 
of 3.3 × 104 BMMCs/cm2 were seeded in these flasks in 
experimental medium without adherent cell removal, 
and supplements were added as described previously. 
Cells from these flasks were harvested in a closed sys-
tem by standard sterile needle and syringe. in all in-
stances,  the harvest was performed with 0.25% eDTA 
– 1% trypsin solution. 

Xenoprotein-Free Cultivation of Mesenchymal Cells
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Determination of the yield of human multipotent 
mesenchymal stromal cells 

the overall count of the cell product was calculated 
in a standard haematological analyser (Beckman-Coul-
ter Actdiff2, Fullerton, CA). Further analysis of the ad-
herent cells was performed by FACSCalibur (BD Bio-
sciences immunocytometry Systems, San Jose, CA). 
Cells  were  labelled  with  anti-CD45  and  anti-CD235a 
antibodies (DakoCytomation, Brno, Czech Republic) 
and 7-AAD (Sigma-Aldrich), and the fraction of CD45–
CD235a– cells were considered hMSCs while 7-AAD 
negative cells were considered living cells. the total 
yield of hMSCs was determined by the formula: 

 (overall cell count) × (%CD45negCD235anegcells)
hMSCs count = ––––––––––––––––––––––––––––––––––––––– 100

BMP-2, BMP-7 and osteocalcin studies
hMSCs were stained with a 3-colour antibody panel 

involving biotinylated Anti-human BMP-2, biotinylat-
ed Anti-human BMP-7 (both Peprotech, Rocky hill, 
nJ), anti-osteocalcin pe (clone 190125, r&D Systems) 
and  biotinylated  anti-ALp  (Clone  B4-78,  r&D  Sys-
tems).  Lineage-specific  (Lin)  dump  channel  consisted 
of anti-CD45 pe-Cy5 (Clone T29/33, DakoCytomation, 
Denmark). Biotinylated antibodies were detected by 
streptavidin FitC (R&D Systems). trypsinized cells 
were resuspended in phosphate-buffered saline contain-
ing 2% foetal bovine serum and permeabilized by an 
intrastain kit (DakoCytomation). isotypic immunoglob-
ulins igG1 FitC, igG1 PE, igG2b FitC, igG2b PE and 
IgG1 pe-Cy5 (all DakoCytomation) were used as con-
trols. positivities were adjusted at the 0.5% confidence 
level.

Statistical analysis 
For statistical analysis, normal data distribution was 

tested by kolmogorov-Smirnov and lillefors tests. As 
most of the data followed normal distribution, the re-
sults are presented as mean and standard deviations. 
Paired t-tests were used for group comparisons, as in all 
experiments multiple samples from the same patient 
were used. therefore, this test corrected for inter-patient 
variations. in supplemental omission studies, a standard 
group (no omission) was compared to each of the ex-
perimental groups in these paired tests. P values lower 
than 0.05 (two-side) were considered as statistically sig-
nificant.

Results 

Effect of supplement deprivation on 
haematopoietic cells cultivated in CellGroTM 
with human serum

in our previous experiments, we found that when 
 hMSCs were cultivated in α-MeM with human serum 
with dexamethasone, ascorbic acid, insulin, PDGF-BB 

and EGF, their yields did not differ from the yields of 
cells cultivated  in α-MeM with human serum without 
supplements. After addition of M-CSF, the yields grew 
insignificantly,  while  significantly  more  hMSCs  were 
obtained only with FGF-2 addition (unpublished data). 
CellGrotM with human serum and all seven supplements 
gave better yields of hMSCs than similarly supplement-
ed α-MeM (pytlik et al., 2009). however, until now we 
have not studied the effects of individual supplements 
on CellGrotM-based cultivation medium. We have cho-
sen a different approach than in the previous set of ex-
periments – this time we omitted supplements from the 
whole formula rather than adding them to the basal me-
dium. 

the results of these manipulations are shown in 
tables 1 and 2. in a series of seven experiments, we 
omitted one supplement from the CellGrotM and human-
serum based medium. Compared to fully supplemented 
medium, both the number of colonies and total number 
of adherent cells were lower when dexamethasone, 
ascorbic acid, FGF-2, or PDGF were omitted. After 
omission of M-CSF, the number of colonies was signifi-
cantly lower (P = 0.03), but the total number of adherent 
cells was not (P = 0.90). 

in a series of eight experiments with omission of two 
supplements, we did not omit dexamethasone, as it 
seemed to be essential for the growth of hMSCs in 
CellGrotM and human serum-based medium. in these 
experiments, all combinations where ascorbic acid was 
omitted  had  a  significantly  lower  number  of  colonies 
than complete medium, and also lower total numbers of 
adherent cells. on the other hand, when insulin was 
omitted, only the combination with ascorbic acid omis-
sion led to lower numbers of colonies and adherent cells 
than complete medium. All other omissions essentially 
maintained the numbers of colonies, but when either 
FGF-2 or PDGF-BB was missing, colonies were small, 
mostly with one or two layers of cells only (in compari-
son to multilayered colonies in the full formulation), 
and total numbers of cells were significantly lower. 

in the next series of experiments, where more supple-
ments were omitted, we maintained the presence of both 
dexamethasone and ascorbic acid, as these seemed to be 
most important for hMSC growth. on the other hand, 
we omitted insulin, which seemed to be dispensable. 
Because of this we could minimize the number of our 
experiments while maximizing the amount of obtained 
data. therefore, in the next series of nine experiments, 
either four or five supplements were omitted (in the last 
case, only dexamethasone and ascorbic acid were left in 
the medium). in all these cases the numbers of colonies 
and total yields of nucleated cells were lower compared 
to fully supplemented medium. Most notably, when 
only dexamethasone and ascorbic acid were left in the 
CellGrotM with human serum, the yields of nucleated 
cells were the lowest achieved in any series of these ex-
periments, showing that these two supplements, while 
indispensable, cannot have full effect without the help 
of cytokines. 

D. Stehlík et al.
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Apart from the quantitative results, qualitatively, the 
omission of PDGF-BB (either alone or in combination 
with other supplement) frequently led to spontaneous 
adipogenic differentiation of hMSCs, which was not ob-
served if other combinations of cytokines were missing. 

Osteogenic markers on human multipotent 
mesenchymal stromal cells

in six experiments, we compared the expression of 
BMP-2, BMP-7 and osteocalcin on hMSCs cultivated in 
α-MeM with FCS (haematopoietic cells washed away) 
with hMSCs cultivated in CellGrotM with human serum 
and supplements (haematopoietic cells washed or un-
washed). the results of these experiments are shown in 
table 3. Expression of BMP-2 in osteocalcin-negative 
fraction was higher in hMSCs grown in CellGrotM with 
human serum and supplements (either washed or un-
washed) compared to α-MeM with FCS. In the osteo-
calcin-positive  fraction, when  compared with  α-MeM 
and  FCS,  the  differences  were  statistically  significant 
in washed CellGrotM cultures, while for unwashed 
CellGrotM cultures they reached only marginal signifi-

cance (p = 0.055). Washing away haematopoietic cells 
did not have any influence on BMp-2 expression if cells 
were cultivated in CellGrotM with human serum and 
supplements.
For BMp-7, on the other hand, no significant differ-

ences were found among hMSCs cultivated in α-MeM-
based or CellGrotM-based media. 

RoboFlasksTM vs. TPP plastics
We  performed  12  paired  cultivations  of  hMSCs  in 

CellGrotM medium with human serum and supplements 
in  75  cm2  Tpp  cultivation  flasks  and  closed  system 
RoboFlasktM. the results of cultivations in RoboFlaskstM 
vs. Tpp cultivation vessels are  shown  in Table 4. The 
yields of both adherent and CD45–CD235a– cells were 
slightly  but  significantly  lower  in  roboFlaskstM than 
in tPP vessels (adherent cells in RoboFlaskstM, mean 
1.23 × 106 per 106 seeded BMMCs vs. mean 1.55 × 106 
per 106  seeded  BMMCs  in  Tpp  vessels,  p  =  0.002; 
CD45–CD235a– cells in RoboFlaskstM, mean 1.14 × 106 
per 106  seeded BMMCs  vs. mean  1.44  ×  106 per 106 
BMMCs in tPP vessels, P = 0.003). there was no dif-
ference  between  the  percentages  of  CD45–CD235a– 

Xenoprotein-Free Cultivation of Mesenchymal Cells

Table 1. Omission of supplements: number of colonies per 106 seeded BMMCs

Supplement combination Mean (± standard deviation) P (compared to complete medium)
One supplement omitted

Complete medium  33.4 ± 12.2  - 
CM – ascorbic acid  15.9 ± 9.9  0.0008
CM – dexamethasone  9.1 ±̉ 5.2  0.0006
CM – insulin   29.5 ± 10.3  0.19
CM – eGF  29.5 ± 12.1  0.13
CM – FGF-2  21.8 ± 7.8  0.003
CM – M-CSF  25.9 ± 11.7  0.03
CM – pDGF-BB  25.2 ± 8.8  0.01

Two supplements omitted
Complete medium (CM)  31.5 ± 11.4  -
CM – ascorbic acid – insulin   20.5 ± 13.2  0.0015
CM – ascorbic acid – eGF   17.1 ± 13.3  0.001
CM – ascorbic acid – FGF-2  10.8 ± 13.6  0.0005
CM – ascorbic acid – M-CSF  15.5 ± 11.2  0.0002
CM – ascorbic acid – pDGF-BB  10.6 ± 6.8  0.0002
CM – insulin – eGF   34.3 ± 12.5  0.29
CM – insulin – FGF-2  31.9 ± 14.8  0.89
CM – insulin – M-CSF  35.1 ± 14.6  0.10
CM – insulin – pDGF-BB  29.0 ± 11.8  0.36
CM – eGF – FGF-2  34.1 ± 23.1  0.58
CM – eGF – M-CSF  35.3 ± 12.6  0.11
CM – eGF – pDGF-BB  33.1 ± 13.3  0.68
CM – FGF-2 – M-CSF  28.5 ± 17.4  0.33
CM – FGF-2 – pDGF-BB  27.4 ± 20.6  0.37
CM – M-CSF – pDGF-BB  31.8 ± 18.5  0.94

Four supplements omitted
Complete medium (CM)  30.1 ± 23.6  -
CM – ins – eGF – FGF-2 – M-CSF   25.8 ± 23.5  0.0005
CM – ins – eGF – FGF-2 – pDGF-BB   13.8 ± 16.2  0.0035
CM – ins – eGF – M-CSF – pDGF-BB   22.7 ± 16.2  0.08
CM – ins – FGF-2 – M-CSF – pDGF-BB  23.0 ± 20.9  0.002

Five supplements omitted
only ascorbic acid and insulin left  15.0 ± 16.4  0.001
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Table 2. Omission of supplements: number of adherent cells per 106 seeded BMMCs

Supplement combination Mean (± standard deviation) ×106 P (compared to complete medium)
One omitted supplement
Complete medium (CM)  2.3 ± 1.7 ×106  -
CM – ascorbic acid  1.0 ± 1.0 ×106  0.02
CM – dexamethasone  0.4 ± 0.1 ×106  0.02
CM – insulin   2.3 ± 1.4 ×106  0.75
CM – eGF  2.1 ± 1.3 ×106  0.41
CM – FGF-2  1.1 ± 0.7 ×106  0.03
CM – M-CSF  2.3 ± 1.5 ×106  0.9
CM – pDGF-BB  0.9 ± 0.6 ×106  0.048
Two omitted supplements
Complete medium (CM)  3.3 ± 2.2 ×106  -
CM – ascorbic acid – insulin   1.2 ± 1.4 ×106  0.002
CM – ascorbic acid – eGF   1.0 ± 1.1 ×106  0.002
CM – ascorbic acid – FGF-2  0.6 ± 0.7 ×106  0.002
CM – ascorbic acid – M-CSF  0.9 ± 1.1 ×106  0.001
CM – ascorbic acid – pDGF-BB  0.5 ± 0.5 ×106  0.004
CM – insulin – eGF   3.7 ± 1.5 ×106  0.29
CM – insulin – FGF-2  2.5 ± 1.6 ×106  0.07
CM – insulin – M-CSF  3.2 ± 2.0 ×106  0.98
CM – insulin – pDGF-BB  1.6 ± 1.1 ×106  0.007
CM – eGF – FGF-2  1.7 ± 1.1 ×106  0.007
CM – eGF – M-CSF  3.0 ± 1.8 ×106  0.46
CM – eGF – pDGF-BB  0.8 ± 0.5 ×106  0.006
CM – FGF-2 – M-CSF  1.9 ± 1.7 ×106  0.008
CM – FGF-2 – pDGF-BB  0.6 ± 0.4 ×106  0.005
CM – M-CSF – pDGF-BB  1.4 ± 1.2 ×106  0.001
Four supplements omitted
Complete medium (CM)  2.9 ± 2.4  -
CM – ins – eGF – FGF-2 – M-CSF   1.7 ± 1.8  0.044
CM – ins – eGF – FGF-2 – pDGF-BB   0.4 ± 0.4  0.011
CM – ins – eGF – M-CSF – pDGF-BB   1.2 ± 1.2  0.011
CM – ins – FGF-2 – M-CSF – pDGF-BB  0.6 ± 0.4  0.011
Five supplements omitted
only ascorbic acid and insulin left  0.3 ± 0.2  0.01

Table 3. Comparison of the expression of BMP-2 and BMP-7 in hMSCs cultivated in different media

 % of positive cells P (vs. CellGroTM + hS + S, P (vs. CellGroTM + hS + S,
   washed) unwashed)

Osteocalcin-negative fraction
BMP-2 positive
α-MEM + FCS 7.5 ± 8.0%  P = 0.0037 P = 0.0039
CellGroTM + hS + S, washed 26.6 ± 10.9% P = 1.00 P = 0.71
CellGroTM + hS + S, unwashed 28.7 ± 6.3% P = 0.71 P = 1.00

BMP-7 positive
α-MEM + FCS 9.0 ± 8.7%  p = 0.29  p = 0.37
CellGroTM + hS + S, washed 5.2 ± 3.9%  p = 1.00  p = 0.78
CellGroTM + hS + S, unwashed 4.3 ± 5.4%  p = 0.78  p = 1.00

Osteocalcin-positive fraction
BMP-2 positive
α-MEM + FCS 3.6 ± 1.5%  P = 0.033 p = 0.055
CellGroTM + hS + S, washed 19.6 ± 14.1%  p = 1.00  p = 0.58
CellGroTM + hS + S, unwashed 22.6 ± 18.9%  p = 0.58  p = 1.00

BMP-7 positive
α-MEM + FCS 6.3 ± 4.1%  p = 0.77  p = 0.97
CellGroTM+ hS + S, washed 7.2 ± 6.7%   p = 1.00  p = 0.75
CellGroTM + hS + S, unwashed 6.2 ± 7.7%  p = 0.75  p = 1.00

S = supplements, washed = non-adherent cells removed, unwashed = non-adherent cells not remo ved. results are given as means ± 
standard deviation. Paired t-tests were used for the comparisons.
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cells in RoboFlaskstM and tPP vessels. of 12 paired 
samples,  the  yields  of  CD45–235a– cells were higher 
than 106/106 BMMCs in six RoboFlaskstM vs. eight 
Tpp  flasks  (p  =  ns).  The  yields  of  adherent  cells, 
CD45–CD235a– cells, and percentages of CD45–CD235a– 
cells were all highly correlated in the paired samples 
(r = 0.91–0.95, p < 0.0001 in all cases). 

Discussion
in this work, we have tried to develop our cultivation 

method further, to better conform to the GMP require-
ments and to better characterize the cells that are ob-
tained by our cultivation method.
We  have  confirmed  that  it  is  possible  to  cultivate 

 hMSCs in the CellGrotM-based medium in a fully closed 
system, as RoboFlaskstM allow addition of cells, culti-
vation medium and supplements, as well as harvest of 
the  cells  without  opening  the  cultivation  flask.  The 
yields of hMSCs were slighthy lower than in Tpp flasks, 
but still on average more than 106 adherent and CD45– 
CD235– cells were obtained per million of seeded 
BMMCs,  thus  confirming  our  previous findings. Why 
the yields were lower in the flasks approved for clinical 
use remains unclear. Both types of vessels are tissue-
culture  treated;  however,  as  they  represent  patented 
technology, we do not have access to the information 
that could explain this fact. 

BMPs play a crucial role in osteogenic differentia-
tion. BMP-2 seems to play an essential role in hMSC 
recruitment during fracture repair (Tsuji et al., 2006; Yu 
et al., 2010). BMP-2 increases during differentiation to-
wards chondrogenic lineage and osteoblasts, except for 
the terminal stage. BMP-7 does not seem to be expressed 
by hMSCs in large amounts. osteocalcin is one of the 
extracellular matrix proteins expressed in post-prolifer-
ative osteoblasts. therefore, we have compared the ex-
pression of BMP-2, BMP-7 and osteocalcin in our cells. 
in cells grown in CellGrotM-based media, both BMP-2+ 
osteocalcin+ and BMP-2+ osteocalcin- fractions were 
more abundant than in the cells grown in standard, 
α-MeM-based  medium.  This  supports  our  hypothesis 
that during the expansion of hMSCs in full GellGrotM-
based medium, a significant number of cells are differ-
entiated towards osteogenic or chondrogenic lineage but 
still retain their mitotic capacity (BMP-2+ osteocalcin- 
cells), while some of them are already post-mitotic pre-
osteoblasts or osteoblasts (BMP-2+ osteocalcin+ cells). 
Differentiation experiments have shown previously that 
our cells are able to differentiate to both osteogenic and 

chondrogenic lineages (Pytlik et al., 2009). Further 
studies are needed to determine whether the potential of 
chondrogenic differentiation may be evaluated in this 
early stage of hMSC expansion. these experiments 
show that the expression of BMP-2 and osteocalcin may 
be an important marker for the quality control of hMSC-
based cellular product.
on the other hand, we did not find any difference in 

BMP-7 expression on hMSCs grown in either media 
and the number of BMP-7-positive cells was small. 
We were quite surprised by the results of our supple-

ment-deprivation experiments. in the CellGrotM-based 
medium, dexamethasone and ascorbic acid seemed to be 
by far the most important supplements for both clono-
genicity and expansion of hMSCs. on the other hand, 
these two supplements alone were unable to maintain 
the clonogenic capacity and cell yields without the help 
of additional cytokines. Dexamethasone and ascorbic 
acid are commonly added to osteoblast-differentiating 
media, which may explain preferential differentiation of 
our cells towards osteoblastic lineage, but until now, the 
special importance of the former for the growth and ex-
pansion did not seem to have been fully appreciated.
While glucocorticoids are used in many protocols for 

hMSC differentiation, their role in hMSC proliferation 
is unclear. it is known that glucocorticoids suppress 
bone formation and stimulate osteoblast apoptosis. We 
have found that in our conditions, dexamethasone is es-
sential for both colony formation and hMSC expansion. 
this is supported by the report of Purpura, who ob-
served similar beneficial effects of dexamethasone in rat 
calvaria cell culture (purpura et al., 2004). However, the 
mechanisms of glucocorticoid action in hMSCs are un-
clear and seem to modulate the action of cytokines 
(liberman et al., 2007) via autocrine and paracrine feed-
back loops. 

on the other hand, ascorbic acid is known for its pro-
proliferative as well as differentiation properties. Except 
for osteoblast differentiation, ascorbic acid was used for 
smooth muscle and even for adipogenic differentiation 
(Sato et al., 2006) of hMSCs. Moreover,  it was  found 
that hMSC proliferation is increased proportionally to 
the amount of ascorbic acid added to the medium (yoo 
et al., 2008), and in this work, hMSCs seemed to lose 
their contact inhibition and grew in multilayers, similar 
to our cells. From this point of view, it is interesting that 
in our system, the effect of ascorbic acid seemed to be 
less important than the effect of dexamethasone. 

of the rest of the supplements, there seemed to be an 
effect of FGF-2 and PDGF-BB on both the colony num-

Table 4. Comparison of the yields of hMSCs in TPP culture vessels and in RoboFlasksTM 

 TPP flasks RoboFlasksTM P
Adherent cells (× 106/106 BMMCs) 1.55 ± 0.72  1.23 ± 0.64  0.0027
% of CD45–CD235a– cells in adherent cells 92.7 ± 4.7  93.2 ± 5.7  0.37
CD45–CD235a– cells (× 106/106 BMMCs) 1.44 ± 0.69  1.14 ± 0.61  0.004

yields are expressed as millions of harvested cells per million of seeded BMMCs. Results are given as means and standard 
deviations. P = two sided.
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ber and the total cell number. omission of M-CSF 
seemed to diminish the number of colonies but not total 
numbers of hMSCs. on the other hand, insulin and EGF 
did not seem to have any role for hMSCs growth in our 
system. insulin seems to be present in the CellGrotM 
haematopoietic Stem Cell Medium in adequate dose. 
the basal secretion of PDGF in the bone is low (Rydziel 
et  al.,  1994).  Despite  the  activity  of  pDGF  pathways 
during osteogenic, adipogenic and chondrogenic differ-
entiation (Goff et al., 2008), the primary effect is mito-
genic and inhibited differentiation in bone cells. this 
was  confirmed  in  our  studies,  where  cultures  without 
PDGF-BB were spontaneously differentiating towards 
adipogenic lineage. PDGF-BB therefore seems to be 
important in our culture system, not only for cell expan-
sion, but also for prevention of the differentiation of 
hMSCs in an unwanted direction. PDGF may act in con-
cert with FGF-2 and EGF, as these factors increase 
pDGFrα expression  in  osteoblastic  cells  (Seko  et  al., 
1991).

the action of EGF on hMSCs may overlap with that 
of PDGF. EGF together with PDGF-BB acted synergis-
tically on hMSC expansion in one report (Gronthos and 
Simmons, 1995), while in another, eGF and pDGF-BB 
acted antagonistically (Geng et al., 2008). it was shown 
that EGF and PDGF signalling led to phosphorylation of 
a  similar  set  of  proteins  (Kratchmarova  et  al.,  2005), 
with one important exception, the proteins of the Pi3k 
pathway, which are phosphorylated by PDGF only. 
kratchmarova also found that EGF induces osteoblastic 
differentiation of hMSCs, while PDGF does not. in our 
experiments, the omission of EGF did not lead either to 
lower colony-forming capacity or to lower yield of 
 hMSCs, in contrast to PDGF-BB. this is in contrast to 
another report (tamama et al., 2010), where addition of 
EGF increased the colony-forming capacity of hMSCs 
by 25 %. However, pDGF was not used  in  this work. 
Whether eGF in our system supported osteoblastic dif-
ferentiation of hMSCs is to be proved by other experi-
ments. in this system EGF seems to be dispensable.

M-CSF was found to increase the number of hMSC 
colonies by 25 % (Jin-Xiang et al., 2004). This was con-
firmed  in our experiments, as omission of M-CSF did 
lead to a significant drop in hMSC colony-forming abil-
ity; however,  the  total numbers of adherent cells were 
not impaired. M-CSF is produced by osteoblasts and, 
together with rAnKL, stimulates the osteoclast devel-
opment  (Yoshida et al., 1990; Anderson, et al., 1997). 
Whether M-CSF acts on hMSCs themselves in an auto-
crine way as well or its supplementation helps hMSC 
expansion has yet to be determined. in any case, the 
omission of M-CSF seemed to have a less detrimental 
effect on the number of cells in our CellGrotM-based 
cultures than the omission of other supplements, except 
for insulin and EGF. 

According to some authors FGF-2 maintains stem 
cell  characteristics  and  growth  in  hMSCs  (ng  et  al., 
2008) and self-renewal capacity in osteo- and chondro-
progenitors  (Tsutsumi  et  al.,  2001;  Benavente  et  al., 

2003; Solchaga et al., 2005). In one report, it was found 
to increase the colony size but not the colony number 
(Martin et al., 1997). in our previous experiments, addi-
tion of FGF-2 to other six supplements to α-MeM and 
human serum-based media increased the yield of  hMSCs 
significantly (pytlik et al., 2005). In this set of experi-
ments, we have found not only a decrease in total num-
bers of cells with FGF-2 omission, but also a decrease in 
colony numbers. it seems that intermittent administra-
tion of FGF-2 plays an important role in our cultivation 
system.

in summary, we proved that hMSCs can be expanded 
in medium using human serum, but only with the addi-
tion of growth factors. Furthermore, we have made sev-
eral steps towards further clinical use of hMSCs in hu-
man medicine. We have confirmed that these cells may 
be expanded in a closed system in vessels certified for 
clinical use. We have found that in CellGrotM-based me-
dium, insulin, EGF and possibly M-CSF may be omitted 
from the formula without impairment of yields of 
 hMSCs. this may be important, as currently we do not 
know of any clinical-grade recombinant hEGF prepara-
tion. Finally, BMP-2 and osteocalcin were found to be 
useful for evaluating the quality of hMSCs, especially 
when they are to be used in bone or cartilage engineer-
ing.
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Evaluation of Sericin as a Fetal Bovine Serum-Replacing
Cryoprotectant During Freezing of Human Mesenchymal

Stromal Cells and Human Osteoblast-Like Cells

Martina Verdanova,1–3 Robert Pytlik,4 and Marie Hubalek Kalbacova1,5

A reliable, cryoprotective, xeno-free medium suitable for different cell types is highly desirable in regenerative
medicine. There is danger of infection or allergic reaction with the use of fetal bovine serum (FBS), making it
problematic for medical applications. The aim of the present study was to develop an FBS-free cryoprotective
medium for human mesenchymal stromal cells (hMSCs; primary cells) and immortalized human osteoblasts
(SAOS-2 cell line). Furthermore, we endeavored to eliminate or reduce the presence of dimethyl sulfoxide
(DMSO) in the medium. Sericin, a sticky protein derived from the silkworm cocoon, was investigated as a
substitute for FBS and DMSO in the freezing medium. Cell viability (24 hours after thawing, both hMSC and
SAOS-2) and colony-forming ability (2 weeks after thawing, only for hMSCs) were both determined. The FBS-
free medium with 1% sericin in 10% DMSO was found to be a suitable freezing medium for primary hMSCs, in
contrast to immortalized human osteoblasts. Surprisingly, the storage of hMSCs in a cultivation medium with
only 10% DMSO also provided satisfactory results. Any drop in DMSO concentration led to significantly worse
survival of cells, with little improvement in hMSC survival in the presence of sericin. Thus, sericin may
substitute for FBS in the freezing medium for primary hMSCs, but cannot substitute for DMSO.

Introduction

The use of cell cultures is indispensable in various
research and medical applications, and several different

types of stem cells are currently employed. Due to ethical
concerns associated with the use of human embryonic stem
cells, adult stem cells are commonly used. Among them,
human mesenchymal stromal cells (hMSCs) have a long
history of successful research and clinical applications.
Human mesenchymal stromal cells are progenitor cells that
can differentiate into different cell types such as osteoblasts,
adipocytes, or chondrocytes.1,2 Historically, hMSCs were
primarily isolated from bone marrow.3 Currently, other sources
of hMSCs are also available, including adipose tissue,4 dental
pulp,5 and fetal sources such as umbilical cord blood, placenta,
and Wharton jelly.6–8

The many natural functions of hMSCs include the regu-
lation of hematopoiesis, tissue self-renewal, differentiation,
and immunomodulation.9 Therefore, hMSCs provide a great
tool for cellular therapy and regenerative medicine. Ap-
proximately 300 clinical trials utilizing hMSCs have been
completed or are in progress. These clinical trials are fo-

cused on the treatment of various clinical entities such as
bone and connective tissue diseases and injuries,10 cardio-
vascular disorders,11 and autoimmune diseases,12 including
graft versus host reactions13 (http://www.clinicaltrials.gov,
9.1.2014, keyword ‘‘mesenchymal stem cells’’).

Orthopedics is one possible field of application where the
osteogenic potential of hMSCs may be utilized. The use of
primary cells for research has its disadvantages, namely, the
great inter-individual variability among different batches.
To improve the reproducibility of experiments, the use of
established cell lines may be advantageous. SAOS-2 is a
well-established osteoblastic cell line derived from primary
osteosarcoma, and is widely used as an osteoblastic model.14

The storage of frozen cells is of critical importance in the
standard cell culture laboratory. To minimize the lethal ef-
fect of freezing-thawing cycles, various cryoprotectants are
added to the freezing medium. The protective mechanism
of cryoprotective agents involves the reduced formation
of ice crystals, which have the potential to mechanically
destroy cells.15 Dimethyl sulfoxide (DMSO) is the most
commonly used compound; however, high concentrations of
DMSO are cytotoxic to eukaryotic cells.16,17 Therefore,
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other cryoprotectants are sometimes added to the freezing
medium,18 and the optimal composition is still a matter of
debate. Fetal bovine serum (FBS) is also often used as a
cryoprotectant, although its protective mechanism remains
unclear. If applied in the cultivation or cryopreservation
of cells used for clinical purposes, anti-FBS antibodies of
unknown clinical significance may be detected in the re-
cipient.19 Additionally, the theoretical possibility of prion
disease transmission remains, although it is possible to ob-
tain FBS from countries where it is free of bovine spongi-
form encephalopathy. Above all, FBS is a poorly understood
substance with inherent variation between sources and bat-
ches. Therefore, an alternative to FBS is desirable and is the
subject of current research, for example, a study using only a
culture medium with DMSO and dextran 40 for heart valve
preservation has been published.20

Sericin has the potential to be used instead of FBS in the
freezing media, as reported previously for different cell
types such as human adipose tissue-derived stem cells,21

myeloma cell lines, ovarian cells, fibroblasts, keratinocytes
and insect cell lines,18 rat insulinoma cell lines, and mouse
hybridoma cell lines.22 To the best of our knowledge, the
use of sericin in the cryopreservation of bone marrow-
derived hMSCs has not been reported thus far. Sericin is a
sticky protein derived from the silkworm (Bombyx mori)
cocoon. It is the second major protein component (besides
fibroin) of silk and is extracted from the cocoon by a de-
gumming process. Sericin is rich in the amino acid serine and
is water soluble.23 Sericin has a number of interesting prop-
erties that are the subject of contemporary research, such as
the promotion of cell viability and collagen production at
certain sericin concentrations,24 the acceleration of cell pro-
liferation,25 the suppression of skin tumorigenesis,26 and co-
lon carcinogenesis27 in murine models. A great advantage of
sericin is that silk has been approved as a biomaterial by the
US Food and Drug Administration (FDA).28

The aim of the present study was to develop an FBS-free
and DMSO-free or DMSO-low-concentration medium for
the cryopreservation of primary cells (hMSCs) and a cell
line of human osteoblasts (SAOS-2). Various concentrations
of DMSO (0%, 1%, 5%, 10%, and 100%) in the parallel
presence or absence of sericin (1% or 5%) in the freezing
medium were examined. These were tested against a stan-
dard freezing medium that contained 25% FBS and 10%
DMSO.

Materials and Methods

Cells and culture conditions

The human osteoblast-like cell line SAOS-2 (DSMZ,
Braunschweig, Germany) was grown in McCoy’s 5A medium
without phenol red (PromoCell, Heidelberg, Germany) sup-
plemented with 15% heat-inactivated FBS (PAA, Pasching,
Austria), penicillin (20U/mL; Sigma-Aldrich, St. Louis, MO,
USA) and streptomycin (20mg/mL; Sigma-Aldrich); stan-
dard culture medium for SAOS-2. The doubling time of
SAOS-2 cells is 43 hours (see DSMZ catalogue). We did not
study the population doubling time for our specific batches
of hMSCs. However, as has been shown previously, the
doubling time for cells cultured in the described conditions
varies widely from 12–50 h for the first 43 doublings, and
from 50–60 h after the 55th doubling.29 Human MSCs were
obtained from patients undergoing diagnostic biopsies after

providing informed, written consent. Bone marrow blood
was aspirated from the posterior iliac crest and the mono-
nuclear fraction was isolated by gradient centrifugation. The
adherent cells were cultivated in a-MEM medium (Life
Technologies, Carlsbad, CA, USA) with 10% heat inactivated
FBS (PAA, Pasching, Austria), penicillin (20U/mL; Sigma-
Aldrich) and streptomycin (20mg/mL; Sigma-Aldrich). The
medium was changed twice weekly. Experiments were per-
formed with hMSCs from five patients in passage numbers one
to three. Both cell types were cultivated at 37�C and 5% CO2

atmosphere when not frozen.

Freezing media

The various types of freezing media consisted of a culture
medium (CM) specific for the cells being tested (McCoy’s
5A for SAOS-2 cells and a-MEM for hMSCs), 1%, 5%,
10%, or 100% DMSO (Sigma-Aldrich), 1% or 5% sericin
(Wako, Osaka, Japan), and 25% FBS (PAA). The exact
composition of the various freezing media and their abbre-
viations are shown in Table 1. As a standard freezing me-
dium, CM with 10% DMSO and 25% FBS was used. Pure
sericin was obtained from Wako (produced by Seiren Co.,
Tokyo, Japan). The sericin powder was diluted in phos-
phate-buffered saline at the stock concentration of 40%.

Cryopreservation of cells

Cells were collected in an exponential growth phase and
counted using a Bürker chamber. SAOS-2 cells (1 · 105) or
hMSCs (7 · 104) were centrifuged at 300 g for 7min at room
temperature (RT). The cells were washed in the appropriate
culture medium without FBS and centrifuged once more.
Pellets were resuspended in 0.5mL of the corresponding
freezing medium, and the cells were frozen in freezing tubes

Table 1. List of Tested Freezing Media

for Both hMSCs and SAOS-2 Cells

and Corresponding Abbreviations

Full name of freezing medium Abbreviation

culture medium + 10% DMSO + 25%
FBS (standard)

CM+ 10D + 25F

culture medium + 10% DMSO CM+ 10D
culture medium + 10% DMSO + 1%
sericin

CM+ 10D + 1S

culture medium + 10% DMSO + 5%
sericin

CM+ 10D + 5S

culture medium + 5% DMSO CM+ 5D
culture medium + 5% DMSO + 1%
sericin

CM+ 5D + 1S

culture medium + 5% DMSO + 5%
sericin

CM+ 5D + 5S

culture medium + 1% DMSO CM+ 1D
culture medium + 1% DMSO + 1%
sericin

CM+ 1D + 1S

culture medium + 1% DMSO + 5%
sericin

CM+ 1D + 5S

culture medium + 1% sericin CM+ 1S
culture medium + 5% sericin CM+ 5S
culture medium + 25% FBS CM+ 25F
culture medium only CM only
DMSO only DMSO only
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at - 80�C in a CoolCell container (Biocision, Larkspur, CA,
USA) at a cooling rate of 1�C/min. Frozen cells were
transferred into liquid nitrogen (-196�C) and stored for 72
hours. The number of frozen cells (1 · 105 SAOS-2 cells and
7 · 104 hMSCs) was set at 100% for further calculations.

A portion of the cells prepared for freezing was plated
without freezing onto 6-well tissue culture polystyrene (PS)
plates (TPP, Trasadingen, Switzerland), and their viability
was evaluated 24 h after plating in the same manner as
frozen cells (see below). The cells processed without
freezing were used as a positive control.

Thawing of cells

The thawing of cells was performed as quickly as possible
(maximum of 3min) in a 37�C water bath. After complete
thawing, 1mL of the appropriate culture medium (see
above) heated to 37�C was immediately added to the cells,
and these were centrifuged to remove the DMSO at 300 g
for 7min at RT. The resultant pellet was resuspended in the
appropriate standard culture medium and cells were plated
in 1mL of CM onto 6-well PS plates. Additional culture
medium was added to cells to obtain a total volume of 3mL.

FIG. 1. (A) Percentage of
surviving hMSCs 24 h after
thawing from different freez-
ing media. Number of frozen
cells was set as 100%. CM,
a-MEM; DMSO, dimethyl
sulfoxide; FBS, fetal bovine
serum. $p < 0.05 compared
to the standard freezing me-
dium (CM + 10% DMSO +
25% FBS). (B) Phase con-
trast images of hMSCs cul-
tivated 24 h after thawing
from different freezing me-
dia.
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Assessment of cell viability

Considering evidence that cell death associated with
cryopreservation occurs 6 h or more after thawing,30 we ex-
amined cell viability 24 h after thawing. Cell morphology was
determined by light microscope with phase contrast. The
number of living adherent cells was counted as the number of
DAPI-stained (Sigma-Aldrich, 1:1000) cell nuclei. Living
cells could easily be distinguished from dead cells, as live
cells attached and spread on the plastic surface of the culture
well, while dead cells did not attach and remained rounded.
Ten immunofluorescence pictures from one well (resp. two
wells of one freezing medium) for each experiment were
recorded by microscope Eclipse Ti-S and DS-Qi1Mc Digital
Cameras (Nikon, Tokyo, Japan) and analyzed by Cell Profiler
(Broad Institute, http://www.cellprofiler.org) software. The
number of living, adherent cells 24 h after plating was ex-
pressed as a percentage of frozen cells.

In order to examine the ability of hMSCs to form colonies, a
colony-forming unit-fibroblast (CFU-F) assay was performed,
as described previously.31 Thawed hMSCs (1.5 cells/cm2, i.e.,
90 cells total) were plated onto 60 cm2 PS Petri dishes (TPP,
Trasadingen, Switzerland) and cultivated for 2 weeks. The
colonies formed were stained by Crystal violet (Sigma-
Aldrich, 0.5% solution in methanol) and counted by naked eye.
Cell clusters ‡ 2mm in diameter were considered as CFU-Fs.

Statistical analyses

All data were obtained from at least three independent
experiments. Each experiment was done in two biological
parallels. The Wilcoxon signed-rank test was used to com-
pare results from experimental media with results from the
standard medium. Values of p < 0.05 were considered sta-
tistically significant. Data are presented in box-plot graphs.

Results

Survival of hMSCs after thawing

The influence of different freezing media on the viability
and morphology of hMSCs is shown in Figure 1. The highest
number of cells survived after thawing from the standard

freezing medium (CM+ 10D+ 25F, 84%; Fig. 1A). Similar
numbers of cells survived when frozen with 1% sericin as a
substitute for FBS (CM+ 10D+ 1S, 66%; p= 0.238), and
when both FBS and sericin were omitted (CM+ 10D, 69%%;
p= 0.248). Significantly fewer cells survived when 5% sericin
was used (55% surviving cells; p= 0.012) instead of 1%
sericin (CM+ 10D+ 5S).

When the concentration of DMSO in the freezing medium
was decreased to 5%, no significant difference was observed
between standard freezing medium and medium containing
5% DMSO and 5% sericin (84% surviving cells from
CM + 10D+ 25F vs. 48% from CM + 5D+ 5S, with no sig-
nificant difference, p = 0.504). However, this statistical re-
sult could be caused by the low number of data points, so
less importance is attributed to this result.

In the freezing medium containing only 1% DMSO, the
presence of 1% and 5% sericin appeared to help some
hMSCs survive (5% in CM+ 1D+ 1S and 9% in CM+ 1D+
5S), in contrast to no surviving cells detected in CM+ 1D.
When DMSO was not a component of the freezing medium
(CM + 1S, CM + 5S, CM + 25F, CM only), or when it was
the only component (100% DMSO), all hMSCs were dead
24 hours after thawing.

Ability of hMSCs to form colonies

In the CFU-F assay, formed colonies were counted after 2
weeks of hMSC cultivation (Fig. 2). The colony-forming
ability of hMSCs seemed to be best preserved with CM+ 5
D+ 5S (15.5 colonies per 90 plated cells), however this was
not significantly different from cells frozen in the standard
medium (5.0 colonies per 90 cells, p= 0.116). Also, no sig-
nificantly different results (compared to standard medium
CM+ 10D+ 25F) were detected for hMSCs frozen in other
media except for media with 1% DMSO, where a maximum of
1% cells survived. No colonies were observed when freezing
media without DMSO or only 100% DMSO were used.

Survival of osteoblasts after thawing

The viability of osteoblasts thawed from different freez-
ing media varied as well. Their morphology and number

FIG. 2. Number of hMSCs colonies formed
after 2 weeks cultivation of cells thawed from
different freezing media (CFU-F assay). CM,
a-MEM; DMSO, dimethyl sulfoxide; FBS,
fetal bovine serum. $p< 0.05 compared to the
standard freezing medium (CM+ 10%
DMSO+ 25% FBS).
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after 24 h of cultivation are presented in Figure 3. Eighty-
seven percent of frozen osteoblasts survived 24 h after
thawing from the standard freezing medium (CM+ 10D+
25F). The next best-performing medium was CM+ 10D+ 1S
(78% surviving cells), however the difference between this
medium and the standard medium (CM+ 10D+ 25F) was
statistically significant, p= 0.009. Also other tested media
using 10% DMSO without FBS (CM+ 10D, 58% surviving
cells; CM+ 10D+ 5S, 68% surviving cells) were significantly
worse ( p= 0.001 for both media) than the standard freezing
medium (CM+ 10D+ 25F).

The influence of various DMSO concentrations (0%, 1%,
5%, 10%, and 100%) on osteoblast freezing was investi-
gated as well. SAOS-2 thawed from all tested media lacking
DMSO (CM + 1S, CM+ 5S, CM + 25F, only CM) were all
dead after 24 h of cultivation. When SAOS-2 cells were
cryopreserved in media with 1% DMSO (CM + 1D, CM+
1D+ 1S, CM+ 1D + 5S), no cells survived after thawing
regardless of sericin concentration. Freezing cells in 100%
DMSO was also lethal. In freezing media containing 5%
DMSO (CM + 5D, CM+ 5D + 1S, CM + 5D+ 5S), the num-
ber of surviving cells was approximately 60%, which was

FIG. 3. (A) Percentage of
surviving SAOS-2 cells 24 h
after thawing from different
freezing media. Number of
frozen cells was set as 100%.
CM, McCoy’s 5A medium;
DMSO, dimethyl sulfoxide;
FBS, fetal bovine serum;
$p< 0.05 compared to the
standard freezing medium
(CM+ 10% DMSO+ 25%
FBS). (B) Phase contrast im-
ages of SAOS-2 cells culti-
vated 24h after thawing from
different freezing media.
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lower ( p = 0.001 for all media) than survival after thawing
from the standard medium.

Discussion

In the present study, we performed a series of experiments
to determine whether sericin can serve as a substitute for FBS
in freezing media for primary hMSCs and the immortalized
osteoblastic cell line SAOS-2. We also investigated the effects
of various DMSO concentrations on these cells and explored
whether sericin can substitute for DMSO. In examining the
role of sericin substituted for DMSO, our findings with MSCs
are in agreement with Baust et al.,32 who determined that the
best DMSO concentration for the cryopreservation of other
human cells—fibroblasts, keratinocytes, hepatic and renal
cells, is 10%. We confirm that a 10% DMSO concentration is
optimal both for the freezing of primary hMSCs and SAOS-2
cell line, and that sericin cannot compensate for a 5% de-
crease of DMSO. Some encouraging results were observed
with CM+ 5D+ 5S regarding both hMSCs viability and CFU-
F assay. However, due to the small number of experiments
and great variability between acquired data (different pa-
tients), lower importance should be attributed to this result.
Nevertheless, it cannot be excluded that a decrease in DMSO
preferentially kills more differentiated cells with less self-
renewing ability (SAOS-2), while the less mature, prolifer-
ating cells may be salvaged by sericin (hMSCs).

When media with no DMSO were used (CM, CM + 1S,
CM + 5S), all hMSC and SAOS-2 cells were dead 24 h after
thawing. When the DMSO concentration was 1%, sericin
(1% and 5%) potentiated the survival of primary hMSCs;
however, 5% and 9% surviving cells cannot be considered a
satisfactory result. Additionally, no SAOS-2 cells survived
when the DMSO concentration was decreased to 1%. As the
aim of this part of the study was to investigate sericin as a
substitute for DMSO, we did not explore DMSO concen-
trations higher than 10%.

While sericin did not prove a suitable substitute for
DMSO in freezing media, it could substitute for FBS during
the freezing of hMSCs, in contrast to SAOS-2 cells. No
significant difference in hMSC viability was observed be-
tween the standard freezing medium (CM + 10D+ 25F, 84%
surviving cells) and CM+ 10D+ 1S (66% surviving cells).
Similar results were obtained using 10% DMSO only
(CM + 10D, 69% surviving cells). Most studies to date have
not found sericin superior to FBS in cryopreservative ex-
periments.21,22,33 One exception where a freezing medium
containing sericin performed better than a medium with FBS
was a study using Chinese-hamster ovary cells frozen in
PBS, supplemented with 1% sericin, 0.5% maltose, 0.3%
proline, 0.3% glutamine, and 10% DMSO.18 Thus, our re-
sults are in agreement with the majority of data published
thus far. Conversely, we observed that freezing hMSCs in
10% DMSO only is not significantly worse than a standard
freezing medium containing FBS. This finding has not yet
been published for these cells, but may be of interest for
future research and clinical applications. Surprisingly, we
found that sericin is not a suitable substitute for FBS in
freezing osteoblastic cell lines.

There are some limitations to the present study. The
number of experiments was limited, which may explain why
some results did not reach statistical significance. This is
best illustrated by results related to the colony-forming ca-

pacity of hMSCs (CFU-F), which essentially paralleled the
results of cell viability after 24 hours (Figs. 1A and 2). The
number of experiments was limited primarily by the re-
quirement of sufficiently large batches of hMSCs necessary
to run all the investigations in parallel, which was not al-
ways achieved after 1–2 passages (relatively young cells). A
further limitation is that relatively low concentrations of
frozen cells were used (1· 105 for SAOS-2 cells and 7· 104
for hMSCs). This was also due to batch sizes of hMSCs and
the necessity to run all experiments in parallel. However,
even considering these limitations, we can conclude that 1%
sericin could substitute for 25% FBS in the freezing solution
for primary hMSCs in contrast to SAOS-2 osteoblastic cells.
Moreover, hMSCs could be cryopreserved in a growth me-
dium containing only 10% DMSO with satisfactory results.

Conclusion

In the present study, we performed a systematic evalua-
tion of sericin as a replacement for FBS or DMSO in the
freezing of hMSCs and SAOS-2. It can be concluded that
1% sericin may substitute for FBS in the freezing medium of
hMSCs when 10% DMSO is preserved. Moreover, these
stem cells could be frozen in 10% DMSO as the sole
component of a normal culture medium. Conversely, sericin
cannot serve as a substitute for FBS in the freezing medium
of the osteoblastic cell line SAOS-2, and furthermore the
medium alone with 10% DMSO is not sufficient for this cell
line. Thus, our results also show that different freezing
formulas should be evaluated for different cell types to find
the most satisfactory results.
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Summary 
To evaluate the preclinical efficacy and safety of human 
mesenchymal stem cells (hMSC) rapidly expanded in growth 
medium for clinical use with human serum and recombinant 
growth factors, we conducted a controlled, randomized trial of 
plasma clots with hMSC vs. plasma clots only in critical segmental 
femoral defects in rnu/rnu immunodeficient rats. X-ray, microCT 
and histomorphometrical evaluation were performed at 8 and 
16 weeks. MSC were obtained from healthy volunteers and 
patients with lymphoid malignancy. Human MSC survived in the 
defect for the entire duration of the trial. MSC from healthy 
volunteers, in contrast to hMSC from cancer patients, significantly 
improved bone healing at 8, but not 16 weeks. However, at 
16 weeks, hMSC significantly improved vasculogenesis in residual 
defect. We conclude that hMSC from healthy donors significantly 
contributed to the healing of bone defects at 8 weeks and to the 
vascularisation of residual connective tissue for up to 16 weeks. 
We found the administration of hMSC to be safe, as no adverse 
reaction to human cells at the site of implantation and no 
evidence of migration of hMSC to distant organs was detected. 
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Introduction 
 

The healing of large bone defects remains one of 
the principle challenges of modern orthopedics. The best 
material for the surgical treatment of large defects is 
autologous bone graft. However, the amount of material 
is limited and the risk of morbidity at the harvest site is 
not negligible (Banwart et al. 1995, Swan et al. 2006). 
Cadaverous bone grafts are another option, however, the 
potential for treatment failure is higher than for 
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autologous grafts. 

Human mesenchymal stromal cells (hMSC) 
were first isolated from the bone marrow by Fridenstein 
roughly 50 years ago (Fridenstein et al. 1966, Fridenstein 
et al. 1968), and their potential for differentiation to 
several lineages was shown by Pittenger et al in 1999. 
Similar cells can also be harvested from other tissues 
(dental pulp, adipose tissue, Wharton jelly and  
others – Jiang et al. 2002, Boquest et al. 2006, Shi and 
Gronthos 2003, Montanucci et al. 2011). 

The main disadvantages of bone marrow-derived 
hMSC are their relative paucity in the bone marrow and 
the need for long-term cultivation with serial passaging. 
We developed a new method for the cultivation of hMSC 
from bone marrow mononuclear cells, which is faster and 
more effective than traditional cultivation in a medium 
supplemented by fetal calf serum. In this method, 
CellGroTM Medium for Hematopoietic Cells (Cellgenix, 
Germany) supplemented by 10 % human serum and 
insulin, dexamethasone, ascorbic acid, EGF, PDGF-BB, 
FGF-2 and M-CSF is used, as published previously 
(Pytlík et al. 2009). This method results in a high number 
of MSCs in just two weeks and without the need of 
passaging. Cells obtained by this method fulfill consensus 
criteria for mesenchymal stromal cells (Dominici et al. 
2006) and produce more and better mineralized tissue 
after heterotopic implantation in immunodeficient mice. 
Furthermore, hMSC cultivated by this method show 
greater expression of several genes connected with 
ossification and skeletal and bone development, namely 
ARID5B, CDH11, COL1A1, COL12A1, CTGF, IGFBP3 
and PRRX2 by gene expression profiling and qRT-PCR 
analysis (unpublished data). 

Due to their low immunogenicity, mesenchymal 
stromal cells survive for some time in a xenogenic 
setting, however, an immune response eventually occurs 
and cells are rejected (Wang et al. 2007). Therefore, 
immunodeficient animals provide a better environment 
for preclinical experiments with hMSC. Athymic rnu/rnu 
rats are frequently used in experimental studies 
concerning the role of hMSC in bone healing. Several 
studies on hMSC in critical size femoral or calvarial 
defects in athymic rats have been performed (Peterson et 
al. 2005, Yoon et al. 2007, Cuomo et al. 2009, Liu et al. 
2010, Chen et al. 2013, Suenaga et al. 2015), however, in 
all these studies, osteoconductive scaffolds were used and 
hMSC were frequently preconditioned in vitro or were 
genetically manipulated. Despite this, complete healing 
of the defect occurred only in a minority of experiments. 

We conducted a randomized, controlled animal 
trial to evaluate the safety and efficacy of hMSC cultivated 
by our proposed method according to the requirements of 
European Medical Agency (EMA). Critical size segmental 
femoral bone defects in rnu-rnu rats were filled with 
human plasma clots either with hMSC (experimental 
groups) or without them (control group). As many 
candidates for reconstructive orthopedic surgery are cancer 
patients, approximately one half of the experimental cohort 
were patients with lymphoid malignancy (lymphoma 
group), the other part healthy volunteers (healthy group). 
For better temporal evaluation of bone healing, we further 
subdivided the experimental and control groups into short-
term (8 weeks) and long-term (16 weeks) cohorts. Safety 
was assessed by evaluating explanted femurs and 
parenchymatous organs for pathologies directly or 
indirectly attributable to hMSC. 
 
Methods 
 
Experimental setting 

A total of 42 animals were randomly assigned to 
three 8-week cohorts (healthy, lymphoma, control) and to 
three similarly named 16-week cohorts. 
 
Human mesenchymal stromal cell collection and 
cultivation 

Human mesenchymal stromal cells were 
cultivated from bone marrow mononuclear cells (BMMC) 
from healthy volunteer donors and patients undergoing 
bone marrow examination for suspected or proven 
lymphoid malignancy. The study was approved by the 
local ethics committee and all donors provided signed 
informed consent according to the Helsinki declaration. 

BMMC were obtained after the centrifugation of 
10 ml of bone marrow blood on Ficoll-Paque gradient 
media and processed as described previously Shortly, 
2.5x106 BMMC were seeded in 75 cm2 plastic flasks, 
cultivated in CellGroTM for Hematopoietic Cells medium 
with 10 % human serum and insulin, ascorbic acid 
phosphate, dexamethasone, EGF, PDGF-BB and FGF-2 
(suppliers were the same as in Pytlík et al. 2009). 
Non-adherent cells were not removed, cultivation 
medium was not changed and supplements were added 
twice per week for a total of four doses. 

After two weeks, non-adherent cells were 
washed away and MSCs were harvested by EDTA-
Trypsin (Gibco Life Technologies, Grand Island, New 
York, USA) and counted in Burker chambers. Viability 
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was tested with trypan blue. Aliquots of cells were frozen 
for later flow cytometric analyses. 
 
Preparation of plasma and plasma/hMSC clots 

A suspension of 360 µl human plasma and 40 µl 
calcium chloride (Sigma-Aldrich Czech Republic, 
Prague, Czech Republic) was seeded into 24 well plates 

and allowed to clot. For experimental groups, cells were 
added before recalcification (target number, 
10x106 hMSC for clot). In preliminary experiments, 
hMSCs were cultivated in plasma clots in vitro for one 
week; after this period, cells were alive and proliferating 
(Fig. 1A, B). 

 
 

 

 
 
Fig. 1. Human MSC in plasma clot. 
(A) hematoxylin-eosin, (B) anti-Ki67 
immunostaining. 
 
 
 
 
 

 
 
Animal procedures 

Athymic rnu/rnu rats (Charles River 
Laboratories, Sulzfeld, Germany) were kept in sterile 
cages and fed sterile food and water, until they reached 
skeletal maturity (10-14 weeks). Animals were cared for 
according to the European guidelines for the care and use 
of laboratory animals (Directive 24.11.1986, 
86/609/CEE). The experiment was approved by the 
Dresden regional veterinary board. 

Rats were anesthetized with a solution of 
ketamine 35 mg/kg (Kemint, Alvetra GmbH, 
Neumunster, Germany) and xylazine 5 mg/kg (Rompun, 
Bayer Healthcare Pharmaceuticals, Berlin, Germany). An 
incision was made along the left thigh and the diaphysis 
of the femur was dissected by blunt dissection. A 5-hole 
mini fragment plate (246190, Synthes, West Chester, PA, 
USA) was fixed to the femur using 2 screws (210.006, 
Synthes, Tuttlingen, Germany) above and below the 
proposed osteotomy site. Critical-sized defects (target 
5 mm) were created and plasma clots with or without 
cells were placed into the defects. Muscle tissue was 
folded back and closed with a resorbable suture and the 
skin was closed with a non-resorbable suture (Mariderm, 
Catgut GmbH, Markneukirchen, Germany). 

Single-shot antibiotic prophylaxis with 
amoxicillin 15 mg/kg (Duphamox, Pfizer GmbH, Berlin, 
Germany) was administered and Carprofen 1.4 mg/kg 
(Rimadyl, Pfizer GmbH) was given immediately and 24 h 
after surgery for pain prevention. After 8 or 16 weeks, all 
animals were anesthetized (ketamine/xylazine mixture) 
and euthanized with a combination of embutramide, 
mebezonium and tetracaine (Tanax, Intervent GmbH 
Unterschleißheim, Germany). 
 
X-ray and microCT measurements 

X-ray imaging of the defects was performed on 
an AMX4 machine (GE Healthcare, Buckinghamshire, 
UK) postoperatively (Fig. 2A) and 8 and 16 weeks after 
surgery. Defect size was evaluated using ImageJ software 
(imagej.nih.gov/ij). New bone formation (X-ray) was 
calculated as the postoperative defect minus residual 
defect (Fig. 2B). After sacrifice, microCT examination 
with 3D reconstructions were performed on vivaCT 75 
(Scanco, Brüttisellen, Swizerland; Fig. 2C). Total 
volumes (TV) of tissue between two screws at both defect 
sites and new bone volumes (BV) were calculated in 
voxels. The ratio of bone volume to total volume (or bone 
volume fractional value) was calculated as BV/TV. 
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Fig. 2. (A, B) evaluation of defect size by X-ray, (C) evaluation of defect size by microCT, (D) defect size after surgery in experimental 
and control groups. 
 
 
Histological procedures 

Femoral explants were fixed in 4 % buffered 
formalin (SAV LP, Flintsbach, Germany) for at least 
7 days. The samples were washed, decalcified in 
ethylenediaminetetraacetic acid, dehydrated overnight 
and embedded in methyl methacrylate (Technovit 
9100 New, Heraeus Kulzer GmbH, Werheim, Germany). 
Three-µm sections of each section plane were prepared, 
methylmethacrylate was removed and samples were 
rehydrated in a graded series of ethanol. 

Femoral explants were stained with hematoxylin 
and eosin (Fig. 3A), Goldner (Fig. 3B, C) and Mallory 
stain. To prove the presence of human cells,  
anti-immunohistochemical tests for human nestin, clone 
10C2 (Chemicon International, Inc., Temecula, CA, US). 
In several cases, immunofluorescent detection of human 
mitochondria, clone 235-1 (Genetex) was performed. 
Antigen retrieval was done in a citrate buffer solution 
using a microwave for 3×5 min. The standard ABC 
(Avidin Biotin Complex) method was used for the 
detection with DAB (3,3'-Diaminobenzidine), with 
Mason's green trichrome used as a counterstain (Fig. 3E). 
Fibroplasia found in one animal from the experimental 
group was further immunostained for vimentin, clone 
RV202 (Abcam, Cambridge, UK) and CD68, clone  
anti-ED1 (Abcam). Immunostaining for the evaluation of 
vessel formation was performed using actin detection, 
clone 1A4 (DAKO), visualized with ABC and fast red, 
with Mayer's hematoxylin as a counterstain (Fig. 3D). 

Parenchymatous organs (liver, spleen, lungs, 
heart and kidneys) from each animal were fixed in 4 % 
buffered formalin for 7 days. Fixed specimens were cut 
into tissue blocks embedded in paraffin and sectioned 
into slices 6-7 μm thick. Sections were stained with 

hematoxylin and eosin and Masson’s blue trichrome. 
Images were collected using an Olympus BX51 

microscope equipped with a DP25 digital camera and 
were evaluated using ImageJ (FiJi, NIH). 
Histomorphometric quantification and vessel density in 
samples with residual fibrous tissue were tested in 
10 samples from different areas (40 visual fields were 
observed). 

 
Flow cytometry analysis 

After thawing, cells were washed once in 
phosphate-buffered saline (PBS) supplemented with 
0.5 % (w/v) bovine serum albumin (BSA, Carl Roth 
GmbH, Karlsruhe, Germany). Aliquots of 1x105 cells 
were incubated with antibodies for 15 min at room 
temperature in the dark and washed again in PBS 
supplemented with 0.5 % (w/v) BSA. The data were 
collected with an LSR II or Canto II flow cytometer (BD 
Biosciences, San Jose, CA, USA). The following 
conjugated monoclonal antibodies were used: anti-CD3 
APC, clone UCHT1 and anti-CD19 PE-Cy7, clone J3119, 
(both Beckman Coulter, Miami, FL, USA); anti-CD73 
PE, clone AD2 and anti-CD90 APC, clone 5E10 (all 
Biolegend, San Diego, CA, USA); anti-CD16 PE, clone 
LNK16, anti-CD45 PerCP, clone MEM-28, anti-CD105 
FITC clone MEM-226, and anti-CD235a FITC, clone 
HIR2 (all Exbio Praha, a.s., Vestec, Czech Republic). 
A minimum of 20,000 cells were acquired from each 
tube. The data were analyzed with FlowJo software 
(Treestar, Ashland, OR, USA). Cells were classified as 
hMSC according to CD105, CD90 and CD73 positivity, 
and CD45, CD19, CD235a, CD16 and CD3 negativity 
(Dominici et al. 2006). 
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Fig. 3. Microscopy of bone healing and 
histomorphometric analyses. (A) Control 
No. 3, 8 week cohort: example of good 
healing with fibrous callus (asterisk) and 
residual adipose tissue (middle right).  
(B) Donor No. 12, 8 week cohort: example 
of good healing with fibrous callus, foci of 
chondroid differentiation (left arrow) and 
woven bone formation (right arrow). Lines 
for histomorphometrical evaluation are 
shown in red. (C) Control No. 4, 16 week 
cohort: example of poor healing with 
vascularized adipose tissue filling most of 
the defect. (D) Donor No. 3, 16 week 
cohort, staining for new vessels in fibrous 
callus (most of the defect) and adipose 
tissue (middle left). (E) Staining for human 
mitochondria. (F), (G) bone tissue 
formation by histomorphometry. (H) new 
vessel formation by histomorphometry. 
Experimental group means that healthy 
and lymphoma patients are counted 
together. 
Stainings: (A) hematoxylin-eosin,  
(B, C) Goldner's trichrome, (D) anti-actin, 
fast red, Mayer's hematoxylin counterstain, 
(E) anti-human nestin, DAB, Mallory 
trichrome counterstain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Statistics 
Categorical variables were evaluated by 

chi-square tests. Continuous variables, in general, were 
normally distributed, therefore, parametric t-tests and 
parametric ANOVA were used for comparison among 
groups and cohorts, as appropriate. Paired t-tests were 
used for the comparison of paired samples. Correlations 
were calculated by the Pearson test. Flow cytometry data 
were not normally distributed, therefore, the Mann-
Whitney U test was used for comparison between groups. 
Results are reported as mean ± standard deviation, except 
for flow cytometry data where medians and ranges are 
reported. p values ≤0.05 were considered statistically 
significant. All calculations were performed with 

STATISTICA software v. 12 (StatSoft, Tulsa, Minnesota, 
USA). 
 
Results 
 
MSC donors and MSC cultivation 

Donor characteristics are shown in Table 1. In 
total, 13 donors were used (5 males and 8 females), with 
a mean age of 47±14 years (range 27-65 years). Six 
donors were patients with lymphoid malignancy, 
however, in only two cases bone marrow was infiltrated 
by lymphoma (1.4 % and 3.4 % by FACS, respectively). 
Seven donors were healthy volunteers, significantly 
younger than lymphoma donors (38±11 years vs. 
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55±10 years, p=0.008). From all but one donor, there 
were enough cells for two clots and in 19 of 25 clots 
(76 %) the target number of 10x106 cells was implanted. 
The viability of implanted cells was consistently above 

90 %. The median number of cells 
CD105+CD90+CD73+ was 82.9 % (range 57.8-94.9 %), 
while the median CD45, CD235a, CD16, CD19 and CD3 
positivities were 1.7 %, 1.2 %, 1.4 %, 3.1 % and 0.5 %. 

 
 
Table 1. MSC donor characteristics. 
 

Donor 
number 

Donor type Sex Age 
Experimental 

group 
Diagnosis BM involvement Cells implanted 

1 Patient Male 66 8 weeks DLBCL No one clot 10x106 
2 Patient Male 62 8+16 weeks FL No two clots a 10x106 
3 Volunteer Male 47 8+16 weeks Healthy No two clots a 10x106 
4 Patient Female 55 8+16 weeks FL No two clots a 8.75x106 
5 Volunteer Female 31 8+16 weeks Healthy No two clots a 10x106 
6 Volunteer Female 27 8+16 weeks Healthy No two clots a 10x106 
7 Volunteer Female 52 8+16 weeks Healthy No two clots a 8x106 
8 Patient Female 59 8+16 weeks FL Yes two clots a 10x106 
9 Patient Male 39 8+16 weeks FL No two clots a 10x106 
10 Patient Male 62 8+16 weeks FL Yes two clots a 10x106 
11 Volunteer Female 51 8+16 weeks Healthy No two clots a 10x106 
12 Volunteer Female 28 8+16 weeks Healthy No two clots a 10x106 
13 Volunteer Female 32 8+16 weeks Healthy No two clots a 7.5x106 

 
Abbreviations: FL=follicular lymphoma, DLBCL=diffuse large B-cell lymphoma. 
 
 
Surgical outcomes 

Surgical outcomes are shown in Table 2. Fourty 
of fourty-four animals could be evaluated (91 %). Two 
animals died during the surgical procedure (both in in the 
16-week control group) and osteosynthesis failed in two 
animals (one 8-week lymphoma group, one in 16-week 
healthy group). In experimental groups, 9 paired samples 
(8+16 weeks from the same donor) were available for 
statistical analyses. 

On postoperative x-ray images, the mean size of 
the defect was 4.2±0.5 mm, with no differences between 
the six cohorts (p=0.59; Fig. 2D). 

 
X-ray and microCT measurements 
8 and 16 weeks x-rays 

In all six cohorts, some animals healed well and 
others less well (Fig. 4A-D). After 8 weeks, differences 
between three groups were not significant by ANOVA 
(p=0.21), however, healthy group had significantly better 
healing than control group (new bone formation 2.7±1 vs. 
1.6±1 mm in the control group, p=0.05, Fig. 2E). There 
was some negative correlation between age and new bone 
formation, which was not statistically significant  

(r=-0.48, p=0.19). After 16 weeks, there was no difference 
between healthy, lymphoma or control cohorts (p=0.33) 
and neither healthy nor experimental group were better 
than controls (Fig. 4F). 

 
8- and 16-week microCT measurements 

MicroCT measurements correlated well with  
X-ray measurements (r=-0.73, p=0.03), however, 
differences at 8 or 16 weeks were not statistically 
significant (p=0.29 and 0.60 by ANOVA, respectively, 
Fig. 5A, B). Only a trend for higher BV/TV ratio in the 
healthy versus control group was observed at 8 weeks 
(22±5 % vs. 18±3 %, p=0.09). 

 
Histopathology 
 
Femoral explants, general histology 

Good and poor defect bridgings were seen both 
in the experimental and control groups, and in both the 
8 and 16 weeks cohorts (Fig. 3A-C). In cases of good 
bridging, a fibrous callus with foci of chondroid 
differentiation and woven bone formation was found 
(Fig. 3A, B). In cases of poor bridging, residual space 
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was generally filled with adipose tissue with numerous 
blood vessels (Fig. 3C, D). Scattered human cells, 
detected by anti-human nestin, anti-human nuclei and 
anti-human mitochondrial antibodies were found in 
fibrous and adipose tissue in all examined cases (Fig. 3E), 

unfortunately, they could not be quantified due to 
technical reasons. No human cells were found in newly 
formed bone or cartilaginous tissue. No signs of 
inflammatory reaction or tumor formation were found. 

 
 
Table 2. Surgical outcomes. 
 

 Groups 
 8-week 16-week 
 healthy lymphoma control healthy lymphoma control 

Animals operated 7 6 9 7 5 10 
Perioperative mortality 0 0 0 0 0 2 
Osteosynthesis failure 0 1 0 1 0 0 
Animals evaluated 7 5 9 6 5 8 

 
 

 
 
Fig. 4. (A-D) examples of good and poor healing in experimental and control groups as evaluated by x-ray: (A) 8-week experimental 
cohort, (B) 8-week control cohort, (C) 16-week experimental cohort, (D) 16-week control cohort; (E, F) comparison of new bone 
formation by x-ray measurements after 8 and 16 weeks in experimental and control groups and in healthy donor subgroups and control 
groups: (E) 8-week cohorts, (F) 16-week cohorts. 
 
 

 
 
Fig. 5. Comparison of new bone formation expressed as bone volume fractional value (BV/TV) in microCT measurements in 
experimental and control groups and healthy donor subgroups and control groups: (A) 8-week cohorts, (B) 16-week cohorts. 
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Histomorphometry – new bone formation 

After 8 weeks, the amount of the new bone was 
significantly different between three groups (p=0.03 by 
ANOVA). Better bone formation was noted again for 
healthy vs. control group (1.61±0.25 vs. 0.88±0.33 mm2, 
p=0.015; Fig. 3F). After 16 weeks, no differences in bone 
formation were seen between the three groups (p=0.64), 
Fig. 3G). Again, correlations between histomorphometry 
and new bone formation measured by x-ray and micro CT 
were strong and statistically significant (histomorphometry 
vs. X-ray, r=0.68, p=0.0009, histomorphometry vs. 
BV/TV, r=0.64, p=0.002). 
 
Histomorphometry – new vessel formation 

There was a trend for better vessel formation at 
8 weeks in the experimental groups (121±46 vs. 
71±26 vessels, p=0.07), which reached statistical 
significance at 16 weeks (177±56 vs. 92±13 vessels, 
p=0.01; Fig. 3H). In these measurements, no differences 
between healthy and lymphoma samples were found. 
 
Histology of other organs 

In the myocardium of the left ventricle of 
animal No. 44 (Donor No. 13 in the 8-week cohort), we 
observed dense cellular proliferation of spindle-shaped 
to pleomorphic mesenchymal cells replacing 
cardiomyocytes. The cells were arranged in 
disorganized streams and bundles separated by a small 
to moderate amount of collagenous matrix, and had 
a low to moderate amount of pale eosinophilic 
cytoplasm and large oval vesicular nuclei with 
prominent medium-sized nucleoli. Anisocytosis and 
anisokaryosis were moderate. Immunohistochemical 
evaluation revealed vimentin positivity and CD68 
negativity. The morphology, arrangement and 
immunohistochemistry of cells suggested reactive or 
reparative fibroplasia (Fig. 6). Cells of human origin 
were not detected here. In other animals, no microscopic 
changes and no evidence of human cells were found in 
parenchymatous organs. 
 
Discussion 
 

Cellular therapy and tissue engineering hold 
great promise for regenerative medicine and may change 
the future of clinical practice. Various materials with 
osteoconductive properties can be combined with 
osteoinductive factors and hMSC. These advanced 
therapy medicinal products (ATMP) must comply with 

regulatory requirements including good manufacturing 
practice (GMP) and proof of product safety and efficacy. 
The more complex the product, the more complex the 
regulatory issues (Salmikangas et al. 2015). 

Human MSC contribute to the healing of various 
organs both by direct and indirect mechanisms involving 

 
 
Fig. 6. Fibroplasia in left ventricular myocardium of animal 
no. 44, healthy donor No. 13, 8-week experimental group. 
(A) hematoxylin-eosin, low magnification, (B) hematoxylin-eosin, 
high magnification, (C) anti-vimentin immunostaining, low 
magnification. 
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the production of cytokines and growth factors (Horwitz 
and Prater 2009). Furthermore, the immunomodulatory 
properties of hMSC inhibit inflammatory reactions in 
damaged tissues (Urdzíková et al. 2014). 

Two basic models are used in bone regeneration 
experiments in rats: calvarial defects and segmental 
femoral defects. In calvarial defects, a punch-hole of  
5-8 mm in diameter is considered to be of critical size. 
Yoon et al. (2007) used undifferentiated or in vitro 
osteogenically predifferentiated adipose tissue-derived 
stem cells (ATSC) on poly-lactic-co-glycolic-acid 
(PLGA) scaffolds. Fourteen day predifferentiated ATSC 
produced the best results, however, only 35-72 % of the 
defect was healed. Chen et al. (2013) used bone marrow 
hMSC (BMMSC) and umbilical cord blood stem cells 
(UCBSC) with calcium phosphate and both improved 
healing compared to controls, however, even after 
24 weeks, the newly formed bone covered no more than 
35 % of the defect in both hMSC groups. Also in the 
Suenaga et al. (2015) study, 3D-assembled hMSC 
(hMSC spheroids) combined with βTCP significantly, but 
only partially, contributed to the regenerative process. 

The surgical creation of critical size femoral 
defects (5-6 mm) and their stabilization by internal 
fixation is likely a more physiologically relevant 
experimental model for bone healing. Cuomo et al. 
(2009) found bone marrow blood enriched with hMSCs 
seeded on demineralized bone tissue no better than 
demineralized bone tissue alone (1/10 defect healed at 
12 weeks), while demineralized bone tissue or a collagen 
sponge with rhBMP-2 healed 6 mm defects effectively 
(9/10 defects healed). Liu et al. (2010) showed that 
human UCBSC in combination with partially 
demineralized bone matrix may completely heal critical 
femoral defects. In contrast, Peterson et al. (2005) 
showed that at 8 weeks, no healing occurred with adipose 
tissue-derived stem cells loaded on a collagen-ceramic 
carrier. These cells had to be transfected to express 
BMP-2 to fully heal critical-size defects. Altogether, 
published data are heterogenous, as various studies differ 
with regard to the source of hMSC, their pre-
differentiation or genetic modification, the type of 
scaffold, and the length of the experiment. 

Our study differs from previous studies with 
regard to the method of hMSC preparation and lack of an 
osteoconductive scaffold. Rather, hMSCs were delivered 
in plasma clots, while plasma clots without hMSC 
formed the control group. As we have shown previously, 
hMSC grown in CellGro medium with human serum and 

supplements produced more mineralized tissue than 
hMSC grown with fetal calf serum, therefore, we did not 
consider necessary to use the latter as further control. Our 
experiment aimed at evaluation of performance of hMSC 
alone, without other supportive measures. 

We observed significantly better bone healing 
with hMSC at eight weeks, but only in donors without 
malignant disease. Bone marrow-derived hMSC from 
patients with hematological malignancy have different 
functional properties than hMSC from healthy donors 
(Fei et al. 2014), and even may harbor karyotype 
abnormalities (Blau et al. 2011). Also lymphoma patients 
were older than healthy donor and, bone healing 
properties of hMSC may decrease with age (Stenderup et 
al. 2003). However, our cohort was too small for 
statistically meaningful measurement of interaction 
between age and health status of donors. In any case, 
hMSC were absent in newly formed bone and 
cartilaginous tissues. This is in agreement with the 
hypothesis that the role of hMSC in the regenerative 
processes is rather to deliver "software" (i.e. cytokines 
and growth factors) than "hardware" (direct contribution 
to healing). 

After eight weeks, bone healing seemed to cease 
in both the control and experimental groups, but hMSC 
exerted further activity in the second eight weeks of the 
experiment, as significantly more vessels were found in 
the remaining connective tissue in the experimental 
groups compared to the control group. Therefore, we 
conclude that remodelling of the nonunion site is still 
going on and that with longer follow-up, the healing in 
experimental groups will continue. 

The implantation of hMSC to the defect was 
safe. Human cells were not found in any of the examined 
parenchymatous organs. The only pathology found in 
sacrificed animals was one case of proliferation of rat 
mesenchymal cells in the myocardium, which is 
suggestive of reactive or reparative fibroplasia, which is 
a phenomenon well described in laboratory rats (Jokinen 
et al. 2011). No other pathologies, were found 
macroscopically or microscopically. 

In conclusion, we have found that hMSC even 
without osteoconductive scaffold can contribute to bone 
healing in critical size femoral defect in immunodeficient 
rats. This contribution seemed to be limited to eight week 
but higher vascularisation in the experimental groups 
showed that remodelling of remaining tissue is still 
ongoing. To find out if smaller defect can heal with the 
hMSC contribution only while larger defects require 
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some case of scaffold support, would need further 
experiments and with longer follow-up. 
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Introduction

Stem cells (SCs) represent the first cell types that ap-
pear in multicellular organism during ontogenesis. SCs are
functional through the entire life-span (they can be isolated
from embryo, foetus, children, adults and also from tissues
taken from autopsy). Because of this fact, stem cells are
endowed with special biological properties (i.e., primitive
phenotype, high proliferative capacity, wide differentiation
potential and ability for self-renewal). Generally, stem cells
represent the cellular elements capable of unlimited proli-
feration (due to their self-renewal capacity) and of produc-
tion of several specialized cell types (according to their
origin, stem cells are arranged in hierarchy and differ in
their potency; they include totipotent, pluripotent and
multipotent cells). Production of a resulting phenotype is
directed by local microenvironment (niche). During em-
bryonic development, main function of SCs is formation of
primordia of individual organs while in adulthood they are
responsible for the tissue homeostasis and regeneration. On
the basis of latest pieces of knowledge about embryonic,
primordial, fetal and adult tissue-specific stem cells, usage

of SCs for the therapy of several tissue or organ diseases re-
presents the most perspective therapeutic tool.

Mesenchymal Stem Cells (MSCs) are rare elements
living, for example, in the bone marrow stroma (2 to 5 cells
per million nucleated cells) (12). These cells play crucial
role in bone marrow stroma formation and regeneration.
MSCs are nowadays intensively studied not only for their
haematopoietic support but also for their ability to dif-
ferentiate in specialized tissues such as bone, cartilage,
tendon, myocardium, etc. Extensive proliferation (4) and
differentiation into specialized tissues (13,14) are two typi-
cal features of MSCs. Differentiation into specialized tis-
sues could be induced either in vitro or in vivo following
transplantation.

Since the first description of MSCs by Fridenshtein (6),
who demonstrated ability of the bone marrow (BM) to pro-
duce colonies of adherent fibroblast-like cells in fetal calf
serum (FCS)-containing medium, that differentiate into
bone and adipocytes, several investigators have shown that
these cells can also differentiate into chondrocytes, adipo-
cytes, and, at least, in rodents into skeletal myoblasts.
MSCs can be isolated also from other mesenchymal tissues
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(for example from adipose tissue (17) or dental pulp (8))
and can be purified on the basis of their ability to adhere to
plastic or with monoclonal antibodies conjugated to ferro-
magnetic particles using positive or negative selection.
Reyes et al. (11, 15) have demonstrated, that using deple-
tion of CD45+ and glycophorin-A+ cells from BM mono-
nuclear cells, it is possible to obtain MSCs known to give
rise to limb-bud mesoderm, at the single-cell level, that also
differentiate into cells of visceral mesoderm and can be
expanded extensively by means of clinically applicable me-
thods. Those cells were named mesodermal progenitor
cells (MPCs) or multipotent adult progenitor cells
(MAPCs). These immunomagnetically separated and in
special media cultivated progenitor cells from adult tissues
have even wider differentiation potential than researchers
expected. Literature suggests that the capability of MAPCs
to differentiate into specialized tissues is very close to the
potential of embryonic stem cells (ES). Not only this cha-
racteristics is great promise for potential stem cell therapy.

The aim of our study was to characterize and compare
the biological properties and spontaneous differentiation
potential of two different SCs types isolated from the human
vertebral body bone marrow: 1) MSCs (in our study we are
using this term for SCs cultivated in media containing high
levels of FCS) and 2) MPCs (immunomagnetically sepa-
rated and in low FCS containing media with growth factors
cultivated SCs).

Material and Methods

Bone Marrow
BM was obtained from 11 consecutive patients (healthy

donors) undergoing posterior spinal instrumentation or
vertebroplasty in the lumbar spine following informed con-
sent according to the guidelines from the Liberec Hospital.
Before placing the screws or before vertebral augmentation,
using transpedicular approach, 2–5 ml of BM were aspira-
ted.

BM mononuclear cells obtained by optimized Ficoll-
Paque density gradient centrifugation were in 8 cases puri-
fied on the basis of their ability to adhere to plastic and in
3 cases were depleted of CD45+ and glycophorin-A+ cells
by means of micromagnetic beads (Miltenyi Biotec,
Sunnyvale, CA).

Culture conditions
Cells were cultured on untreated plastic (Sarstedt cul-

ture flasks or TPP Petri-dishes) at 37 °C under aerobic condi-
tions (5% CO2) with FCS-containing alpha-MEM expansion
medium (1%, 2%, 10%, and 20% of FCS). MSCs/MPCs ex-
pansion medium consisted of alpha-MEM (Gibco), FCS
(PAA), ascorbic acid 2–phosphate (Sigma), dexamethaso-
ne (Sigma), L-glutamine (Gibco), penicillin and streptomy-
cin (Gibco). In some cases, we added EGF and PDGF-BB
(Peprotech). Once adherent cells were more than 70%
confluent, they were detached with 0.25% trypsin-EDTA

(Gibco), counted (using haemocytometer or cell viability
analyser Vi-Cell XR 2.03 (Beckman Coulter)) and replated
at a 1:3 dilution under the same culture conditions.

Differentiation cultures
To induce differentiation, we used MSCs/MPCs expan-

sion medium with or without FCS supplemented with rele-
vant factors. Cell differentiation is started after reaching of
70% confluence in culture flask. Adipogenesis is induced in
monolayer by decreasing FCS concentration in differentia-
tion media and adding 100 ng insulin (Sigma) per 1 ml of
the media. Differentiated adipocytes are visualized using oil
red staining. Chondrogenesis is induced in culture by means
of micro-mass techniques in basal media with 50 ng/ml
TGF-β1 (Stem Cell Technologies) (7,9). Osteogenesis is in-
duced by cultivation in the osteogenic media containing 0.5
mM of ascorbic acid (Sigma), 10 mM of β-glycerophos-
phate (Sigma) and 0.1 mM of dexamethason (Sigma) either
in monolayer or in cell pelets (7,9). Osteoblasts are identi-
fied using visualization of their products (collagen type
I and osteoid) and histochemical detection of alkaline
phosphatase using Naphthol AS-MX Phosphate.

Immunofluorescence
For detection of cytoskeletal proteins, cells were fixed

with methanol at -20 °C for 2 minutes and permeabilized
with 0.1% Triton X-100 for 10 minutes. For detection of other
intracellular molecules, cells were fixed with 4% parafor-
maldehyde at 20 °C for 10 minutes and permeabilized with
0.1% Triton X-100 for 10 minutes. For identification of cell
surface antigens, cells were fixed with 4% paraformaldehy-
de at 20 °C for 10 minutes. Blocking and diluent solution
consisted of phosphate-buffer saline (PBS), 1% BSA, and 1%
serum (Sigma) from the same species as was the primary
antibody. Slides were blocked for 30 minutes, incubated se-
quentially for 30 minutes each with primary antibodies and
fluorescein- or phycoerythrin-coupled anti-mouse or anti-
rabbit IgG antibody. Between each step, slides were washed
with PBS containing 0.3% BSA.

Flow Cytometry
For flow cytometric analysis cells were detached and

stained sequentially with immunofluorescent primary anti-
bodies until analysis with a FACSCalibur (Becton Dick-
inson). DNA analysis was performed by DNA ConKi kit
based on propidium iodide staining, according to the in-
struction of manufacturer. Percentage of positive cells was
determined as a percentage of cells with higher fluorescen-
ce intensity than the upper 0.5% of isotype immunoglobulin
control. Classification criteria: <10% no expression, 10–40%
low expression, 40–70% moderate expression and >70%
high expression.

Karyotyping
Cells (subcultured at a 1:3 dilution, both early passages

and after reaching 65 population doublings) were after 24
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hours cultivation subjected to a 4-hour Demecolcemid
(Sigma Aldrich) incubation followed by trypsin-EDTA de-
tachment and lysis with hypotonic KCl and fixation in
acid/alcohol. Metaphases were analyzed after GTG ban-
ding using software Ikaros v5.0 (MetaSystems).

Results

Culture of undifferentiated MSCs/MPCs
Our initial hypothesis presumed that both MSCs and

MPCs are present in the vertebral body bone marrow and
can be distinguished from haematopoietic progenitors and
from each other. MSCs were cultivated without separation
step in the basic expansion media containing 20% FCS.
MPCs were first depleted from cells expressing haemato-
poietic markers (CD45 and GlyA). Following two depletion
steps using MACS immunomagnetic beads, mononuclear
cells more than 99.5% CD45–, GlyA- were plated in 25 cm2

untreated plastic surface culture flasks with special expan-
sion media containing 2% FCS and growth factors (EGF,
PDGF). While MSCs grew quite quickly at the beginning
and their growth slowed down after 5th passage, MPCs pro-
liferated slowly during the initial expansion but much faster
afterwards.

The growth kinetics of two different bone marrow stro-
mal cells cultures (MSCs, MPCs) was investigated from the
primary culture through passage No. 10 in the case of
MSCs and through passage No. 26, corresponding to 63.5
population doublings in the case of MPCs. After 7 to 14
days, small clusters of adherent cells developed in both stro-
mal cells cultures. When clusters appeared, all cells were re-
plated in 25cm2 untreated plastic surface Petri-dish. Once
adherent cells were more than 70% confluent, they were de-
tached, counted and replated at a 1:3 dilution under the
same culture conditions. Cell doubling time for MPCs was
12 to 50 hours for the initial 43 cell doublings and increased
from 60 to 90 hours after 55 cell doublings. In comparison
cell doubling time for MSCs or MPCs cultured in supple-
mented serum-free medium was initially higher then 50
hours (Graphs 1,2).
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Graph 1: MSCs/MPCs total population doublings – regres-
sion, comparison.

Graph 2: MSCs/MPCs doubling time – comparison.

Fig. 1: Typical spindle-shaped morphology of MPCs plated
on utreated plastic in expansion medium with 2% FCS,
EGF and PDGF-BB (15 cell doublings). MPCs are 10 to 15
µm in diameter.

Fig. 2: Typical morphology of MSCs plated on untreated
plastic in expansion medium with 20% FCS without growth
factors (10 cell doublings). MSCs assume more flatten mor-
phology and are significantly larger than 20 µm in diameter.
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Fig. 3: Phenotypic analysis of MPCs plated on untreated plastic in expansion medium with 2% FCS, EGF and PDGF-BB
(10–15 cell doublings).



It was found that either CD45–GlyA- cells or MSCs, gave
rise to clusters of small adherent cells. Those cells differ in
amount and morphology according to cell purity, tested plas-
tic type, number of passage and level of FCS in expansion
medium (Fig. 1,2). Culture with greater than 2% FCS or cul-
ture at high density yielded cells that were significantly larger
(Fig. 2) and later more vacuolated. This was associated with
loss of proliferation potential beyond 29 cell doublings.

Cell viability analysis
During the whole ex vivo expansion process we have

also followed the cell viability and other parameters sum-
marized in Tab. 1.

Immunophenotypic analysis
Immunocytochemical analysis showed that MPCs ex-

press low levels of CXCR4 and high levels of telomerase,
nestin, fibronectin and STRO-1. Flow-cytometric analysis
of cells obtained after 10 to 15 cell doublings showed that
cells did not express CD16, CD18, CD34, CD49a, CD68,
CD105, CD146, CXCR4, CCR7 and HLA DR, DP, DQ
(not shown). Cells expressed low levels of CD11b, CD11c,
CD45, CD49c and CD106, medium levels of CD71 and
high levels of CD29, CD44, CD49d, CD49e, CD63, CD90,
CD117, CD166 and HLA A, B, C. Propidium iodide-based

DNA analysis showed approximately 25% of cells being in
S-G2 phase of cell cycle (Fig. 3).

Adipocytes
Adipogenesis was induced in MPCs monolayer by de-

creasing of FCS concentration in differentiation media and
adding 100 ng insulin per 1 ml of the media. Cultures were
maintained for 14 days, after that, more than 60% of cells
differentiated into lipid-laden cells that stained with oil-red
(Fig. 4).

Osteoblasts
According to the above mentioned protocol we have in-

duced osteogenic differentiation in MPCs monolayer.
Cultures were maintained for 4, 8 and 10 weeks. Our results
were confirmed by classical histological methods (green
trichrome staining, von Kossa), histochemistry (alkaline
phosphatase), immunohistochemistry (collagen I) and also
transmission electron microscopy.
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MPCs passages 5 15 25
Total cells 792 250 255
Viable cells 778 245 244
Viability (%) 98.2 98 95.7
Total cells / ml (x 106) 1.21 0.38 0.299
Viable cells / ml (x 106) 1.19 0.377 0.289
Average diameter (microns) 13.3 15.5 15.5
Average circularity 0.74 0.82 0.82

Tab. 1: Cell viability characteristics of culture-expanded
MPCs; representative example of three measurements
during ex vivo expansion is shown.

Fig. 4: Adipogenic differentiation from MPCs shown by oil
red staining. A representative example of 10 experiments is
shown.

Fig. 5: Chondrogenic differentiation from MPCs using micro-
mass technique is shown by toluidine blue staining. A re-
presentative example of 7 experiments is shown.



Chondroblasts
Development of chondroblasts was followed by staining

the micromasses with toluidine blue (Fig. 5), alcian blue
and safranin-O and with antibodies against type II and type
I collagen.

Karyotyping
Culture expanded MPCs both primary culture and after

reaching of 65 population doublings expressed telomerase
and were cytogenetically stable. Cytogenetic examination
of cells beyond so called Hayflick’s limit (63 population
doublings) showed normal karyotype in seven consecutive
experiments (Fig. 6).

Discussion

In the most contemporary stem cell experimental and
clinical protocols are the human MSCs prepared with
a standard method, with mononuclear cells isolated from
an iliac crest bone marrow aspirate using density gradient
techniques, and then both enriched and expanded in the
presence of high levels of FCS by their tight adherence to
plastic tissue culture dishes.

In this report, however, we have shown that relatively
homogeneous population of both human MSCs and MPCs
can be isolated from a low volume (2–5 ml) of the vertebral
body bone marrow. We have described differences in mor-
phological, biological and phenotypic characteristics be-
tween MSCs prepared with a standard “20% FCS” protocol
and MPCs immunomagnetically separated and expanded
extensively in vitro in 2% FCS containing media supple-
mented with growth factors. As Reyes et al. (15), we were
able to cultivate MPCs beyond 50 cell doublings and in
contrast with significantly larger and later more vacuolated
MSCs, we showed that over the entire cultivation period

MPCs gave rise to clusters of small adherent cells (Fig. 1).
Changes in morphology were closely associated with varia-
tion of proliferation potential.

Cell doubling time for MPCs was 12 to 50 hours for the
initial 43 cell doublings and increased from 60 to 90 hours
after 55 cell doublings (Graph 2). This is also correspond-
ing with Reyes et al. (15) observation. Regression analysis
of cumulated normal data (population doublings) proved
tight dependence of population doublings on passage
number. On 5% level of significance using t-test these two
facts were confirmed: 1) Number of population doublings
of both MSCs and MPCs did not differ; 2) Doubling time
of MSCs cultivated in 20% FCS is significantly higher than
doubling time of MPCs. Moreover, using regression analy-
sis of uncumulated data, we confirmed, that the slowing of
cell proliferation is a function of increasing passages (2,3).

MPCs isolated and separated in this study had consi-
stent surface molecule profile as evidenced by 28 available
marker antibodies (Fig. 3). While most of these markers
have been detected on MSCs as well, some interesting dif-
ferences can be noted. The levels of CD105 (endoglin) were
much lower on MPCs than on MSCs, while levels of CD71
(transferrin receptor), CD117 (c-kit) and CD166 (ALCAM)
were higher. CD71 levels on MPCs and MSCs, as on other
cell types, correlate with proliferation rate, therefore it is lo-
gical, that this marker is more abundant on faster prolife-
rating MPCs. CD166 (ALCAM) correlates positively with
osteoblastic potential of MPCs and MSCs (1). While CD117
on MSCs was reported to be negative by most investigators
(16), a mesenchymal cell line positive for CD117 with re-
tained potential for osteoblastic differentiation was recent-
ly isolated from human hamartoma (5) and CD117 and
osteocalcin co-expression was found on activated bone-mar-
row cells from patients with bone marrow infiltration with
haematological malignancies (10). Thus, CD117 expression
on MPCs can either indicate their immature status, or their
osteoblastic differentiation potential, or their activated sta-
tus, respectively. In several independent experiments,
MSCs expressed only weak staining for CD117.

Conclusions

We describe here for the first time the isolation and ex
vivo culture of mesodermal progenitor cells isolated from
the human vertebral body bone marrow. The results of our ex-
periments proved that these MPCs can be expanded beyond
Hayflick’s limit and differed from MSCs in morphological,
biological and phenotypic characteristics. Doubling time of
MSCs is significantly higher than doubling time of MPCs.
Moreover, we confirmed that the slowing of either MSCs or
MPCs proliferation is a function of increasing number of
passages. Our MPCs lines expressed consistent surface mo-
lecules as evidenced by 28 available marker antibodies.
Over the entire cultivation period we did not observe any
changes in cell viability and differentiation potential among
MSCs and MPCs. Thus, because MPCs can be selected

32

Fig. 6: Karyotyping. CD45–GlyA- cells were plated on un-
treated plastic in expansion medium with 2% FCS, EGF
and PDGF-BB and passaged for 65 cell doublings. Cells
were harvested 24 hours after replating and were cytogene-
tically analyzed. A representative example of 7 experiments
is shown.



and expanded extensively by clinically applicable methods,
they may be an ideal source of adult stem cells for the cell
therapy.
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Současné klinické použití MSC v regeneraci hyalinní chrupavky 

Current clinical use of MSC in hyaline cartilage regeneration

David Stehlik1, Robert Pytlík2, Hana Rychtrmocová2, Zdeněk Kopečný1, Tomáš Trč1

1Klinika dětské a dospělé ortopedie a traumatologie 2. LF UK, V Úvalu 84, 150 06 Praha 5, tel. 224 432 801, e-mail: stehlikd@seznam.cz 
2I. interní klinika – klinika hematologie VFN a 1. LF UK

Souhrn:

Prvotní entuziasmus širokého použití multipotentních mezenchymových kmenových buněk v medicíně odezněl. Klinické použití 
MSC v léčbě chrupavky zaostává za očekáváními. Ne všechna současná použití MSC jsou aplikována ve smyslu medicíny založené 
na důkazech. Některé terapie se zdají být prodáváním naděje, a ne léčením. Enormní regulace pokročilých terapií na jedné 
straně brzdí terapeutické postupy, ale na straně druhé vede k ověření bezpečnosti a efektivity terapie. V současné době existuje 
několik klinických studií fáze I se slibnými výsledky, ale efektivita MSC musí být ještě potvrzena ve fázích II a III. Ortopedická 
společnost stále čeká na efektivní buněčnou terapii a štěp vytvořený tkáňovým inženýrstvím chrupavky, ale do té doby zůstanou 

mikrofraktury jednou z mála možností, jak léčit chrupavku.
Klíčová slova: buněčná terapie, chrupavka, klinické studie, MSC 

Summary:

The enthusiasm about broad application of multipotent mesenchymal stromal cells in human medicine is gone. The clinical use 
of MSC in cartilage treatment is far below the expectations. Not all of the currently utilised MSC applications are used according 
to evidence-based medicine. Some of the therapies seem to sell hope instead of a true cure. Enormous regulations of advanced 
therapies medicinal products lead to a delay in therapeutic approaches on the one hand, on the other hand lead to assurance of 
safety and efficacy of a therapy. Currently there are only a few clinical trials on cartilage treatment, which went through phase 
I with promising results, but the efficacy of MSC use needs to be proved in phase II and III. The Orthopaedic society still waits 
for an effective cell therapy and tissue engineered cartilage graft, until that time the microfracturing stays one of a few options 

how to treat the cartilage. 

Key words: cell therapy, cartilage, clinical trials, MSC

Ortopedie 2015;9:194–196.

Mezenchymové kmenové buňky
Jako mezenchymové kmenové či mezen-

chymové stromální buňky (MSC) jsou ozna-
čovány adherentní nehematopoetické buňky 
izolované prvně z kostní dřeně Friedensteinem 
a Owenovou (8, 7, 16). Na základě studií pro-
vedených na přelomu tisíciletí bylo prokázáno, 
že tyto buňky jsou schopné diferenciace do 
většího počtu specializovaných buněčných 
populací, mezi nimi i do chrupavčité tkáně 
(Prokop et al., 1999). Tyto poznatky vzbudily 
velké naděje, že tyto buňky bude možné použít 
i k regeneraci hyalinní chrupavky. 

V současné době je známo, že MSC jsou 
tvořeny více populacemi buněk, jejichž kme-
novost je více či méně omezená. Minimální 
kritéria pro MSC byla stanovena téměř před 
deseti lety (6) a zahrnují následující vlast-
nosti: adherence k plastu, pozitivita znaků 

CD105, CD73 a CD90, při současné negativitě 
znaků pro hematopoetické buňky (tj. CD34, 
CD45, CD14 nebo CD11b, CD79alfa nebo CD19, 
HLA-DR) a schopnost diferenciace minimálně 
do tří linií (chondrogenní, osteogenní a adi-
pogenní). 

Tato kritéria zůstávají nadále platná, i když 
zejména ohledně pozitivity určitých znaků, 
například CD34, probíhá v  současné době 
diskuse (18). 

Nejvíce prozkoumaným zdrojem MSC pro 
buněčnou terapii a  tkáňové inženýrství 
chrupavky je nika kostní dřeně (13, 12). 
Publikovány byly i jiné zdroje MSC, jako je 
tuková tkáň, ale schopnost takto získaných 
MSC plně reparovat chrupavku u člověka musí 
být teprve prokázána (22), zejména proto, 
že jejich fyziologická funkce je chrupavce 
poněkud vzdálená.

Regenerace chrupavky
Lidská hyalinní chrupavka, na rozdíl od 

chrupavek jiných živočišných druhů, nemá 
schopnost adekvátní regenerace. Ačkoli se 
v její matrix kromě zralých chondrocytů na-
chází i nezralé buňky s MSC charakteristikami, 
nemají kapacitu traumatizovanou hyalinní 
chrupavku reparovat (11). Jejich fyziologické 
funkce jsou patrně jiné, zejména imunomodu-
lační (1). MSC jsou přítomny také v synoviální 
membráně, ve stromatu menisků a dalších 
částech kloubů, jejich funkce v těchto tká-
ních však není plně objasněna. Při traumatic-
kém osteochondrálním poškození regeneruje 
chrupavka diferenciací MSC vcestovaných do 
koagula vzniklého nad defektem. MSC využijí 
fibrin jako molekulární lešení a diferencují 
do chondroblastů aktivací SOX9 za přispění 
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růstových a diferenciačních faktorů a nízkého 
parciálního tlaku O2. Konečným výsledkem 
je jizva tvořená chrupavkou smíšenou či 
vazivovou (Obr. 1).

Použití nemanipulovaných MSC
V současné době je použití nemanipulo-

vaných či minimálně manipulovaných MSC 
(tedy bez použití in vitro expanze) jedinou 
možnou léčbou chrupavčitých defektů, kterou 
současná legislativa povoluje. Zdrojem MSC 
pro tyto aplikace je tuková tkáň a  kostní 
dřeň. I u nemanipulovaných či minimálně 
manipulovaných MSC je podle platné legis-
lativy nutné dodržet pravidlo ortotopické 
implantace, tedy implantace do stejné tkáně, 
z níž byly odebrány.

Toto je úskalím zejména MSC separovaných 
z tukové tkáně. Proto při této metodice MSC 
extrahované z tuku by měly být implantovány 
nikoli intraartikulárně, ale do okolní tukové 
tkáně. Dodržení legislativních pravidel ovšem 
automaticky neznamená, že jde o  postup, 
který má racionální vědecký podklad. Do 
současné doby je mediální prezentace tohoto 
postupu zavádějící, nejen pro pacienty, ale 
i pro odbornou veřejnost. V současné době 
aplikace pacientům neprobíhají v rámci řádně 
zaregistrované klinické studie. Z  pokusů 
na imunodeficientním zvířecím modelu je 
známo, že lidské MSC aplikované bez nosiče 
do podkožní tukové tkáně se v ní neudrží 
a  během několika hodin migrují do plic, 
sleziny (Obr. 2) a dalších orgánů, nikoli však 
do přilehlých kloubů. Fyziologická funkce 

adipogenních MSC spočívá spíše v regulaci 
zánětlivých procesů (2). Proto by pravdě-
podobně měly být prověřeny zejména imu-
nomodulační schopnosti MSC separovaných 
z tukové tkáně, tak aby mohla být prokázána 
účinnost těchto buněk na zánět doprová-
zející chondrální postižení. Autoři článku 
sdílí názor, že v  současné době aplikace 
MSC získaných z  tukové tkáně do tukové 
tkáně v okolí kloubu k léčbě chrupavky je 
postupem non lege artis, do současné doby 
nepodložený klinickými studiemi.

Perkutánní intraartikulární aplikace 
nemanipulovaných MSC z kostní dřeně je 
také velmi diskutabilní, zejména vzhledem 
k  malým výtěžkům MSC z  odběru. Studie 
použití MSC z kostní dřeně k  léčbě pseu-
doartróz dokumentuje, že i  při správném 
odběru kostní dřeně lze odebrat 612 ± 134 
opravdových progenitorů v mililitru (9), tj. 
z 50 ml kostní dřeně asi 30 000 MSC. V našich 
souborech dosahujeme řádově podobných 
výtěžků (20). Většina těchto buněk se im-
plantuje do synoviální výstelky, což může mít 
lokální imunomodulační účinky se snížením 
katabolické zátěže chondrální tkáně. Jiná 
může být situace při akutním traumatu či 
operačním zákroku, kdy dojde v místě chru-
pavkového defektu k vytvoření primárního 
fyziologického nosiče, tedy koagula, kde by 
MSC mohly adherovat a eventuálně prolife-
rovat, diferencovat a atrahovat progenitory 
z okolních tkání. Abrazivní techniky s návrty 
a  mikrofraktury jsou ovšem v  regeneraci 
chrupavky užívány již řadu let (5) a tuto 
metodu je možno v současné době pokládat 
za jedinou klinicky podloženou a zdravotní-
mi pojišťovnami hrazenou léčbu chrupavky 
pomocí MSC. MSC v tomto případě pochází 
z kostní dřeně a okolní tkáně.

Použití manipulovaných MSC
Další možností použití MSC je aplikace pře-

dem namnožených MSC in vitro. Nesčetně týmů 
publikovalo metody množení MSC in vitro, ně-
kteří, včetně naší skupiny, je i patentovali (17). 
Výroba MSC musí splňovat všechny nároky 
místně příslušných regulačních orgánů (FDA, 
EMA, SÚKL) na výsledný buněčný produkt, tedy: 
identitu, čistotu, potenci, efektivitu, sterilitu, 
a zejména bezpečnost. Aby jakákoli buněčná 
terapie spadající do kategorie pokročilých tera-
pií (ATMP) mohla být rutinně použita, je nutno 
ověřit její bezpečnost a účinnost v klinických 
studiích postupujících řádně od fáze I až po 
fázi III – v tom není žádný rozdíl od jiných 
léčebných metod. 

V nedávné době byla publikována neran-
domizovaná studie fáze I  (NCT01183728) 
s  intraartikulární aplikací 40 milionů 
pomnožených autologních MSC z  kostní 
dřeně k léčbě gonartrózy u 12 pacientů s op-
timistickými závěry hodnocená subjektivními 
parametry, ale i pomocí MRI (15).  Stejným 
týmem byl podobný koncept, ovšem s užitím 
alogenních MSC z kostní dřeně, použit v dvo-
jitě slepé studii (NCT01586312) a publikován 
v letošním roce (21). Expandované autologní 
MSC z  tukové tkáně v  nerandomizované 
studii NCT01300598 fáze I (bezpečnost) byly 
aplikovány 18 pacientům rozdělených do  
3 skupin 10, 50 a 100 milionů MSC s povzbu-
divými výsledky (10).  Z dalších probíhajících 
studií zmíníme ještě otevřenou studii 
NCT02351011 pro léčbu gonartrózy kultivo-
vanými autologními MSC z kostní dřeně. Jde 
o nerandomizovanou studii pro 12 pacientů 
fáze I/II, zaměřenou na bezpečnost, lokální 
a  celkové vedlejší účinky. Pacienti budou 
rozděleni do 3 skupin s dávkováním 1, 10  
a 50 milionů MSC. 

Další registrované klinické studie do 
současné doby nemají publikovány výsledky, 
i když byly ukončeny před lety, byly zrušeny, 
teprve přijímají nové pacienty nebo je je- 
jich status neznámý. Přehled registrova- 
ných klinických studií lze nalézt na stránce 
www.clinicaltrials.gov.

Použití MSC k regeneraci chrupavky 
v kombinaci s nosičem

Při pokusech in vivo na zvířecích modelech 
se zdají být vstřebatelné nosiče, zejména na 
bázi gelů, velmi perspektivní. Do klinické fáze I  
(NCT01733186) dospěl CARTISTEM®, preparát 
založený na alogenních expandovaných MSC 

Obr. 2 Lidské MSC značené červeně (PerCy-5.5)  
ve slezině NOD/LtSz-Rag1- myši po subkutánní aplikaci 
fibrinového nosiče s kultivovanými MSC určeného  
ke klinickému použití. Implantace provedena v rámci 
preklinických testů bezpečnosti metodiky produkce MSC. 
Jádra jsou značená modře (DAPI) a cévy zeleně (FITC).

Obr. 1 MRI levého kolene, pacient 16 let, 2 měsíce po 
osteochondrální fraktuře laterálního kondylu femuru 
zhojené pravděpodobně vazivovou chrupavkou, která 
téměř dosahuje tloušťky původní hyalinní, artroskopicky 
ověřeno, exstirpován osteochondrální fragment
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z pupečníkové krve v nosiči na bázi kyseliny 
hyaluronové. Studie je plánována pro 12 
pokusných osob a v současné době zařazuje 
pacienty. Následně je plánována srovnávací 
studie s mikrofrakturami (NCT01626677). 

Selhání MSC v jiných klinických aplikacích
Velikým zklamáním na poli buněčné terapie 

bylo selhání studie sponzorované firmou Osiris 
(NCT00366145), kdy se kultivované alogenní 
MSC ukázaly neefektivní v potlačení steroid-
-rezistentní reakce štěpu vůči hostiteli (GVHD). 
Na další nevalný úspěch MSC terapie poukázala 
metaanalýza použití MSC v léčbě ICHS (14). 
Autoři identifikovali chyby ve zpracování, 
prezentaci dat studií, a zejména zanedbatelný 
efekt MSC v léčbě ICHS. Za selhání vědecké 
obce lze považovat komerční využití nepod-
ložených a neracionálních teorií o efektu MSC 
na regeneraci neskeletálních tkání (4). Pokusy 
finančně profitovat na vážně nemocných paci-
entech, například s neurogenním postižením, 
probíhají nejenom v zemích, které jsou známé 
pro svou „kmenovou turistiku“(19) a kde chybí 
regulace použití MSC, ale i v Evropě, Českou 
republiku bohužel nevyjímaje (3). 

Závěr
MSC kostní dřeně hrají bezesporu ústřední 

úlohu v  regeneraci skeletálních tkání. 
Výsledky buněčné terapie a tkáňového inže-
nýrství s použitím MSC v regeneraci skeletu 
jsou povzbudivé, ale entuziasmus, který pano-
val na přelomu tisíciletí, již opadl. Pro rutinní 
použití MSC v regeneraci hyalinní chrupavky 
bude třeba pečlivé a  kritické zhodnocení 
klinických studií, abychom své pacienty léčili 
ve smyslu medicíny založené na důkazech 
(evidence-based medicine), neprodávali jim 
drahou naději na vyléčení a nepřidávali se 

tak na „temnou stranu“ buněčné terapie. 
V intraartikulárních terapiích bez nosiče je 
nutno rozkrýt mechanismus účinku MSC. Další 
potřebou je identifikovat vhodný zdroj a způ-
sob výroby MSC a pravděpodobně i vhodný 
nosič buněk, který umožní MSC diferencovat 
a restaurovat architektoniku extracelulární 
matrix. Otevřenou otázkou zůstává, budeme-li  
schopni dosáhnout zhojení defektu a rege-
nerace hyalinní chrupavkou, nebo zda přes 
veškeré vynaložené úsilí dojde opět pouze 
k vytvoření chrupavky převážně vazivové. 

Poděkování: Podpořeno grantem IGA MZ 
ČR NT13531/4.
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Současné klinické použití MSC k regeneraci kostní tkáně 

Current clinical use of MSC in bone regeneration
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Souhrn:

Multipotentní mezenchymové stromální buňky hrají ústřední roli v ontogenezi kosti, stejně tak při její regeneraci. Empirické 
užívání MSC v  rekonstrukční chirurgii kosti má dlouhou historii. V  současné době použití minimálně manipulovaných MSC 
z  kostní dřeně v  ortotopickém podání se stává běžnou metodikou ortopedie. Nicméně zavádění efektivních a bezpečných 
metod buněčné terapie dospělými kmenovými buňkami a tkáňového inženýrství bude ještě vyžadovat značnou míru výzkumu, 
a zejména klinických studií. Jedinou cestou, jak se vyhnout fatálním omylům v regenerativní medicíně, je objektivní a kritické 

hodnocení všech fází klinických studií. 

Klíčová slova: buněčná terapie, kost, klinické studie, MSC

Summary:

Multipotent mesenchymal stromal cells play a fundamental role in ontogenesis and bone regeneration as well. Empirical use of 
MSCs in reconstructive surgery of bones has a long history. Currently the use of minimally manipulated MSCs derived from bone 
marrow in orthotropic applications turns to be a standard procedure in orthopedics. Nonetheless the launching of efficient and 
safe methods of somatic stem cell therapy and tissue engineering still require substantial amount of research and clinical trials 
in particular.  The only way how to avoid fatal errors in human regenerative medicine is to accurately and critically evaluate of 

all phases of clinical trials. 

Key words: cell therapy, bone, clinical trials, MSC

Ortopedie 2015;9:198–202.

Regenerace kosti
Samotná reparace kostní tkáně probíhá 

rekapitulací ontogeneze, tedy z mezoder-
mu enchondrální a  endesmální osifikací. 
V jakém poměru tyto typy osifikací budou 
zastoupeny, spoluurčuje typ kosti, velikost 
poškození, mechanická stabilita a  další 
faktory (53). Vždy však ústřední roli hrají 
mezenchymové kmenové buňky (MSC) (55). 
MSC (Obr. 1), spolu s dalšími buněčnými po-
pulacemi okolní tkáně (50), osteoinduktivní-
mi faktory (např. BMP 2, BMP 4, BMP 7, FGF-2, 
TGF β, PDGF, IGF-I, HGF) a osteokonduktivní 
matrix jsou složky triangulárního konceptu 
hojení kosti (27). 

Poškození kostní tkáně významně ovlivňu-
je kvalitu života pacienta a je zatíženo vyso-
kým procentem komplikací. Ve snaze zlepšit, 
urychlit a zvýšit pravděpodobnost reparace 
kosti se začínají prosazovat metodiky buněč-
né terapie a tkáňového inženýrství a spolu 
s růstovými faktory se prosazují v ortopedii 
a kostní chirurgii. 

Po objevení buněk s velkou proliferační 
aktivitou a jejich dalším studiem (16, 19, 57) 
se otevřela téměř nekonečná řada teoretic-
kých, ale i praktických použití těchto buněk 
v medicíně. Název těchto buněk se ustálil na 
MSC (39) a jejich vlastnosti byly víceméně 
definovány (13). Od té doby od některých 
použití bylo ustoupeno, ale zásadní role MSC 
v  reparaci kostní, chrupavčité a  vazivové 
tkáně a niky kostní dřeně byla potvrzena. 
Zároveň je postupně rozkrývána úloha MSC 
v podpoře růstu nádorů (60).

Stimulace hojení kosti pomocí MSC
MSC jsou pravděpodobně tou nejdůležitější 

buněčnou populací v  regeneraci kosti (6) 
nejen proto, že jsou schopny diferenciace do 
kosti a chrupavku produkujících buněk, ale také 
že jsou pro své blízké i vzdálené okolí zdrojem 
růstových faktorů, cytokinů a v neposlední řadě 
se samy podílejí na novotvorbě cévního záso-
bení, kde mohou suplementovat endoteliální 

buňky. MSC atrahují také další nediferencované 
buňky (tj. další MSC) a rovněž diferencovanější 
progenitory z okolních tkání do místa poško-
zení. Historicky klinická použití MSC začala 
těmi technicky nejjednoduššími, tedy použitím 
kostní krve ke stimulaci hojení kosti, přes kon-
centráty mononukleárních buněk kostní dřeně, 
MSC namnožené in vitro až po MSC umístěné 
na nosiče v rámci tkáňového inženýrství. Na 
zvířecích modelech jsou v posledních letech 
zkoumány také geneticky modifikované MSC 
prolongovaně produkující růstové faktory (20). 
Do současné doby nebylo použito geneticky 
modifikovaných MSCs v klinickém experimentu. 
Nutno však připomenout, že MSC se podílí na 
úspěchu takových standardních metod, jako 
je transplantace kostní dřeně nebo také užití 
autologního kostního štěpu. 

Autologní kostní štěpy
Jedna z prvních zmínek o použití kost-

ního štěpu pochází z  roku 1668 (Job van 
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Meek’ren) (15). Použití autologních kostních 
štěpů odebraných z lopaty kosti pánevní je 
nadále zlatým standardem v léčbě kostních 
defektů. Operací s  použitím autologních 
kostních štěpů se provádí miliony ročně na 
celém světě (4, 26). Autologní štěp obsahuje 
všechny složky k hojení kosti ve smyslu výše 
zmíněného triangulárního konceptu. Při 
manipulaci a použití tohoto štěpu je nutno 
mít na paměti, že obsahuje živé MSC, které 
jsou potentním akcelerátorem hojení kosti, 
ovšem pouze pokud manipulaci přežijí. 

Kostní dřeň
Technicky nejméně náročným použitím 

MSCs je aplikace samotné kostní dřeně. 
Významem kostní dřeně v  hojení kosti na 
zvířecím modelu se zabýval například Burwell 
(5). V  70. letech minulého století bylo 
pozorováno, že ektopicky podaná kostní dřeň 
může vytvořit novou kostní tkáň (18, 61). Roku 
1980 Lindholm a Urist (49) publikovali použití 
kostní dřeně spolu s kostní matrix. 

V roce 1986 Connolly a Shindell a poté další 
autoři (9–11, 28, 32) zdárně léčili pacienty 
s nezhojenými zlomeninami tibie perkutánní 
injekcí kostní dřeně. Tato technika byla po- 
užita i při léčbě pakloubů u pacientů s nádoro-
vými onemocněními (31). Slibné výsledky byly 
demonstrovány také při hojení jiných dlouhých 
kostí (25). Po předchozích úspěších byla roz-
šířena indikace perkutánního použití kostní 
dřeně i na iatrogenní paklouby, paklouby při 
segmentálním transportu kosti a paklouby při 
prolongačních osteotomiích (59). 

Úspěšné využití kostní dřeně k osídlení 
a zlepšení přihojení alogenního strukturální-
ho kostního štěpu u pediatrických i dospělých 
pacientů popsala řada autorů (63). V roce 
2002 Hernigou a  Beaujean prezentovali 
úspěšnou prospektivní studii se 116 pacienty 
léčenými dekompresí a  aplikací autologní 
kostní dřeně u nekróz hlavic femurů (33). 

Nekoncentrovaná kostní dřeň byla s rozpo-
ruplnými výsledky použita k perkutánní léčbě 
juvenilních kostních cyst (64, 68). 

Transplantací kostní dřeně lze léčit či 
zlepšit stav pacientů s genetickými onemoc-
něními skeletu například u autozomálně re-
cesivní osteopetrózy (14) nebo osteogenesis 
imperfecta (40). Expandované MSC rovněž 
mohou zlepšovat přihojení hematopoetických 
buněk v klasických indikacích transplantace 
kostní dřeně (2, 65). 

Koncentrát mononukleárních buněk 
kostní dřeně

Koncentrovanou kostní dřeň použili Gangji 
a Hauzeur pro léčbu I.–II. stadia aseptických 
nekróz hlavice femuru s dekompresí centra 
nekrózy (22–24), poté publikovali prospektivní 
dvojitě slepou studii s pětiletým sledováním, 
kde potvrdili úspěšnost této metodiky (21). 
Koncentrovaná kostní dřeň v  léčbě nekróz 
hlavic femurů byla úspěšně použita i dalšími 
autory (62, 67). Hernigou publikoval zatím 
nejrozsáhlejší soubor aplikace koncentrované 
dřeně u  nekróz hlavic femurů u  534 kyčlí 
u 342 pacientů (37), kde při průměrné době 
sledování 12 let pouze 94 kyčlí muselo být 
řešeno náhradou. Tentýž autor v další studii 
zahrnující 1089 pacientů s osteonekrózami 
léčených koncentráty kostní dřeně neshledal 
zvýšení rizika vzniku nádorů (34). V prezento-
vaném souboru prekolapsových stadií osteo-
nekróz hlavice femuru tato metodika výrazně 
redukuje i v dlouhodobém horizontu nutnost 
implantace totálních náhrad kyčelních kloubů. 

Studie intraarteriální (a. circumflexa femo-
ris medialis) aplikace 30–60ml  koncentrátu 
autologní kostní dřeně (110–200 ml) v léčbě 
osteonekrózy hlavice femuru (52) prezentuje, 
že po 5 letech pouze 6 ze 78 pacientů muselo 
být řešeno totální náhradou kyčle.

Aplikace koncentrátů kostní dřeně při léč-
bě neinfikovaných atrofických pseudoartróz 
tibie u 60 pacientů byla publikována v roce 
2005 (36). Tato dobře dokumentovaná studie 
perkutánní aplikace 20ml koncentrátu z pů-
vodních 300 ml kostní dřeně, který obsahoval 
612 ± 134/ml progenitorů, tedy MSC, pouka-
zuje na korelaci zhojení a velikosti svalku 

s  počtem implantovaných MSCs. U  7 pa- 
cientů, u kterých ke zhojení pakloubu nedo-
šlo, byla implantována celková dávka menší 
než 30 000 MSCs. Tato studie vyzdvihuje to, 
že množství MSCs v aspirátu kostní dřeně, 
které bohužel nelze předem odhadnout, je 
pro úspěšnost této metody rozhodující (35). 

Koncentráty kostní dřeně byly použity 
s úspěchem také ve spojení s avitálními kost-
ními štěpy v léčbě infikovaných pakloubů (1) 
a také u proximálních tibiálních osteotomií 
(12), kde zrychlily zhojení. 

Přes vylepšení metodiky odběru a koncen-
trace MSCs zůstává počet těchto progenitorů 
ve zpracovaném materiálu limitován. Na 
druhou stranu vzhledem k současné legis-
lativě je takovéto ortotopické použití nema-
nipulovaných buněk kostní dřeně povoleno 
regulačními úřady, je jednoduché, poměrně 
finančně nenáročné a s minimálními poža-
davky na vybavení.

Kultivované MSCs
Napěstování MSC z kostní dřeně in vitro 

řeší nízkou četnost MSC při použití kostní 

Obr. 1 Nativní snímek z inverzního mikroskopu MSC kultur, 
pěstovaných způsobem určeným ke klinickému použití

Obr. 2a Pooperační rtg 5mm defektu kosti stehenní 
u imunodeficientního potkana, vpravo řešený dlahovou 
osteosyntézou a expandovanými MSC způsobem určeným 
ke klinickému použití
Obr. 2b Defekt 16 týdnů pooperačně
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dřeně a koncentrátů mononukleárních buněk 
kostní krve. Mnoho autorů publikovalo in vitro 
kultivační postupy pro MSCs (7, 8, 17, 29, 30, 
51) nejenom pro laboratorní výzkum, ale nyní 
i pro klinické použití (42, 47). Náš kolektiv 
publikoval (58) a patentoval postup rychlé 
14denní expanze MSC (č. patentu EU 1999250, 
ČR 301 141: Způsob pěstování lidských me-
zenchymových kmenových buněk, zejména pro 
léčbu nehojících se fraktur, a bioreaktor k pro-
vádění tohoto způsobu, Pytlík R, Stehlík D,  
Kobylka P, Rypáček P, Trč T, et al.). Tyto me-
todiky jsou úspěšně testovány na zvířecích 
modelech (Obr. 2). Rutinní použití kultivo-
vaných MSC v současné době není povoleno 
a v medicínsky kulturních zemích podléhá 
přísné regulaci (FDA, EMA, SÚKL atd.). 

In vitro expandované MSC byly apliko-
vány spolu s plazmou bohatou na destičky 
(platelet rich plasma, PRP) do regenerátů 
prolongačních osteotomií tibií a  femuru 
a  byla prokázána stimulace a  akcelerace 
hojení (44–46).

Před zavedením legislativy pro buněčnou 
terapii byly MSC úspěšně expandovány 
a prediferencovány na hydroxyapatitových 
granulích a  použity jako náhrada spongi-
ózních kostních štěpů u  výplně kavit při 
léčbě nezhoubných nádorů. Expandované 
MSC na nosičích byly použity v orofaciální 
rekonstrukční chirurgii s ne plně předvída-
telným efektem (54). Úspěšné použití při 
augmentaci horní čelisti s použitím preex-
pandovaných autologních MSC z kostní dřeně 
v PRP gelovém nosiči popsal na souboru 104 
pacientů Yamada (66).  

V dalším experimentu bylo použito MSC 
k léčbě nekróz hlavic kostí stehenních s po-
dobným úspěchem jako kostní dřeně (70). 

Kim publikoval roku 2009 multicentrickou 
randomizovanou studii s  použitím auto-
logních kultivovaných osteoblastů získaných 
osteogenní kultivací – diferenciací kostní 
dřeně u pacientů se zlomeninami dlouhých 
kostí. Skupina pacientů, kteří byli léčeni 
buněčným preparátem, měla statisticky 
významně urychlené hojení zlomenin (43).

Na základě dobrých experimentálních 
klinických výsledků Horwitz (38, 56) probíhá 
vyhodnocování fáze I klinické studie s opako-
vaným i. v. podáváním alogenních MSC dět-
ským pacientům s osteogenesis imperfecta 
typ II a III (NCT01061099). 

Počet klinických studií s aplikací kultivo-
vaných MSC či mononukleární frakce kostní 
dřeně v registrech klinických studií přesahuje 
200 (clinicaltrialregistar.eu, who.int/ictrp, 
clinicaltrials.gov). Výsledky s  aplikací pro 

regeneraci kostní tkáně jsou publikovány 
v současné době pouze u jedné randomizo-
vané studie u zlomenin tibie s perkutánní 
aplikací kultivovaných MSC smísených s PRP 
a demineralizovanou kostní matrix. Přestože 
šlo o studii fáze I, zaměřenou zejména na 
bezpečnost, došlo zde v souboru 24 pacientů 
ke zkrácení mediánu času hojení z 3 měsíců 
u kontrolní skupiny na 1,5 měsíce ve skupině 
s MSC (48). U všech ostatních studií však 
v současné době zveřejnění výsledků chybí, 
a to i u studií, které skončily před mnoha lety. 

Separované cirkulující MSC
Na přelomu tisíciletí se vyskytly teorie 

několika autorů a první důkazy o existenci 
cirkulujících buněk v periferní krvi s MSC cha-
rakteristikou (41, 71). Nejpoužívanější meto-
dy separace mononukleárních buněk periferní 
krve jsou hustotní gradientové centrifugace 
nebo aferézní separace. Hustotní gradientová 
centrifugace je používána pro experimentální 
účely a  její výtěžky jsou ve srovnání se 
separátorem velmi nízké. Separátorem lze 
bezpečně získat velké množství periferních 
mononukleárů (3). Buňky s MSC charakteris-
tikami jsou zastoupeny v nízkém počtu, proto 
po separaci je nutná pozitivní či negativní se-
lekce MSC z monocytárních buněk, například 
pomocí MACS (magnetic bead activated cell 
sorting). Na rozdíl od dalších metod získávání 
MSC je separace z periferní krve minimálně 
invazivní. Pro použití pro klinické účely u ne-
ortotopických aplikací jsou ovšem nutné další 
preklinické studie k prokázání multipotence, 
a zejména bezpečnosti (69). 

Závěr
Klinické použití nemanipulovaných MSC 

z kostní dřeně, především pak koncentráty 
mononukleárních buněk kostní dřeně, zlepšují 
výsledky léčby zejména zlomenin, pakloubů 
a  nekróz hlavice kosti kyčelní. Nicméně 
v jiných aplikacích, jako jsou například kostní 
defekty, juvenilní cysty nebo fibrózní defekty, 
je třeba dalších klinických studií k ověření 
efektivity použití MSC. Stejně tak musí 
být potvrzena či vyvrácena efektivita MSC 
získaných z jiných zdrojů, než je kostní dřeň, 
kde hovoříme o použití buněk mimo jejich 
základní funkci, neortotopickém použití 
buněk, tedy buněk, které jako svoji primární 
funkci neměly regeneraci kosti. Použití 
separovaných cirkulujících MSC a geneticky 
upravených MSC se v  blízké budoucnosti 
v klinické praxi nepředpokládá.

Publikované experimenty a některé klinic-
ké studie v oblasti buněčné terapie a tkáňo-
vého inženýrství s použitím kultivovaných 
autogenních či alogenních MSC k regeneraci 
kosti nám dávají perspektivu, že léčba bude 
bezpečná. Naděje však nestačí, je nutné 
objektivní, kritické zhodnocení proběhlých 
klinických studií, které jsou vesměs fáze I–II,  
a  provedení dostatečně velkých studií  
fáze III. Teprve pokud v nich bude prokázána 
efektivita MSC, budeme moci léčit s čistým 
svědomím pacienty na podkladě medicíny 
založené na důkazech, a  ne na zaslepené 
víře v jejich magické multipotentní kmenové 
schopnosti. 

Poděkování: Podpořeno grantem IGA MZ ČR 
NT13531/4
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