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General introduCtion

Bone marrow-derived mesenchymal stromal cells or stem cells (MSCs) are a source of multi-

potent cells that are increasingly used in regenerative medicine1. One such application is the 

repair of serious bone defects that cannot be healed by intrinsic mechanisms of the human 

body. By combining a biomaterial carrier or scaffold with stem cells it is possible to create a 

hybrid construct that, once implanted, should differentiate into bone and thereby replace the 

damaged tissue, a process known as “tissue engineering” 2-4. The results in preclinical animal 

studies have led to high expectations of using MSCs in the repair of bone defects 5-16. How-

ever, the results from first clinical reports utilizing this approach were inconsistent, mainly 

due to the fact that it was unclear precisely which cell population was responsible for de novo 

bone formation 17-32. Several questions have arisen from these studies. Did the MSCs in the 

hybrid construct indeed contribute to the bone formation? Were the cells themselves impor-

tant or were they only a source of factors that induced the bone formation by recruiting and 

activating locally residing stem cells? Or, are we dealing with different subpopulations of cells 

among the MSCs, differing in their multipotency, which would make it important to have 

sufficient numbers of the MSCs with in vivo bone forming potential to succeed? And if there 

are such subpopulations, how could we discriminate and possibly isolate them and utilize 

the selected MSCs for preparing the hybrid constructs? This thesis aims to address some of 

these questions , and this first chapter provides an overview of the main topics covered in 

subsequent chapters.

CliniCal BaCKGround

Bone provides the main structural and mechanical support for the human body. The skeleton 

provides the necessary framework, protecting vital organs such as the brain, heart and lungs, 

containing the bone marrow, where blood cells are being produced, and are a reservoir for 

minerals, such as calcium, phosphorus, magnesium and sodium 33,34. Remodeling of bone is a 

dynamic process that is ongoing during entire life with osteoclasts removing “old bone” and 

osteoblasts making “new bone” (Figure 1)33,34. Any imbalance between the osteoclasts and os-

teoblasts can lead to skeletal disorders such as osteopenia, osteoporosis or osteopetrosis 33,34.

Beside these skeletal disorders, bone defects can be caused by trauma 35-38, the resection of 

a tumor 39,40, or pathological or physiological bone resorption 33. The past decade (2000-2010) 

was declared by the World Health Organization as “The Bone and Joint Decade” 41, based on 

the current high life expectancy (68 years at birth of the global population in 2009)42, and that 

the increase of elderly population groups has led to an increasing incidence of musculoskel-

etal diseases worldwide, costing billions in terms of healthcare costs and loss of earnings. In 

the United States alone, an estimate of the total costs related to musculoskeletal conditions 
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1 is more than $250 billion per year 41. Musculoskeletal disorders are the most common causes 

of severe long-term pain and physical disability, affecting hundreds of millions of people 

around the world. Patients suffering from bone defects are mostly socially and physically 

handicapped, which has impact on their quality of life. Therefore the demand for (improve-

ment of ) bone regeneration in cranial, oral and maxillofacial, orthopedic and trauma surgery 

is one of the most important clinical issues in regenerative medicine.

mesenchymal stem cell

osteoblast progenitor

hematopoietic stem cell

osteoblasts

osteocytes

osteoclast

activation resorption growth formation

bo
ne

 th
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Figure 1. Bone (re)modeling. Bone undergoes continuously modeling and remodeling by bone cells. The osteoblasts are derived from 
the mesenchymal stem cell and are the main bone forming cells. Osteocytes are derived from osteoblasts and become encased in bone, 
communicating with each other by extensions running through canaliculae in the bone. Osteocytes are “osteosensors” and respond to mechanical 
loading. Osteoclasts are multinucleated cells derived from hematopoietic stem cells, and their function is bone resorption.
 

Bone GraFtS

Normal fracture healing is a complex process, resulting in “callus” formation and final re-

modeling of the bone, where the interaction between bone building osteoblasts and bone 

resorbing osteoclasts plays a crucial role (Figure 1). Minerals (calcium phosphate and carbon-

ate) provide stiffness and strength. The collagen matrix, including cells, provides flexibility 

and tensile strength and is composed of a network of proteins from which collagen type I is 

the most abundant 34. Other proteins in the bone extracellular matrix include osteocalcin, os-

teonectin, and bone sialoprotein 43. Multiple factors regulate the cascade of molecular events 

of bone formation during fracture healing, including the nutritional status of the patient, 

use of drugs, calcium balance, blood supply, size, and the stability and mechanical loading 

of the fracture 44. Furthermore, several growth factors, such as bone morphogenetic proteins 

(BMPs), insulin-like growth factor (IGF), platelet-derived growth factor (PDGF), fibroblast 
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growth factor (FGF), and Wnt signaling are essential for bone healing 45-48. The extracellular 

matrix provides the natural scaffold for all the cellular events and interactions during normal 

bone healing. However, the incidence of delayed fracture healing and non-unions following 

fractures is thought to be increasing due to the advances made in multiple medical disci-

plines 49,50, resulting in improved survival rates of patients with multiple injuries, consequently 

leading to prolonged reconstructive procedures and many of these cases need bone grafts 

for repair of the bone defect(s).Current strategies to stimulate healing of bone defects rely 

mostly on bone grafting 51,52. A bone graft can be successful if it is:

1) osteogenic, which refers to the fact that the graft contains living (stem) cells that can 

differentiate into bone cells; 

2) osteoinductive, which is the capability to induce local or added immature cells to become 

bone cells, and thereby improving bone healing; 

3) osteoconductive, which means that the bone graft acts as a scaffold and permits and 

guides new bone formation on its surface, and 

4) osteointegrative, which determines the degree of integration of a transplant (or implant) 

achieved by direct contact with native bone 53.

autografts result in the most successful clinical outcome, due to their osteogenic, os-

teoinductive and osteoconductive properties, and are therefore considered as the “gold 

standard”  54,55. Autografting implies the use of fragments of cancellous bone (spongiosa) 

harvested from another part of the body of the patient, from a site with relative excess, for 

example the iliac crest or ribs, and applied to fill and stimulate bone formation at the site of 

the bone defect. Although autografting generally results in good clinical outcome, there is a 

need for alternatives, since autografting lengthens the surgical procedure, the availability of 

autograft is limited and is not without complications, such as prolonged pain and morbid-

ity at the site where the autograft is harvested, and also the need for a second operation 

increases the chance of infections  56,57. The minimization of risks also has to be taken into 

account, especially in the surgical treatment of old patients with multiple diseases. 

One alternative is the use of bones or bone fragments taken from donors, allografts, 

which usually involves harvesting and processing bone from a cadaver and is sourced from 

a bone bank 58,59. These transplants, however, are less successful than autografts due to the 

immunogenicity of the graft, the absence of viable cells, and the risk of transmission of dis-

eases. Another alternative is the use of xenograft 60, bones that are harvested from an animal, 

which is mostly bovine demineralized bone matrix (DBM). Besides the fact that it is from 

another species (xenogenic), it has the same drawbacks as allografts 61. The last alternative 

is the use of synthetic materials, alloplasts, as bone graft substitute, which are increasingly 

used to replace or regenerate bone tissue in clinical practice  62. These include metals, such 

as titanium  63, polymers  64,65, and porous ceramics  66-70, which are often made from calcium 

and phosphate (see calcium phosphate ceramics). The major advantage of synthetic materials 

is that they can be produced in unlimited quantities, and therefore used as an off-the-shelf 
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1 product, and that there is no risk of disease transmission. Disadvantages of synthetic pro-

duced materials are their mechanical properties, toxicity, and limited biocompatibility and 

biodegradability. Moreover, they lack the osteoinductive properties and viable cells, which 

are present in natural bone. The characteristics of different classes of bone graft and bone 

graft substitutes are summarized in Table 1. 

Table 1. Bone grafts and bone graft substitutes. 

Classes description, advantages and drawbacks

Autograft
•	 Bone harvested from host donor sites.
•	 Gold standard graft, since it has osteoconductive, osteoinductive, and osteogenic properties.
•	 Donor site morbidity, limited amount, and inappropriate form and associated chronic donor site pain.

Allograft

•	 Bone harvested from guest donor.
•	 Attractive sources.
•	 The risk of disease transmission, immunogenicity, loss of biologic and mechanical properties 

secondary to its processing, increased cost, and non-availability world-wide due to financial and 
religious concerns.

osteoconduction: provide a passive porous scaffold to support or direct bone formation.

Porous coralline 
ceramics

•	 Corals made by marine invertebrates have skeletons with a structure similar to both cortical and 
cancellous bone, with interconnecting porosity.

•	 One approach is to use coral directly in calcium carbonate form. These materials are called natural 
corals. The trade name for natural coral is Biocoral (Inoteb, Saint-Gonnery, France). The other process 
is Replamineform process that converts calcium carbonate to hydroxyapatite.

Metal
•	 Titanium and titanium alloys.
•	 Good mechanical properties for load bearing sites; good corrosion resistance. 
•	 Bionert for bone and surrounding tissue growth.

Calcium phosphate 
ceramics and cements

•	 Hydroxyapatite (HA), tricalcium phosphate (TCP), biphasic calcium phosphate (BCP).
•	 Bioactive and biocompatible for tissue bonding and bone ingrowth; some even have the 

osteoinductivity at ectopic sites.
•	 Limited mechanical strength, not mouldable intraoperatively and also poor fatigue characteristics.

Synthetic polymers
•	 Collagen, hydrogel, chitosan, and multi-types of polymers.
•	 Biocompatible, degradable, being easily tailored to combine with growth factors.
•	 Poor mechanical strength, easy to get worn and biodegradable. 
osteoinduction: induce differentiation of stem cells into osteogenic cells.

Demineralized bone 
matrix (DBM)

•	 Initial studies performed by Urist in 1960. It includes the non-collagenous proteins, bone 
osteoinductive growth factors, the most significant of which is BMP and type I collagen.

•	 Osteoinductive capacity in human and animals.
•	 Poor mechanical property, difficult to handle.

Growth factors

•	 Transforming growth factor (TGF-β), bone morphogenetic proteins (BMPs), fibroblast growth factors 
(FGFs), insulin-like growth factors (IGFs), and platelet-derived growth factors (PDGFs). Most were 
approved in animal studies, and some are used in clinical therapy.

•	 The need to find out the proper delivery methods, and high cost.
osteogenesis: provide stem cells with osteogenic potential, which directly lay down new bone.

Bone marrow aspirate

•	 Bone marrow has been used to stimulate bone formation in skeletal defects and nonunions. 
•	 Being performed percutaneously, without almost any patient morbidity.
•	 Limited number of stem cells: approximately one of every 100,000 nucleated cells aspirated from 

bone marrow is a stem cell.
Combined: provide more than one of the above mentioned properties.

Composites
•	 Tissue engineering.
•	 These constructs are likely to encompass additional families of growth factors, evolving biological 

scaffolds, and incorporation of mesenchymal stem cells.

The different classes of bone graft (substitutes) and their characteristics. Adapted with permission from the PhD Thesis of Dr. J. Liu, ISBN: 978-90-
365-2908-2, The Netherlands.
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tiSSue enGineerinG

Tissue engineering as a treatment modality for bone defects is an emerging multidisciplinary 

field. It involves biology, medicine and engineering, and is the development of laboratory-

grown molecules, cells, tissues, or organs to replace or support the function of defective or in-

jured parts of the body 2,4. The combination of a carrier (scaffold) and biological factors, which 

can be (a combination of ) cells and proteins replace damaged tissue and stimulate host cells, 

is referred to as cell-based bone tissue engineering 3. However, before this concept can be 

applied routinely in clinical settings, further basic research identifying and characterizing the 

most suitable combination of bone substitutes and cells is required.

SteM CellS

Stem cells can be thought of as the “mother cells” of every tissue in the body and give birth 

to all the new cells that are required on a daily basis to replace or replenish old or diseased 

tissues. Stem cells in general are an interesting cell source for cell-based tissue engineering 

(Figure 2) because they have the following two properties: 

1) the ability to undergo self-renewal through multiple mitotic cell divisions, thereby main-

taining their undifferentiated state or “stemness”, and 

2) the ability to differentiate into a wide variety of specialized cell types.

A stem cell can divide either symmetrically, both daughter cells have the same character-

istics (either undifferentiated or differentiated), or asymmetrically, one daughter cell is a new 

stem cell and the other a more differentiated cell 71.

Several distinct categories of stem cells have been described as defined by their ability to 

differentiate towards a certain range of specialized cell types and tissues. 

totipotent cells have the ability to divide and form all the differentiated cells of an entire 

organism. Regarding human development, a single totipotent stem cell is created when a 

sperm cell fertilizes an egg (zygote). 

Pluripotent cells can be found in the primary layers of the embryo and have the capacity 

to differentiate into cells of any of the three germ layers: endoderm (interior stomach lining, 

gastrointestinal tract, the lungs), mesoderm (muscle, bone, blood, urogenital), and ectoderm 

(epidermal tissues, nervous system).

Multipotent cells have the capacity to differentiate towards multiple, but only a limited, 

specific lineages within a germ layer. During differentiation, stem cells lose their self-renewal 

capacity, mostly due to separation from their environment or “niche” where they are kept 

in an undifferentiated state  72, and usually transit through several stages, becoming more 

specialized at each step. The combination of the intrinsic behavior of the stem cell and the 

extrinsic cues provided by the microenvironment of the niche maintains their stemness, and 
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1 determine how fast they will divide, or start differentiating 73,74. Once the stem cell has exited 

its niche, the differentiating stem cell becomes a progenitor or precursor, ultimately giving 

rise to thousands of fully differentiated cells, forming organized tissues and organs.

Adult stem cells or somatic stem cells are undifferentiated multipotent cells that are pres-

ent in differentiated adult tissues. The bone marrow is the source for two different stem cell 

populations: the multipotent hematopoietic stem cells (HSCs)75,76, which can form all the 

different cell types in blood, and the multipotent mesenchymal stem/stromal cells (MSCs) 

for nonhematopoietic tissues  77,78. Adult stem cells in fully developed tissues replenish dif-

ferentiated cells, and act as regenerative system. Moreover, adult stem cells maintain the 

normal turnover of blood cells, skin tissue, and intestinal tissue. A variety of adult tissues 

contain reservoir populations of stem cells, or so called “stem cell pools” and are the source 

of cells required after trauma or disease to regenerate tissues. Although the bone marrow 

is the sole source for HSCs, MSCs have been isolated from multiple tissues including: bone 

marrow 78, peripheral blood 79,80, lungs 81, brain 82, dental tissues 83-86, blood vessels 87, skeletal 

muscle 88, cruciate ligament 89, heart 90, fat 91, skin 92, synovial membrane 93, eye 94, tendon 95, 

trabecular bone  96,97, umbilical cord (Wharton’s jelly)  98-100, umbilical cord blood  101,102, pan-

creas  103, periosteum  104,105, spleen, thymus  106, and fetal tissues, such as placenta and am-

nion 107-110. The bone marrow, however, is currently the most widely accepted source of MSCs 

and HSCs for clinical applications, due to a variety of disadvantages of other sources, such 

as 1) a low(er) incidence of stem cells; 2) limited accessibility; 3) limited knowledge on the 

specific cell system; and 4) in vivo proof of stem cell properties. For example, HSCs are used 

for allogeneic stem cell transplantation in the treatment of hematological malignancies such 

as leukemia and myeloma 111. MSCs have been used or are being evaluated for a variety of 

applications 112-114, including treatment of steroid resistant graft-versus-host disease 115,116, as 

support of hematopoietic stem cell and solid organ transplantation  117,118, as a therapy for 

inherited metabolic diseases 119,120, for treatment of Crohn’s disease 121,122, and for repair of a 

variey of tissues (Figure 2) 123,124.

MeSenCHyMal SteM/StroMal CellS

In the last 40 years the development of cell and gene therapies with adult stem cells has 

gained enormous interest. The mesenchymal stem/stromal cell (MSC) is present in the plas-

tic adherent cell fraction from bone marrow aspirates and when cultured in vitro manifest 

themselves as colonies of fibroblast-like cells , each derived from a single stem cell. Originally 

these were referred to as colony forming units-fibroblasts (CFU-F), and they were termed 

marrow stromal cells, marrow stromal fibroblasts, bone marrow stromal cells, or mesenchy-

mal progenitor cells77,125-127. The nomenclature has more recently changed to mesenchymal 

stem cells 78,128, and most recently multipotent mesenchymal stromal cells 129.
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A uniformly accepted name and definition of MSC is still under debate, since there is no 

clear consensus regarding their multipotency. The most important reason not to use the term 

“stem cells” for MSCs, is the fact that their long-term in vivo repopulation (self-renewal) capac-

ity has not yet been demonstrated. The hematopoietic stem cell progeny and commitment 

can be identified through CD marker expression 130,131, however, this is not (yet) the case for 

MSCs. Until now, there is no specific marker or a combination of markers that can be used to 

Figure 2. Scheme showing the potential therapeutic applications of embryonic and tissue-specific adult stem cells in cellular and 
gene therapies. The pluripotent embryonic stem cell (ESC) types derived from blastocyst stage during embryonic development and multipotent 
tissue-resident adult stem cells arising from endodermal, mesodermal, and ectodermal germ layers are shown. The pathological disorders and 
diseases that might benefit the embryonic and tissue-resident adult stem cell-based therapies are indicated. Bone marrow (BM)-resident MSCs, 
also designated as BM stromal cells, or their further differentiated progeny, which are localized in a perivascular niche, display the ability to 
regenerate BM stroma, bone, cartilage, adipose (fat) tissues, and muscles in vitro and/or in vivo. MSCs also reside in the wall of large and small 
blood vessels in most tissues/organs, including brain, spleen, liver, kidney, lung, muscle, thymus, and pancreas. BM and vascular wall-resident 
MSCs as well as MSCs derived from ESCs, fetal tissues, UCB, placenta, muscle-derived stem cells (MDSCs), and adipose-derived stem cells (ADSCs) 
may constitute a cell source for therapies of diverse disorders such as diabetes, osteoporosis, arthritis, muscular degenerative disorders, and the 
regeneration of the wall of organs and blood vessels after tissue injuries. MSCs may also be induced to differentiate into neuronal cells, pulmonary 
cells, β-pancreatic islet cells, corneal epithelial cells, and cardiomyocytes under specific conditions ex vivo and in vivo, and therefore they could 
be used to treat numerous tissue injuries and degenerative disorders. Abbreviations: BASCs, bronchioalveolar stem cells; bESCs, bulge epithelial 
stem cells; CESCs, corneal epithelial stem cells; CSCs, cardiac stem cells; eNCSCs, epidermal neural crest stem cells; ESCs, embryonic stem cells; 
EPC, endothelial progenitor cell; HOCs, hepatic oval cells; HSCs, hematopoetic stem cells; KSCs, keratinocyte stem cells; MSCs, mesenchymal stem 
cells; NSCs, neuronal stem cells; PSCs, pancreatic stem cells; RSCs, retinal stem cells; SKPs, skin-derived precursors. Reprinted by permission from 
Macmillan Publishers Ltd: Clinical Pharmacology & Therapeutics [1], copyright (2007).
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1 identify the elusive mesenchymal stem cell in vitro or in vivo. Therefore, MSCs are currently 

defined by a combination of morphological, phenotypic and in vitro functional properties 

and, although less common, in vivo functional properties. The International Society of Cel-

lular Therapies (ISCT) directed attention to the lack of consistency between terminology and 

characteristics of MSCs, and suggested that the fibroblast-like plastic-adherent cells, regard-

less of their source, should be termed “multi-potent mesenchymal stromal cells”, while the 

term “mesenchymal stem cells” is used only for cells with the specified stem cell properties 129. 

Furthermore, the ISCT formulated minimal criteria for defining multi-potent mesenchymal 

stromal cells to obtain a more uniform classification of MSCs among laboratories studying 

MSCs. First, MSCs must be plastic-adherent when maintained in standard culture conditions. 

Second, MSCs must express CD73, CD90 and CD105, and lack expression of CD11b, CD14, 

CD19, CD34, CD45, or CD79α and HLA-DR surface molecules. Third, MSCs must be able to 

differentiate to osteoblasts, adipocytes and chondroblasts in vitro (Figure 3)132.

Figure 3. Multipotent differentiation capacity. The stepwise cellular transitions from the putative mesenchymal stem cell (MSC) to highly 
differentiated phenotypes are depicted schematically. This scheme is oversimplified and does not represent all of the transitions or all of the 
complexities of single lineage pathways, nor does it represent the potential interrelationships of cells moving between pathways, now commonly 
referred to as ”plasticity”. It is believed that major mitotic expansion takes place in marrow/periosteum or at sites of massive mesenchymal tissue 
repair, and the highly differentiated cells possess a substantially restricted proliferative potential. Reprinted from [138], copyright (2001), with 
permission from Elsevier. For additional information about the molecular control of each lineage pathway see references [139-144].
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Although the name and definition of MSCs will remain subject of debate for the coming 

years, these cells are appealing as a basis of cellular therapies since they are:

1) easy to isolate from the patient by for example a BM aspiration or liposuction, 

2) easily and rapidly expandable in vitro for clinical applications using GMP facilities, 

3) susceptible to being genetically engineered by introducing genes of interest for treatment 

of diseases with genetic mutations 133,

4) non-tumorigenic as long as they are not exposed to stress or expanded extensively in 

vitro 134-137,

5) immunosuppressive and therefore useful in for example steroid-resistant graft versus host 

disease or autoimmune diseases 115,116,121,122,

6) do not suffer from ethical issues unlike embryonic stem cells (ESCs), and are 

7) multipotent 78,138-144 (Figure 3), and 

8) have the ability to home to injured tissue (Figure 4) 145,146, which can be used for repair in 

regenerative medicine applications 1 (Figure 2).

Figure 4. Proposed mechanisms involved in the homing and trafficking of mesenchymal stromal cells to sites of tissue injury. 
Abbreviations: ICAM, intercellular adhesion molecule; JAMs, junctional adhesion molecules; MSCs, mesenchymal stromal cells; PECAM, platelet-
endothelial cell-adhesion molecule; PGE, prostaglandin E2; VCAM, vascular cell-adhesion molecule; VLA, very late antigen. Reprinted from [146], 
copyright (2010), with permission from John Wiley & Sons.
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1 Initially it was reported that MSCs were able to differentiate towards osteoblasts, chon-

drocytes and adipocytes from the mesodermal lineage  78. However, there is an increase in 

literature reporting differentiation towards other cell types, such as hepatic 147, neuronal 148, 

cardiac  149, renal  150, endothelial  151, myoblast  152, and pancreatic  153 cell types. The current 

viewpoint is that MSCs can be harvested from virtually all vascularized tissues of the body, 

if MSCs are resident in a perivascular niche throughout the body (Figure 5)  87,154-156. There 

is a higher chance for MSCs to migrate to local or distant tissues in response to systemic 

influences. Whether these cells ex vivo, under the appropriate conditions, can differentiate in 

vitro towards all mesenchymal tissues, is yet unclear.

MSCs can utilize several mechanisms in maintenance and regeneration of tissues (Figure 

5), including: differentiation into tissue-specific cell types, thereby replacing the damaged 

tissues 157-159, the secretion of (growth) factors to enhance repair of damaged tissue 160,161, by 

attracting and stimulating proliferation of tissue endogenous stem cells 162, and by partial cell 

Figure 5. A proposed model of MSC contribution to tissue maintenance and repair. In this schematic representation of the transverse 
section of a simple vessel, MSCs lie perivascular in the basement membrane (red line), opposed to endothelial cells. Proposed model of the MSC 
role in the tissue repair process. (A) Under normal circumstances, pericytes/MSCs (represented as cells bearing bluish nuclei) contribute to tissue 
maintenance, contributing to immune system homeostasis by avoiding unnecessary immune cell responses (arrows). (B): With tissue damage, the 
harmonious interactions between pericytes/MSCs and endothelial cells (represented as cells bearing green nuclei) are disturbed; the basement 
membrane (represented by a red line) is disrupted, allowing for blood extravasation into the tissue. A blood clot forms, wherein platelets release 
a multitude of bioactive molecules. Immune system cells (represented as cells bearing a pink nucleus) are attracted to the wound site, where 
they start immunosurveillance and an immune response (as represented by pink arrows). Circulating progenitors (dark green nucleus) are likewise 
recruited to the lesion area. (C) The events described in (B) lead to migration of adjacent pericytes/MSCs to the wound area, which become activated 
(as represented by a change to a strong blue nucleus) and undergo intensive proliferation. Pericytes/MSCs secrete several bioactive molecules 
that exert antiapoptotic effects, and some of these factors counteract (as represented by yellow arrows) the immune response. (D) By the end 
of this process, local endothelial cells, in concert with circulating progenitors, have re-established the endothelium and its associated basement 
membrane. Some pericytes/MSCs resume a pericytic phenotype (as represented by the change in their nuclei color back to bluish) as they function to 
stabilize the blood vessel. Some of the pericytes that had lost contact with the basement membrane undergo apoptosis (fragmented nuclei). Some 
of the pericytes/MSCs (blue nucleus) retain their progenitor status, remaining between the pericytes and the tissue-specific cells. Differentiation (as 
represented by the change in one nucleus color to orange) may occur, particularly in mesenchymal tissues, such as bone or muscle. Abbreviation: 
MSC, mesenchymal stem cell. Reprinted from [155], copyright (2008), with permission from John Wiley & Sons .
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fusion and mitochondrial transfer 163,164. A variety of internal and external signals can direct 

them to mobilize to injured sites of the body and initiate differentiation into specialized cells 

at the location of the damaged tissues. Such signals can include damage in the tissue includ-

ing trauma, fracture, inflammation, necrosis and tumors 146,165-173. The proposed mechanisms 

involved in the homing and trafficking of MSCs to sites of tissue injury after infusion are sum-

marized in Figure 4. From the above it is clear that MSCs are an interesting source for clinical 

applications of cell-based bone tissue engineering. 

CalCiuM PHoSPHate CeraMiCS

Besides the selection of appropriate cells to test cell-based bone tissue engineering, the 

choice of scaffold is almost as important, since it works as a osteoconductive matrix for the 

cells to become newly formed bone tissue. Several (bio)materials with different characteristics 

have been investigated as a scaffold material including metals 63, bioglasses 174, hydroxyapa-

tite (HA) 70,175,176, β-tricalciumphosphate (TCP) and biphasic calcium phosphate (BCP) 66-69,177, 

calcium phosphate cements  178-180, and polymers  64,65. Additionaly, composites of polymers 

and calcium phosphates have been used as scaffold in bone tissue engineering  181-183. The 

scaffold used in cell-based bone tissue engineering functions as a carrier material for 1) MSC 

attachment in a 3D-structure (Figure 6); 2) MSC proliferation 3); MSC osteogenic differen-

tiation; 4) the mechanical strength that is needed for the engineered bone in therapeutical 

applications, and 5) allows osteoconductive bone ingrowth. Figure 7 illustrates a concept of 

the process of bone formation in a cell/scaffold construct in vivo184.

The most commonly and most bone-resembling material used as scaffolds for bone tis-

sue engineering nowadays are calcium phosphate ceramics. Naturally occurring as well as 

A B

Figure 6. A biphasic calcium phosphate particle (2-3mm) seeded with MSCs. MSCs were cultured for seven days in vitro in osteogenic 
medium and staind with methylene blue (A; scalebar represents 1 mm). A higher magnification is depicted in B (scalebar represents 0.5 mm).
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1 synthetically produced calcium phosphate based biomaterials have been used as bone fillers 

or bone extenders in oral and maxillofacial, orthopaedic and reconstructive surgeries 185-187. 

Calcium phosphate (CaP) ceramics, such as HA and TCP, are very similar to the inorganic 

component of natural bone, therefore CaP ceramics are highly biocompatible. Coralline HA 

is a hydrothermal conversion of the carbonate matrix of natural porous sea coral, and is 

frequently used in clinical applications. Although HA has high strength to mechanical load-

ing, the structural support is limited, and HA is poorly resorbed in vivo, which could result in 

stress shielding (reduction in bone density as a result of removal of normal stress from the 

bone by an implant). TCP, on the other hand, is a ceramic that has the characteristic to be 

resorbed, but this resorption can occur too rapidly and thus TCP can be too fragile to sustain 

mechanical loading. Therefore combinations of HA and TCP are often generated, being re-

ferred to as biphasic calcium phosphate (BCP), and ceramics that can resorbed by osteoclasts 

as inphysiological bone remodelling 188-191. We have used BCP (Chapter 3-5), as well as TCP and 

HA (Chapter 6) as scaffolds to test the in vivo bone forming capacity of cultured MSCs. 

A CB

Figure 7. Conceptual illustration of the biological processes of bone formation within and around a porous implantable scaffold 
matrix that delivers osteogenic cells into a graft site. (A) Osteogenic stem cells or progenitors are shown as adherent to the matrix (green) 
and uniformly distributed in the matrix, which is being used as a delivery system for the attached cells. Other, nonosteogenic cells (pink) may also 
adhere to the matrix. The matrix shown has 150-μm2 pores and 150-μm-thick walls. Following implantation, the osteogenic cells near the surface 
of the implant experience an environment in which the concentration of oxygen, glucose, and other nutrients is nearly normal. Cells deeper in 
the matrix and farther from the vascular tissue bed experience progressively lower concentrations of oxygen and other nutrients because they 
must compete with all of the other cells within the matrix. Mild-to-moderate hypoxia may actually represent a stimulus for these transplanted 
cells to proliferate, migrate, and secrete cytokines that induce other cells to migrate into the matrix. (B) Several days later, the cells migrating 
into the matrix may include inflammatory cells, additional progenitor cells derived from local stem cell activation (orange), and also vascular 
endothelial cells supporting an angiogenic response. These additional cells also compete with cells deeper in the scaffold. The most effective 
way to limit the loss of transplanted stem cells and progenitors is to limit the number of cells that arrive at the site prior to revascularization. This 
can be accomplished by limiting the transplanted cells to stem cells and progenitors and other cells that directly contribute to the bone-healing 
response. Selection of noninflammatory materials and limiting debris (for example degrading red blood cells and other material) in the matrix 
and surrounding tissue reduces the competition for oxygen and other nutrients from inflammatory cells. The surviving and invading osteoblastic 
stem cells and progenitors proliferate, migrate, and differentiateto form a network of new woven bone on and within the implanted material.  
(C) An increase in bone remodeling is seen both within the implant site and in the bone adjacent to the implant. Initial woven bone is replaced 
with lamellar bone, forming an interconnected network extending deeper within the implant. Vascular remodeling also occurs. Void spaces 
within the scaffold are remodeled into normal marrow elements. Deeper regions of the implant, in which transplanted cells may not have 
initially survived, are progressively colonized by migration of additional stem cells and progenitors. Reprinted from [184], copyright (2004), with 
permission from Rockwater, Inc. (http://www.rockwaterinc.com).
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CHaraCterization oF MeSenCHyMal StroMal CellS For Cell-BaSed 
Bone tiSSue enGineerinG

Before bone tissue engineering can be applied in clinical studies, preclinical studies are typi-

cally performed through different phases towards (close) resemblance to the actual clinical 

situation. Initially, research is usually performed in vitro to investigate the proliferation and 

osteogenic differentiation capacity of the cells after expansion and in combination with 

the scaffold. The next phase is proof of concept in small animal models, mostly rodents, to 

demonstrate the in vivo bone forming capacity of the MSCs, followed by feasibility studies at 

clinically more relevant locations (orthotopic) and with clinically more relevant size (cm scale) 

in large animal models, such as goat, sheep, dog, horse and pig. Finally, efficacy studies may 

be required to compare the new strategies with conventional methods that mimic the clinical 

situation as much as possible (for example non-human primates). All these subsequent steps 

are essential to bring cell-based bone tissue engineering towards testing in clinical trials. To 

characterize MSCs for cell-based bone tissue engineering purposes a variety of in vitro and in 

vivo assays are used.

In vitro assays

The CFU-F assay is used to determine the frequency of stem cells in a bone marrow (BM) 

aspirate, and thereby the quality of a BM sample (Figure 8). BM mononuclear cells are plated 

at graded concentrations in culture dishes. The number of colonies that were formed per 

initially seeded number of nucleated cells, determines the frequency of primary cells with 

clonogenic potential in that particular BM sample. This frequency varies between 0.001 and 

0.01 % 78, and depends on several parameters, such as the species 192, individual donor 193,194, 

BM puncture site, and the volume of the sample 195.

A challenge for cellular therapies as well as for bone tissue engineering is to obtain enough 

cells with a defined specificity for the intended application. Due to the low incidence of MSCs 

in the BM, cells need to be expanded in vitro (Figure 8) in tissue culture systems. For cellular 

therapies and bone tissue engineering millions, if not billions, of cells are required, in the 

range of 1-20x108 cells 118,123,196-198. Traditionally, MSCs are expanded in medium supplemented 

with fetal bovine serum (FBS), and growth factors, vitamins, and glucose. The culture condi-

tions influence the composition and quality of the MSCs that are produced 199, and expansion 

of MSCs in medium supplemented with FBS varies not only between donors, but is also FBS 

batch dependent with respect to proliferation, differentiation, and in vivo functionality of 

the MSCs  200. Moreover, expansion of MSCs for clinical applications should be performed 

using a culture procedure that meets Good Manufacturing Practice (GMP) requirements and 

with reproducible results 201. FBS harbours the risk of transmitting animal pathogens and can 

also evoke an immune response, possibly leading to rejection of the transfused cells, or to 

anaphylactic or arthus-like immune reactions 202-205. Therefore, there is an ongoing search for 
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alternative supplements to the MSC culture medium, which preferably are free of animal-de-

rived components. These have included human platelet lysate 206-208, autologous or allogeneic 

human serum 209, and serum-free media 210. Autologous human serum has been shown to be 

equivalent to 10% FBS in terms of supporting the proliferation and diff erentiation capacity 

of human MSCs and van be utilized for clinical therapy 211,212. The use of pooled human AB 

serum is also suitable for expansion of MSCs and avoids issues associated with serum batch 

variability 213. The use of pooled human platelet lysate (PL) as a supplement to the medium 

for MSC expansion has several advantages when compared with FBS, including (a) clinical 

grade natural source of growth factors 206,214; (b) animal serum-free 215,216; (c) increased growth 

rate, which decreases the time required for ex vivo expansion 206,207; (d) MSCs maintain their 

diff erentiation properties and immunosuppressive activity  217; (e) GMP compatible; (f ) safe, 

since spontaneous cell transformation and telomerase activity has not been observed 208,217. 

Therefore, human PL is a powerful and safe substitute for FBS, and should be considered 

as a worldwide uniform approach to produce MSC products for regenerative medicine ap-

BM biopsyPuncture

Bone marrow 
aspiration 

Isolation mono-
nuclear cells

CFU-F 

Culture expansion

Multi-lineage differentiation

Chondrocytes AdipocytesOsteoblasts

EndoglinThy-1 Leukocyte Hematopoietic MHC class IISH3/SH4 EndoglinThy-1 Leukocyte Hematopoietic MHC class IISH3/SH4

Phenotype

hybrid constructhybrid construct

Seeding of MSCs on 
scaffold

Subcutaneous 
implantation

Bone 
histomorphometry

Figure 8. In vitro and in vivo assay(s). After a bone marrow aspiration has been obtained, mononuclear cells are isolated by buoyant 
density gradient centrifugation. The frequency of MSCs can be determined by a colony-forming-unit fi broblast (CFU-F) assay. Plastic adeherent 
mononuclear cells are culture expanded in plastic tissue culture fl asks. Multipotency of the culture-expanded MSC is demonstrated by induction 
of diff erentiation towards osteoblasts, chondrocytes and adipocytes. The phenotype of the MSCs is determined utilizing fl owcytometry analysis. 
To investigate the in vivo ectopic bone forming capacity, MSCs are seeded on a scaff old. The combination of scaff old with MSCs, termed hybrid 
construct, is pre-incubated for 7 days in osteogenic medium to induce osteogenic diff erentiation, and subsequently subcutaneously implanted in 
immune-defi cient mice. After 6 weeks constructs are retrieved, embedded and sections are prepared. The sections are stained and evaluated for 
in vivo bone formation by histomorpometrical analysis.
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plications. Clinical applications utilizing PL for MSC expansion have been reported 196,218, but 

whether PL is also suitable for the expansion of MSCs for cell-based bone tissue engineering 

applications has not yet been reported.

Multipotency of cultured MSCs can be demonstrated by induction of differentiation 

towards distinct cell lineages, of which to the adipogenic, chondrogenic and osteoblastic 

lineages are the most widely applied (Figure 3, 8)78. Highly relevant for cell-based bone tis-

sue engineering is that the culture-expanded MSCs remain their capacity to differentiation 

towards the osteogenic lineage. To test for osteogenic differentiation potential of the MSCs, 

cells are placed in osteogenic medium for 10-28 days. Essential added factors are ascorbic 

acid, which is important for production of collagen, β-glycerolphosphate as a source of 

phosphate during mineralization, and dexamethasone to halt cellular proliferation  78,219. 

Differentiation to the osteoblastic lineage can be shown by staining for either calcium 

deposition using alizarin red, or for alkaline phospatase (ALP; Figure 8)  78, which can be 

quantified by measuring the activated form of ALP. When related to the cell number, the ALP 

activity/cell number indicates the degree of osteogenic cell differentiation 220,221. Osteogenic 

differentiation can also be quantified by measuring gene expression 222,223 of (a) osteogenic 

marker genes alkaline phosphatase (ALP) 224,225, and collagen type Iα1 225; (b) non-collagenous 

proteins of the extracellular matrix, such as osteocalcin (that accounts for 10-20% of all 

non-collagenous bone matrix proteins) 225-227, osteonectin 225, that has calcium and mineral-

to-collagen binding properties, and regulates cell shape and migration, osteopontin 225,with 

integrin (cell-binding) activity and regulates mineral proliferation, and bone sialoprotein 225, 

associated with mineral crystal formation; (c) the bone-related transcription factors, such as 

runx2, that acts as a scaffold for nucleic acids and regulatory factors involved in skeletal gene 

expression 228,229 

The phenotype of MSCs, as described by Dominici et al. (2006)132, includes expression of 

CD73, CD90 and CD105, and lack of expression of lipopolysaccharide receptor CD14, leuko-

cyte common antigen CD45, CD34, or CD11b, CD79α or CD19 and HLA-DR surface molecules 

which can be determined by using fluorescence-activated cell sorting (FACS)/flow cytom-

etry 78 (Figure 8). However, there is accumulating evidence that only a relatively small subpop-

ulation of MSCs are real multipotent mesenchymal stem cells that retain their self-renewal 

capacity and ability to differentiate into multiple cell lineages 78,161. A variety of methods have 

been explored to obtain primary cultures of bone marrow-derived MSCs, which consist of 

a more homogeneous cell population, such as positive or negative selection (mainly based 

on hematopoietic CD markers) using either FACS sorting or magnetic-activated cell sorting 

(MACS). These procedures have been used to isolate CFU-F from the BM or subpopulations 

from in vitro expanded MSCs 230-232. Despite a rapidly expanding MSC research field an undis-

puted phenotype of human culture-expanded MSCs or the CFU-F in the bone marrow with 

respect to growth rate, CD marker profile, and colony and/or cell morphology, has not been 

defined. Among the long list of the monoclonal antibodies that are reported to recognize 
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1 specific membrane proteins on cultured MSCs, few could be used to enrich for CFU-F from 

bone marrow mononuclear cells. However, the expression of these antigens on the cells with 

colony forming capacity appear to be down-regulated once they are culture-expanded or 

differentiated  192,233. Several mAb have been described that bind to a small subfraction of 

human BM cells or to culture expanded MSCs. These include Stro-1 234,235, CD271 (low-affinity 

nerve growth factor receptor; L-NGFR)192,231,236,237, SSEA-4 238, CD146 239, CD49a 240, CD105 241,242, 

GD2 243, CD140b 244, and MSA-1/TNAP 245,246. The cell surface antigens on MSC isolated from 

different tissues have similarities, but could also possibly identify antigens discriminating 

MSCs isolated from a specific source. A selection of typical cell surface antigens expressed on 

human MSCs isolated from different human tissues is listed in Table 2 233.

In vivo animal models 

The consensus in MSC-based bone tissue engineering is that the MSCs that are seeded on 

the scaffold are responsible for the newly formed bone after implantation in vivo. However, 

newly formed bone is not per se formed by the transplanted cells themselves. Through os-

teoconduction and osteoinduction bone can also be formed by host cells. To exclude that 

osteoinduction contributes to bone formation, control scaffolds can be included without 

cells or devitalized cells 207,247. To exclude that osteoconduction plays a role, hybrid constructs 

can be implanted at ectopic locations (Chapter 3-5), such as subcutaneous, which is mostly 

performed in small animal models. Additionally, the use of small animal models makes it 

possible to evaluate the bone forming capacity of xenogenic cells, including human MSCs. 

For this purposes immune-deficient mice and rats are preferred, minimizing the risk of im-

mune rejection of the transplanted cells by the host. For functional studies, however, im-

plants should be placed in a bone environment, or orthotopic location, for which a variety 

of pre-clinical animal models are available. The majority of studies have been performed in 

dog, sheep and goat, including defects in the femur 5,10,248,249, tibia 6,190, metatarsals 7,250, iliac 

wing 251, mandible 8,252, cranium 9, and posterolateral intertransverse spine fusion 253. In most 

of these studies critical size defects are created, that do not heal spontaneously, thereby 

demonstrating that the addition of cells to the material that is used to fill the defect, are 

of major importance in the healing process. In animal models it has been shown that seed-

ing of MSCs on calcium phosphate ceramics contributes to increased bone deposition and 

fracture healing 5-16. Kon et al (2000) reported that the use of autologous bone marrow MSCs 

in combination with hydroxyapatite carriers demonstrated faster bone repair in critical-size 

defects of sheep long bones as compared to carrier alone  6. Petite and colleagues (2000) 

showed that by combining resorbable scaffolds with in vitro expanded MSCs union of the 

bone defect was obtained in three out of seven operated limbs in a large segmental defect 

model in sheep. In contrast, union did not occur when defects were left empty or filled with 

scaffold alone 7. In 2003, Arinzeh et al showed that autologous and allogeneic MSCs enhance 

the repair of critical-sized canine segmental defects without immunosuppressive therapy 10. 
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A study by Mankani and co-workers concluded that autologous BM-derived MSCs can be 

used for canine cranial reconstruction, and that the newly formed bone had similar proper-

ties as the bone surrounding the defect site 254. Viateau and colleagues showed the feasibility 

of repairing critical-size segmental sheep bone losses with bone constructs engineered from 

bone substitute particles (granules), which is much simpler than preparing customized mas-

sive constructs using computer-assisted techniques 255. Granules were seeded with MSCs and 

cultured in a bioreactor for an additional ten days, thereafter they were kept in place after im-

Table 2. Surface antigen expression. 

Source / tissue Cd antigens
Bone marrow TNAP+, D7-fib+, STRO-1+, CD9+, CD10+, CD13+, CD15+, CD29+, CD44+, CD49+, CD56+, CD63+, 

CD73+, CD90+, CD105+, CD106+, CD130+, CD140b+, CD144+, CD146+, CD164+, CD200+, CD271+, 
CD309+, CD349+ 
HLA class I+, HLA class II-
Cd11b-, Cd14-, Cd19-, Cd20-, Cd31-, Cd34-, Cd45-, Cd50-, Cd80-

trabecular bone CD13+, CD73+, CD105+, CD106+, CD146+, CD166+, CD271+
Cd45low

dental pulp STRO-1+, CD13+, CD29+, CD44+, CD73+, CD105+
Cd34-, Cd43-, Cd45-

articular cartilage STRO-1+, CD29+, CD44+, CD73+, CD90+, CD105+
Cd34-, Cd45-, Cd117-

Synovial membrane CD44+, CD49+, CD271+
Cd3-, Cd14-, Cd20-, Cd45-

adipose tissue ALP+, STRO-1+,CD29+, CD34+, CD44+, CD54+, CD73+, CD86low, CD90+, CD105+, CD146low, CD166+ 
HLA class I+, HLA class II-
3G5-, Cd11a-, Cd14-, Cd31-, Cd40-, Cd45-, Cd80-, Cd106-, Cd144-

Perivascular sites NG2+, CD13+, CD44+, CD73+, CD90+, CD105+, CD140b+, CD146+, ALP+ 
alP-, Cd34-, Cd45-, Cd56-, Cd133-, Cd144-

term placenta SSEA-4+, TRA-1-81+, CD9+, CD10+, CD13+, CD26+, CD29+, CD44+, CD49+, CD63+. CD73+, CD90+, 
CD105+, CD146+/-, CD164+, CD271low, CD318+
HLA class I+, HLA class II-
Cd11b-, Cd14-, Cd19-, Cd34-, Cd45-, Cd50-, Cd271-, Cd349-, tnaPlow

amniotic fluid CD10+, CD13+, CD29+, CD44+, CD54+, CD73+, CD90+, CD105+, CD140b+, CD166+, CD271low, CD349+ 
HLA class I+, HLA class II-
Cd3-, Cd14-, Cd34-, Cd31-, Cd45-, Cd133-

umbilical cord CD29+, CD44+, CD73+, CD90+, CD105+, CD106+
HLA class I+, HLA class II-
Cd14-, Cd34-, Cd45-, Cd133- 

Pancreas CD13+, CD29+, CD44+, CD73+, CD90+, CD105+
HLA class I-, HLA class II-
Cd14-, Cd34-, Cd45-

A selection of typical surface antigens expressed on human MSCs from different sources is listed (blue). Antigens possibly discriminating MSCs 
isolated from a specific source are highlighted (yellow), human leukocyte antigens (HLA) are presented in italics and antigens not expressed by 
human MSCs are in red letters. Depending on the methods of isolation of MSCs, time of investigation (ex vivo versus after in vitro culture) or cell 
culture conditions, the expression of some antigens reported might differ among the studies reviewed in this table or elsewhere. ALP=alkaline 
phosphatase, NG-2=300kD proteoglycan on nerve cells, SSEA=stage specific embryonic antigen 4, STRO-1=unspecified cell surface antigen 
on stromal cells, TNAP=tissue non specific alkaline phosphatase, TRA-1=teratoma-reactive antigen-1. Adapted with permission from [233], 
copyright (2011), with permission from Elsevier.
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1 plantation by use of a preformed vacularized membrane, serving as a mold. After six months 

healing time the osteogenic abilities of the engineered construct were significantly greater 

than scaffold only  16. Kuznetsov et al used autologous bone marrow-derived stromal cells 

and HA/TCP for long-term stable canine mandibular augmentation. The new bone formed 

an extensive union with the underlying mandible, while control (HA/TCP only) transplants 

were almost completely resorbed 256. Furthermore, Wang and colleagues demonstrated the 

feasibility of using β-TCP combined with autologous BM MSCs cultured by dynamic perfu-

sion to repair critical-size segmental bone defects of goat’s tibia. The constructs produced 

utilizing the dynamic perfusion bioreactor technology were superior in forming bone when 

compared with those cultured under static conditions 257. The encouraging results from the 

above described pre-clinical animal studies, among others, have led to the use of autologous 

MSCs in bone tissue engineering clinical applications involving humans.

CliniCal aPPliCation oF HuMan MSC-BaSed Bone tiSSue enGineerinG

Since regeneration of bone is mediated by MSC-derived osteoprogenitors, they can be used 

to facilitate delayed bone fracture healing or (re)generate bone at sites with insufficient 

bone volume. The combination of autologous MSCs and biomaterials for transplantation 

is a very attractive approach for cell-based bone tissue engineering, since it can overcome 

problems such as graft scarcity, immune rejection and pathogen transfer. Safety and efficacy 

have been demonstrated in animal studies (see above). To date a limited number of clinical 

studies utilizing cell-based bone tissue engineering by combining human MSCs with scaffold 

materials have been performed. Several case reports were published regarding orthopae-

dic surgery17-22, and some in oral and maxillofacial surgery  23-32. The first clinical case series 

reported by Quarto et al. (2001) demonstrated the feasibility of using culture expanded MSC-

based bone tissue engineering constructs, as an alternative for autografting in the treatment 

for long bone defects in three patients. BM-derived MSCs were expanded for three weeks 

and seeded onto macroporous HA scaffolds to treat nonunions (bone segment loss in the 

right tibia, the right ulna and in the right humerus). The preliminary results were considered 

promising, since radiological evaluation showed callus formation after two months, and good 

integration of the constructs with peri-implant bone formation six months after surgery 19. 

Angiographic evaluation six- to seven-years post-surgery demonstrated vascularisation of 

the grafted zone, which is essential for the survival and stability of the graft 21. In 2004, Schim-

ming and Schmelzeisen used periosteum-derived osteoblasts seeded on a Ethisorb fleece 

to augment bone volume of the posterior maxilla for dental implant placement. Constructs 

were cultured one week in vitro in osteogenic medium prior to implantation. In eighteen out 

of twenty-seven patients successful clinical, radiologic, and histologic result could be proven 

3 months after augmentation. However, the authors do not mention whether the formed 
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bone was induced by the implanted MSC or by cells from the residual bone part 24. Shayesteh 

et al (2007) treated six patients for posterior maxillary sinus floor augmentation with BM-MSC 

and HA/TCP. Their results demonstrated an average of 41% bone formation in biopsies that 

were taken at the dental implant surgery, three months post sinus floor elevation surgery. The 

authors did not provide information on the origin of the bone cells and distribution of the 

bone throughout the biopsy 31. In 2008, Meijer et al reported on the evaluation of six patients 

requiring reconstruction of bone defects in the jaw before dental implant placement, and 

were treated with BM MSCs seeded on HA particles. The MSC/HA constructs were cultured 

for another seven days in osteogenic medium as previously described  24, and transplanted 

in the bone defect. In this study the in vivo bone forming capacity of the constructs was 

confirmed by subcutaneously implantation in immunedeficient mice. Four months later, at 

the time of dental implant placement surgery, biopsies were taken from the augmented area 

and evaluated histologically. No bone formation was observed in three of the six patients. 

In two patients bone formation was present in close contact with the residual bone, indica-

tive for osteoconduction, and in one patient more than 7 mm of new bone formation was 

observed from the sinus floor towards the cranial side of the biopsy, and they suggested 

that osteoinduction was induced by the implanted cells  30. The clinical studies described 

above, among others, were partly successful. However, no definite conclusion that seeding 

of stem cells on the scaffold material leads to improved bone formation could be drawn from 

the clinical studies conducted thus far, since 1) these studies were not randomized control 

studies, but were limited to cohort studies and case (series) reports. Because of practical and 

ethical reasons, it is almost impossible to have proper control groups and therein lies the dif-

ficulty of data interpretation; 2) radiographic evaluation makes it difficult to distinguish new 

bone from the pre-existing scaffold; 3) it is unknown which population of the transplanted 

cells form bone; and 4) autologous cells are used, and survival of these cells cannot be dem-

onstrated as they cannot be discriminated from recruited stem cells from the surrounding 

tissue or from distant sources. One way to demonstrate directly that the osteogenesis is 

promoted by the implanted cells is by using animal models. In animal models labelling of the 

cells before implantation is a feasible option. Genetic marking of cells through retroviral and 

lentiviral transduction enables a stable integration of marker gene(s) in the cell genome 258,259. 

This technology can also be used to mark MSCs before seeding on scaffolds and to determine 

their fate and contribution to bone formation in a hybrid construct  260. However, this can 

only be studied after termination of the experiments. A more recently developed techology 

makes non-invasive in vivo real time imaging of cells possible in small animals 261,262.
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1 BioluMineSCenCe iMaGinG

Bioluminescence Imaging (BLI) is a technology first described by Contag et al.  261, and en-

ables non-invasive real-time monitoring of biological processes that are ongoing in small 

laboratory animals. Bioluminescence is a form of chemiluminescence and makes use of 

genes from several organisms that produce light, such as luciferase from the North American 

firefly (Photinus pyralis; FLuc), jellyfish (Aequorea), sea pansy (Renilla; RLuc), corals (Tenilla), 

click beetle (Pyrophorus plagiophthalamus), and several bacterial species (Vibrio fischeri, V. 

harveyi)263. The gene encoding the bioluminescent protein is introduced into cells, or trans-

genically into a laboratory animal, generating a genetically modified organism with cells 

expressing the bioluminescent protein  264-266. Distinct bioluminescent systems are available 

and each system requires a specific enzyme and substrate 263. The luciferase gene from the 

firefly Photinus pyralis (Fluc) was cloned in 1985 267, and encodes a single active polypepetide 

of 62 kD, which produces photons in a reaction that requires adenosine triphosphate (ATP), 

magnesium, oxygen, and the substrate (d-luciferin; Figure 9A)  268,269. D-Luciferin is injected 

directly before imaging and is rapidly distributed throughout the animal 261,270. Upon enter-

ing the cells that express the specific luciferase protein, photons are produced. Because of a 

wavelength dependent absorbance, light that is emitted at longer wavelengths, or towards 

the “red” end of the spectrum, penetrates better through the tissue from internal organs of 

the mice that express luciferase as a reporter gene. Light emission from the Fluc is broad-

band (530–640 nm) and peaks at ~560 nm  271. Moreover, the FLuc protein has an in vivo 

half-life of approximately 4 hours, meaning a 64-fold reduction after 24h, and it does not 

require post-translational modifications for activity 269. Mammalian tissues have low intrinsic 

bioluminescence (background), since cells do not produce photons, which makes it possible 

to generate images with excellent high signal-to-noise ratios, thereby making the detection 

of small numbers of cells possible  272. Additionally, the detector technology has improved 

in recent years, which has enhanced the sensitivity and image quality 272. The photons that 

are emitted by the gene marked cells are detected by a special charge coupled device (CCD) 

camera that converts the photons into electrons without time restriction  273. The electrons 

are subsequently amplified by a microchannel plate and converted back to photons by a 

phosphorescent screen, resulting in a spot of light, which is recorded by the CCD camera 

(Figure 9B)  273. Reduction of background in the BLI system is extremely important since it 

determines the signal-to-noise ratio. This is achieved by lowering the temperature of the CCD 

camera and depending on the instrument that is used this can be by liquid nitrogen to -90°C 

or by thermo-electric cooling technology depending on the instrument that is used. Some 

more advanced systems use an intensified CCD (iCCD) which includes an amplification of the 

signal  273. By amplifying the signal, thermal background noise can be removed very easily, 

since the intensity of the noise will always be much lower than the amplified signal resulting 

from even a single photon  273. A CCD camera is positioned at the top of a light-tight box. 
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The CCD camera is controlled by a computer for image acquisition and analysis. In the last 

few years, special instruments have been developed for 3D imaging of luminescence for BLI 

tomography , which makes reconstruction of the exact location of the light emitting source 

and quantitative measurements possible inside a living small laboratory animal 274,275. These 

developments can provide substantial knowledge regarding cell homing, survival of cells, 

localization as well as growth of tumor (metastases), and viral replication and spread 276-280.

B

A

Figure 9. Bioluminscence imaging. (A) Bioluminescent reaction catalyzed by firefly luciferase. Firefly luciferase, using ATP, oxygen (O2), and 
Mg2+ catalyses the two-step oxidation of luciferin to oxyluciferin, which yields light at 560 nm. (B) A visible light image can be overlaid with a 
pseudocolored bioluminescence image to localize the position of scaffolds with different cell numbers of luciferase gene marked cells and quantify 
the signals. 
 

SCoPe and outline oF tHiS tHeSiS

The general aim of this thesis was to study the characteristics of culture expanded MSCs, 

more specifically on the heterogeneity within the MSC cultures with a special focus on 

identifying the MSC subpopulation that has in vivo bone forming capacity, and to monitor 

these events with molecular imaging technology. We investigated prospective isolation of 

primary BM-MSCs as well as the characterization of cultured MSCs from multiple mammalian 

species that are frequently used in pre-clinical tissue engineering studies (Chapter 2), we 

developed a procedure for expansion of MSCs in animal serum free medium (Chapter 3), 

we investigated in vitro predictive markers for in vivo bone formation (Chapter 4), and we 

implemented luciferase labeling of MSCs for monitoring MSC fate during bone formation 

(Chapter 5, 6).
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1 In search for a unique surface marker profile distinguishing subpopulations within the 

heterogenous MSCs, we extensively analyzed the phenotype of the MSCs in order to find 

potential markers for the isolation, selection and characterization of MSCs. 

In Chapter 2 the use of anti-human monoclonal antibodies (mAb) for the prospective 

isolation of primary clonogenic MSCs from the BM is described. A panel of 43 mAb was evalu-

ated for reactivity with the mononuclear cell fraction from the BM as well as cultured MSCs. 

We studied human BM cells and cultured MSCs, but also cells from various other mammalian 

species, focusing on those that are frequently used in pre-clinical tissue engineering and re-

generative medicine , including monkey, sheep, goat, dog and pig. Flow sorting experiments 

were performed to test for the existence of MSC subpopulations and to identify candidate 

antibodies for the enrichment of the clonogenic cell fraction (CFU-F). 

In Chapter 3 a comparison is made between culturing MSC with conventional fetal bovine 

serum (FBS) versus human platelet lysate (PL), as supplement to the medium for growth sup-

port and expansion of MSCs. The relevance is that this constitutes an animal component free 

culture procedure that can be applied under GMP. We compared MSC cultures of nine donors 

cultured with FBS and PL for their growth kinetics, antigen expression profile, multilineage 

differentiation capacity in vitro, and the in vivo bone forming capacity.

In Chapter 4 we focused on the heterogeneity within PL-expanded MSC cultures for which 

we performed an in depth analysis of 16 different clonally expanded MSC cultures, which 

were derived from the same bone marrow sample. In search for an in vitro parameter to 

predict for the in vivo osteogenic potential of MSCs we characterized these single primary 

CFU-F-derived MSC cultures for proliferation, for their osteogenic-, adipogenic- and chon-

drogenic differentiation capacity, for the induction of osteogenic markers during osteogenic 

differentiation, and for cell surface marker expression. 

In Chapter 5 non-invasive bioluminescent imaging (BLI) was used to monitor MSC survival, 

localization, and contribution to in vivo bone formation. Luciferase gene marked goat MSCs 

were tracked in a rat model for orthotopic spinal fusion versus ectopic bone formation in 

mice and rats.

In Chapter 6 we used BLI to investigate the survival, spatial distribution, and contribution 

of goat as well as human MSCs during in vivo bone formation after being seeded on different 

calcium phosphate carrier materials.

Finally, in Chapter 7, the general conclusions, seen within the context of the studies that 

we conducted and described in this thesis, are discussed.

Transplantation of MSC that can differentiate towards functional bone cells could improve 

the quantity and quality of the bone at locations where bone is needed, and thereby the 

quality of a patient’s life. This potential will increase as we learn more about in vitro and in 

vivo factors influencing bone formation by MSCs in cell-based bone tissue engineering. Taken 

together, in this thesis we contributed to this by establishing an overview of the MSCs phe-

notype and its contribution to bone formation, and investigated opportunities to enrich for 
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MSC frequency and improve their bone forming potential. We not only improved conditions 

towards clinical therapeutic cellular MSC preparations, but we also extrapolated our findings 

from in vitro cultured MSCs towards preclinical in vivo studies, and applied bioluminescence 

in vivo imaging to shed more light on the development of cell-engineered constructs. 
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aBStraCt

Mesenchymal stem cells (MSC) of human and non-human mammalian species are often 

studied for various applications in regenerative medicine research. These MSC can be derived 

from human bone marrow (BM) and identified by their ability to form fibroblast-like colony 

forming units (CFU-F) that develop into stromal like cells when expanded in culture. These 

cells are characterized by their spindle-shaped morphology, their characteristic phenotype 

(CD73+, CD90+, CD105+, CD45- and CD34-) and their ability to differentiate into cells of the 

osteogenic, adipogenic, and chondrogenic lineages. However, the identification and puri-

fication of MSC from non-human mammalian species is hampered by the lack of suitable 

monoclonal antibodies (mAb). In this report, primary BM as well as cultured BM-derived MSC 

of human and monkey, goat, sheep, dog and pig were screened for cross-reactivity using 

a panel of 43 mAb, of which 22 react with either human BM mononuclear cells or cultured 

human MSC. We found seven mAb with specificity for CD271, MSCA-1 (W8B2 antigen), W4A5, 

CD56, W3C4 (CD349), W5C4 and 58B1, which showed interspecies cross-reactivity. These 

mAb proved to be useful for prospective sorting of MSC from the BM of the six mammalian 

species studied as well as for the characterization of their cultured offspring. Flow sorting 

with the cross-reacting mAb resulted in an up to 2400-fold enrichment of the clonogenic cell 

fraction (CFU-F). This study provides an important contribution for the comparative prospec-

tive isolation of primary BM-MSC and the characterization of cultured MSC from multiple 

mammalian species for preclinical research.
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introduCtion

Mesenchymal stem/stromal cells (MSC) are non-hematopoietic cells that can be isolated from 

the adherent cell fraction from the bone marrow (BM). They have an extensive proliferation 

capacity and can produce offspring that can differentiate into osteoblasts, adipocytes, teno-

cytes, neurons, myoblasts and stromal fibroblasts 1-3. These characteristics position the MSC 

as a central player in tissue repair and hold promise for the development of new therapeutics 

for application in regenerative medicine  4. Cultures of isolated cells give rise to clonal out-

growth of initially plastic-adherent cells with a spindle shape morphology, defined as colony 

forming unit-fibroblast (CFU-F), that are multipotent in their differentiation capacity and 

are considered as a measure for clonogenic MSC. The typical immunophenotype of human 

cultured MSC includes the expression of CD73 (ecto-5’-nucleotidase, SH3, SH4), CD90 (Thy-1) 

and CD105 (endoglin, SH2) and the lack of hematopoietic markers 5.

Preclinical animal models are increasingly used to develop new strategies for treatment 

of human diseases into clinical practice and for testing of therapeutics based on MSC or 

MSC-derived products. In orthopedic research, MSC from goat  6-11, dog  12-15, sheep  16-19 and 

pig 20,21 are studied with the aim to correct defects of cartilage and bone. In cardiac research 

MSC from dog 22-24, pig 25,26 and sheep 27,28 are studied for heart valve reconstruction and for 

cellular therapy to treat myocardial infarctions. MSC from rhesus monkey are investigated to 

treat neurological disorders 29-32. The characterization of animal MSC is inevitably restricted to 

morphology and in vitro differentiation capacity. While the panel of monoclonal antibodies 

(mAb) for immunophenotyping or isolation of human culture-expanded MSC from BM or 

other sources is rapidly expanding, for animals, however, such mAb are currently not available 

for a variety of animal species that are increasingly used in regenerative medicine research. 

Several mAb have been described that bind to a small subfraction of human BM cells or 

to culture expanded MSC. These include Stro-1  33, CD271 (low-affinity nerve growth factor 

receptor; L-NGFR) 34, SSEA-4 35, CD146 36, CD49a 37, CD105 38,39, GD2 40 and CD140b 41 and can 

be used to enrich for the CFU-F cell fraction. The CFU-F is considered to be the precursor or 

stem cell that resides in the BM (primary MSC) from which culture expanded MSC originate. 

CD271 is particularly interesting because all CFU-F in human BM reside in the CD271+ cell 

fraction 34, although only a minority of these cells has colony forming ability. This indicates 

that additional specific mAb are required to obtain a pure clonogenic cell fraction from BM 

with a 100% plating efficiency. Recently, we described a panel of mAb that either reacted with 

a subfraction of the CD271+ cells in fresh human BM, and/or BM derived cultured MSC 42,43.

We considered this panel of mAbs interesting to test for cross-reactivity with MSC from 

other mammalian species that are frequently used in regenerative medicine research. Here 

we report on seven mAb that showed cross-reactivity with primary MSC in BM and with 

cultured MSC from human as well as the other species that we investigated. Using flow 

sorting we could define specific mAb combinations for prospective isolation of primary MSC 
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from BM. The experiments yielded high enrichment factors for the CFU-F fraction in the BM 

of all species. These results may have impact on regenerative medicine oriented preclinical 

animal model research or for the development of MSC based therapeutic applications in the 

veterinary practice.

Material and MetHodS

Collection of bone marrow 

Human bone marrow (BM) was harvested by aspiration from the iliac crest from normal 

individuals during standard hip replacement surgery after written informed consent. Animal 

BM was harvested from the iliac crest (monkey, goat and, dog) or from the sternum (pig and 

sheep). The animals were housed in the Central Animal Facility of the University of Utrecht 

or in the Veterinary Faculty (dog, pig, goat and sheep), the Universities of Amsterdam and 

Nijmegen (goat), or the University of Rotterdam (rhesus macaque). All animal handling was 

conducted according to Institutional Guidelines after acquiring permission from the local 

Ethical Committee for Animal Experiments and in accordance with current Dutch laws on 

animal experiments. 

Cell isolation and culturing of Mesenchymal Stromal Cells (MSC)

Mononuclear cells (MNC) were isolated from human BM and animal BM aspirates by density 

gradient centrifugation (Ficoll 1.077 g/cm3) and plated in non coated 25-75-175 cm2 polysty-

rene culture flasks (Falcon, BD Biosciences, Bedford, MA, USA) at a density of 160,000-250,000 

MNC/cm2. Human MNC were seeded on α-MEM, (Life Technologies, Breda, The Netherlands) 

supplemented with 5% (v/v) human platelet lysate (PL) (Bloodbank Sanquin, Amsterdam, The 

Netherlands), 100 U/ml penicillin (Life Technologies), 100 μg/ml streptomycin (Life Technolo-

gies), 10 units/ml heparin (LEO Pharma, Breda, The Netherlands) as previously described 44. 

Cells from goat, sheep, pig and dog were cultured in α-MEM, penicillin, streptomycin, and 

supplemented with 15% heat-inactivated fetal bovine serum (FBS, Cambrex, Verviers, Bel-

gium), monkey cell cultures were supplemented with 10% FBS (Cambrex). Cultures were 

maintained at 37ºC at 5% CO2 in a humid atmosphere. Medium was changed twice a week 

and the cells were harvested and passaged at near confluence (90%). The MSC of all species 

were harvested by trypsinization. MSC were washed twice with phosphate buffered saline 

(PBS, UMC pharmacy) containing 2 mM EDTA and then incubated with Trypsin-EDTA (Lonza, 

Verviers, Belgium). The MSC were collected by inactivating the trypsin with medium contain-

ing 10% FBS. After centrifugation (6 min, 1100 rpm) the cells were counted and used for 

passaging the cells, cryopreservation, or performing assays.
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CFU-F assay

To determine the CFU-F frequency in BM or fluorescence-activated cell sorter (FACS) enriched 

MNC, graded numbers of cells were seeded in triplo in Falcon 6-wells plates or Falcon T-25 

flasks with vented caps. The culture medium for each species was used as described. After 

10 days the adherent cells were washed twice with PBS and subsequently fixed with ice-cold 

methanol for 15 minutes at 4°C. To visualise the colonies, the cells were stained with Giemsa 

(Sigma-Aldrich, Zwijndrecht, The Netherlands) diluted 1:8 with H2O for 15 minutes at RT 

and washed twice with H2O. CFU-F colonies containing at least 50 cells were scored using a 

Stereomicroscope (Zeiss, Munich, Germany).

Antibodies, flow cytometric analysis and sorting

For the initial screening of cultured MSC from the non-human species we used a panel of 

43 mAb that contained the following commercially available mAb against human CD3, 

13, 14, 19, 29, 31, 34, 44, 45, 49, 55, 71, 73, 90, 117, 146, HLA-ABC, HLA-DR, Sca-1 45 (Becton 

Dickinson (BD)), Franklin Lakes, NJ, USA), CD105 (Ancell Corp., Bayport, MN, USA), CD235a 

(Dako, Glostrup, Denmark), CD271 (Clone 20.4 against Low-affinity Nerve Growth Factor 

Receptor-Allophycocyanin (APC), Miltenyi Biotec, Bergisch Gladbach, Germany), ALP (clone 

B4-78-c, Hybridoma Bank, Iowa city, Iowa, USA), KDR (R&D Systems, Minneapolis, MN, USA) 

, SSEA-4 (clone MC-813-70 (Hybridoma Bank), W8B2 against human mesenchymal stem cell 

antigen-1 (MSCA-1/W8B2-Phycoerythrin (PE), Biolegend, San Diego, CA), W4A5 against MSC 

and neural progenitor cells (W4A5-PE, Biolegend). Additionally, we used a series of mAb that 

showed reactivity with the CD271+ subpopulation in human BM with putative MSC specific-

ity  46. These mAb consisted of the clones W3C4 (CD349; frizzled-9), W5C4, and 39D5 (CD56 

epitope expressed on MSC but not on NK cells) or MY31 (anti CD56 on MSC and NK cells), 

W1C3, W6B3H10 (CD133), 24D2 (CD340), W5C5, 58B1, CH3A4A7A (CD344), 67D2 (CD164), 

W7C5 (CD109), 67A4 (CD324), 28D4 (CD140b), HEK-3D6, W3D5 and CUB1 (CD318) 41-43. Bind-

ing of non-conjugated mAb was analyzed by staining with isotype-specific (IgG, IgG1, IgM 

or IgG3) PE-conjugated goat anti-mouse antisera (Southern Biotechnology Associates, Inc, 

Birmingham, USA). Flow cytometric analysis was performed on a FACS Calibur, and cell sort-

ing was performed on a FACSAria cytometer (Becton Dickinson, Biosciences, San Jose, CA). 

1x106 primary BM cells or 1x104 cultured MSC were acquired within the “live gate” based on 

light scatter properties.

Experimental design

In the initial screening we analyzed cultured MSC at passage 2 or 3 for cross-reactivity using a 

panel of 43 mAb. Only the 7 from 43 mAb that reacted with more than 1% of the MSC of each 

of the species were considered interesting for further analysis of the binding characteristics 

of fresh BM and used for the flow sorting CFU-F enrichment experiments. We used 1 or 2x106 

BM cells for single labeling and 2 or 4x106cells for double labeling and sorting experiments 
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(depending on the yield after the ficoll separation). At least 3 different individual bone mar-

row samples from each species were processed. Sort regions were based on isotype controls 

or binding of secondary antibody and all cells obtained in the negative and positive (single 

or double) cell fractions were tested for the presence of clonogenic MSC (CFU-F) by seeding 
1/3 of the total sorted fraction per well in a 6-wells plate in triplicate. CFU-F assays were per-

formed as described. The enrichment of CFU-F after sorting was calculated by the following 

formula: CFU-F frequency in the mAb-based sorted fraction / CFU-F frequency in the total 

sorted MNC fraction. The total sorted MNC fraction is defined as the cells appearing within 

the “live gate” based on light scatter properties and serves as a measure for CFU-F loss as a 

result of the sorting procedure.

reSultS

Outgrowth of MSC from bone marrow

The MNC fractions from BM aspirates of all species were analyzed for in vitro colony formation 

and for the production of BM-derived cultured MSC. MNC from all species contained adher-

ent cells that developed into CFU-F that ultimately formed a confluent stromal cell layer. A 

colony is the result of the outgrowth of a single multipotent cell (defined as CFU-F) and the 

CFU-F frequency in BM is considered as a measure for the number of primary MSC that are 

present. Figure 1 shows images taken from representative colonies for each of the species 

that we studied. The colonies consisted of cells with spindle-shape morphology, typical for 

cultured MSC. The colony diameter was approximately 5 mm for most of the species, except 

for the dog (Figure 1D) and the pig (Figure 1E) of which the colonies contain fewer cells and 

the colonies are therefore somewhat smaller in size. We found a CFU-F frequency of 1 per 

40,000±20,000 MNC for the species analyzed. 

Immunophenotyping of cultured MSC from different species

Cultured MSC from all species were labeled with our standard panel of 43 mAb for charac-

terization of human MSC and analyzed by flow cytometry to identify the mAb that show 

cross-reactivity between species. mAb recognizing CD73, CD90, CD105, CD146, and SSEA-4 

showed cross-reactivity between human and monkey MSC but not with (all) the other species 

tested (Table 1). CD271, which is considered as one of the specific markers for human MSC 34, 

showed binding to a subpopulation of cultured MSC for all species studied (Figure 2, Table 

1) although the percentage of positive cells as well as the level of CD271 expression varied. 

Figure 2 and Table 1 show the characteristics of the other cross-reacting mAb. Whereas the 

mAb 58B1 and W5C4 showed binding to 100% of the cultured MSC of all species, the mAb 

W8B2, W4A5, W3C4 and CD56 showed binding to MSC subpopulations ranging from 1 to 

>50%. 
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Figure 1. Colony forming unit fibroblast (CFU-F). Shown is a representative picture of one formed CFU-F colony for all the species tested: 
human (A); monkey (B); goat (C); dog (D); pig (E) and sheep (F). After 10 days of in vitro culture colonies were fixed, and stained with Giemsa.
 

Immunophenotyping and prospective sorting of clonogenic MSC (CFU-F) from BM-MNC

The seven identified mAb that cross-reacted to the cultured MSC from all species were used 

to label bone marrow mononuclear cells (BM-MNC) of all species and analyzed by FACS. For 

all species a positive subfraction of the MNC was present (Figure 3, Table 2).

In the initial analysis, primary BM-MNC were labeled with a single mAb and flow sorting 

was used to obtain the positive and the negative cell fraction for subsequent plating in a 

CFU-F assay and used to calculate the enrichment of the CFU-F. Single antibody labeling 
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Table 1. Reactivity of monoclonal antibodies with cultured mesenchymal stem cells of multiple mammalian species. 

mab human monkey goat dog pig sheep
CD73 ++ ++ - - - -
CD90 ++ ++ - - ++ -

CD105 ++ ++ - - - -
CD146 ++ ++ - + ++ ++
CD271 ± + ± ± ± ±
SSEA-4 ++ ++ + - - -

W8B2 (MSCA-1) + + ++ + + ±
W4A5 + + + + + +

W3C4 (CD349) ++ ++ ± ± + +
W1C3 - - - - - -

W6B3H10 (CD133) ± - - - - -
24D2 (CD340) ++ - - - - -

W5C5 + - - - + -
58B1 ++ ++ ++ ++ ++ ++

39D5 (CD56) ± ++ ± ++ ± ±
CH3A4A7 (CD344) - - - - - -

67D2 (CD164) ++ - - - - -
W7C5 (CD109) ++ - - - - -
67A4 (CD324) ± - - - - -

W5C4 ++ ++ ++ ++ ++ ++
28D4 (CD140b) ++ - - - - -

HEK-3D6 ++ - - - - -
W3D5 + - - - - -

CUB1 (CD318) ++ - - - - -

++: >50% of cells positive; +: between 50-5% positive; ±: >5 <1% positive; -: below detection level. Other mAb from our panel that were 
tested but did not show cross-reactivity between species include anti-human CD3, 13*, 14, 19, 29*, 31, 34, 44*, 45, 49*, 55*, 71*, 117, 235a, anti 
HLA-ABC*, HLA-DR, Sca-1, ALP* and KDR. mAb: monoclonal antibodies.*:mAb positive on human MSC. 

Table 2. Binding of selected monoclonal antibodies to bone marrow mononuclear cell fraction. 

mab Human Monkey Goat dog Pig Sheep
single mab labeling

CD271 0.5 ± 0.3 10.4 ± 6.5 1.0 ± 0.7 1.0 ± 1.5 0.3 ± 0.6 2.5 ± 0.8

W8B2 0.9 ± 0.4 9.4 ± 4.9 2.2 ± 1.2 5.5 ± 4.2 3.9 ± 6.8 19.2 ± 15.4

W4A5 5.5 ± 3.4 13.2 ± 5.7 8.5 ± 3.5 9.7 ± 3.8 7.8 ± 6.8 12.2 ± 2.0

CD56 (MY31) 2.0 ± 2.3 31.4 ± 17.2 0.9 ± 0.6 0.6 ± 0.2 1.3 ± 0.7 0.8 ± 0.1

CD349 (W3C4) 9.0 ± 5.9 4.6 ± 2.7 4.1 ± 2.2 3.9 ± 1.3 2.7 ± 1.6 5.8 ± 3.0

58B1 5.0 ± 0.7 5.7 ± 2.5 4.5 ± 3.9 10.6 ± 7.6 31.5 ± 25.3 10.9 ± 2.5

W5C4 6.4 ± 2.5 4.3 ± 1.4 5.5 ± 3.3 6.3 ± 6.6 3.7 ± 1.6 7.3 ± 1.2

double mab labeling
CD271/W8B2 0.10 ± 0.08 3.80 ± 3.56 0.11 ± 0.16 0.21 ± 0.31 0.05 ± 0.04 0.60 ± 0.87

CD271/W4A5 0.14 ± 0.18 1.83 ± 1.37 0.21 ± 0.01 0.48 ± 0.62 0.04 ± 0.03 1.45 ± 1.91

CD271/CD56 (MY31) 0.11 ± 0.17 9.07 ± 5,30 0.10 ± 0.01 0.18 ± 0.26 0.03 ± 0.02 0.10 ± 0.00

The numbers are the mean percentage ± standard deviation of positive cells stained with the indicated mAb in at least 3 different bone marrow 
mononuclear fractions.
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and sorting revealed that the clonogenic MSC from BM of human, monkey, goat, dog, sheep 

and pig was enriched in the positive fraction although not to the same extent for each of 

the mAbs used (Table 3). Also mAb that gave a high enrichment for one of the species did 

not always give high enrichment for other species. CFU-F grown from flow-sorted cells were 

identical in size and morphology as those from non-sorted cells and when all recovered CFU-

F are in the positive fraction, no cell growth or small colonies were observed in the negative 

fraction (data not shown). From all recovered CFU-F >90% was restricted to the positive cell 

fraction for human and monkey for all mAb tested. For the other species, the mAb showed 

less specificity for the BM CFU-F compared to human, but was in general above 50% with a 

few exceptions (Table 4), although revealing enrichment (Table 3). The lowest recovery was 

achieved with W8B2 and CD56 for dog BM CFU-F of 16% and 14%, but with a 8 and 3-fold 

enrichment, respectively. Although only 13% of the BM CFU-F for pig resides in the positive 

fraction (Table 4), there was still a 25-fold enrichment for the BM CFU-F compared to the total 

MNC fraction (Table 3). 

To further enrich for the clonogenic MSC fraction the mAb W8B2, W4A5 and anti-CD56 

were combined with CD271 in a double labeling set-up for flow sorting. Double positive cells 

Figure 2. mAb binding on cultured MSC. Flow cytometry dot plots showing cross-reactivity of the mAb CD271, W8B2, W4A5, CD56 (39D5), 
W3C4, 58B1 and W5C4 for culture expanded human MSC and MSC of monkey, goat, dog, pig and sheep. On the y-axis the fluorescent intensity 
of APC (CD271) or PE conjugated mAb is shown and on the x-axis the forward scatter (FSC). The y-axis quadrant setting was set based on isotype 
or secondary antibody controls.
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were found in the BM of all species (Figure 4). Although the frequency was relatively low, 

most of the CFU-F (>90%) were recovered in the double positive fraction for human and 

monkey for all mAb combinations (Table 4). Goat BM MNC showed a subpopulation in the 

CD271+W4A5- fraction (33%). The labeling of pig and dog MNC with W8B2 showed two sub-

populations, CD271+W8B2+ and CD271+W8B2- cells. For dog and pig 10-13% of CFU-F resided 

in the CD271+W8B2+ population whereas 87-90% resided in the CD271+W8B2- population. 

Labeling with anti-CD56 revealed a CD271+CD56+ and CD271+CD56- cell fraction in dog MNC. 

The CFU-F resided for 22% in the CD271+CD56+ population and 78% in CD271+CD56- popula-

tion. In pig BM MNC a subfraction of primary MSC is located in the CD271+W4A5- population 

(47%). In Table 3 the average enrichment factors are shown. Although there was a broad 

range of enrichment factors, the frequency of clonogenic MSC (CFU-F) was always increased. 

Figure 3. Single mAb binding and FACS sorting of bone marrow mononuclear cells of multiple mammalian species. Flow cytometry 
dot plots after labeling of BM aspirate MNC from the various species studied, i.e. human, monkey, goat, dog, pig and sheep with the mAb CD271, 
W8B2, W4A5, CD56 (MY31), W3C4, 58B1 and W5C4 that showed cross-reactivity for culture-expanded MSC of these species. On the y-axis the 
fluorescent intensity of APC (CD271) or PE conjugated mAb is shown and on the x-axis the FL1 channel. The square boxes indicate the sort regions 
based on isotype controls or binding of secondary antibody. Both positive (upper region) and negative (lower region) cell fractions were tested 
for the presence of clonogenic MSC (CFU-F).
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diSCuSSion

Here we report that from an initial panel of 43 mAb with known specificity (positive or nega-

tive binding to human MSC), seven mAb CD271, W3C4, CD56, W8B2, W4A5, 58B1 and W5C4 

react with the MSC fraction in primary BM (CFU-F) and with cultured MSC from human as well 

as from various mammalian species. These include the rhesus monkey, goat, sheep, pig and 

dog. Some mAb have been described to bind to subpopulations of human BM containing 

the MSC, such as CD146 36, SSEA4 35 and CD271 34. The markers that are the commonly used 

markers for defining human MSC 5, CD73 (ecto-5’-nucleotidase, SH3, SH4), CD90 (Thy-1) and 

Table 3. Enrichment factors for colony forming unit–fibroblast from the bone marrow mononuclear cell fraction after single or 
double monoclonal antibody labeling and flow sorting. 

mab Human Monkey  Goat  dog  Pig  Sheep
single mab labeling

CD271 129 ± 97 13 ± 8  107 ± 75 88 ± 95 829 ±570 49 ± 29

W8B2 86 ± 91 22 ± 24  43 ± 55 8 ± 8 25 ± 19 6 ± 3

W4A5 10 ± 5 9 ± 2  7 ± 4 14 ± 2 5 ± 2 9 ± 4

CD56 (MY31) 33 ± 30 5 ± 3  113 ±133 2 ± 2 52 ± 19 68 ± 56

CD349 (W3C4) 18 ± 6 18 ± 9  6 ± 9 5 ± 1 14 ± 1 15 ± 8

58B1 47 ± 23 20 ± 12  54 ± 10 5 ± 4 2 ± 1 19 ± 13

W5C4 36 ± 23 19 ± 2  45 ± 21 41 ± 20 25 ± 17 23 ± 15

double mab labeling
CD271/W8B2  617 ± 353  47 ± 22  2392 ± 1630  53 ± 59  310 ± 277 314 ± 281

CD271/W4A5  431 ± 214  51 ± 29  512 ± 402  120 ±106  880 ± 476 267 ± 361

CD271/CD56 (MY31)  881 ± 717  23 ± 17  1504 ± 1772  17 ± 19  2374 ± 1091 512 ± 326

The numbers represent the mean enrichment factors ± standard deviation of at least 3 separate experiments. To calculate the enrichment factors 
for the CFU-F after single or double mAb labeling we divided the frequency of CFU-F in the mAb-based sorted fraction by the frequency of CFU-F 
in the total sorted MNC fraction.

Table 4. Recovery of mesenchymal stem cell progenitors (Colony Forming Unit–Fibroblast) in the different bone marrow 
mononuclear subfractions, flow sorted with either one or a combination of monoclonal antibodies. 

Human Monkey Goat dog Pig  Sheep
single mab labeling 

CD271 100 ± 0 94 ± 5 100 ± 0 99 ± 1 98 ± 5 90 ± 18

W8B2 100 ± 0 100 ± 0 98 ± 2 16 ± 21 13 ± 7 84 ± 14

W4A5 93 ± 7 98 ± 3 67 ± 16 58 ± 50 74 ± 27 99 ± 1

CD56 (MY31) 99 ± 2 97 ± 4 99 ± 1 14 ± 16 100 ± 0 98 ± 2

CD349 (W3C4) 97 ± 4 99 ± 2 53 ± 49 92 ± 10 99 ± 2 99 ± 1

58B1 100 ± 0 100 ± 0 100 ± 0 99 ± 1 100 ± 0 100 ± 0

W5C4 99 ± 1 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

double mab labeling
CD271/W8B2 100 ± 0 94 ± 5 98 ± 2 10 ± 17 10 ± 9 84 ± 14

CD271/W4A5 93 ± 7 93 ± 6 67 ± 16 87 ± 9 53 ± 18 75 ± 33

CD271/CD56 (MY31) 99 ± 2 93 ± 4 99 ± 1 22 ± 13 99 ± 1 96 ± 0

The numbers are the mean percentage ± standard deviation of at least 3 separate experiments.
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CD105 (endoglin, SH2), showed very limited cross-reactivity with MSC from the other species. 

CD73 and CD105 showed cross-reactivity with monkey MSC and CD90 with monkey and pig 

MSC, but were negative in all other species (Table 1). 

The mAb CD271 (L-NGFR) proved to be a most prominent marker in this study although its 

function on MSC is unknown 34. CD271 was expressed on MSC of all species and flow sorting 

of the positive fraction resulted in a significant enrichment of the CFU-F population in the BM. 

In a previous study we reported a successful strategy to identify new mAb that specifically 

react with the CFU-F fraction in human BM by searching for reactivity with the CD271bright 

fraction 42. We observed that besides CD271, also W3C4, CD56, W8B2, W4A5, 58B1 and W5C4 

cross-react with a population containing CFU-F in the BM of all species studied (Table 4). This 

suggests that the structures recognized by these antibodies are relatively conserved. A few 

targets are identified. W3C4 binds to CD349 also known as frizzled-9, which is a transmem-

Figure 4. Double mAb binding and FACS sorting of bone marrow mononuclear cells of multiple mammalian species. Flow cytometry 
dot plots after double labeling of bone marrow aspirate mononuclear cells from the various species studied, i.e. human, monkey, goat, dog, pig 
and sheep with the mAb CD271 in combination with W8B2, W4A5 or CD56 (MY31), respectively. On the x-axis the fluorescent intensity of CD271-
APC conjugated mAb is shown and on the y-axis the indicated PE conjugated mAb is shown. The square boxes indicate the sort regions that are 
based on isotype controls or binding of secondary Ab. All 4 sorted fractions (-/-; +/-; -/+ and +/+) were tested for the presence of clonogenic 
MSC (CFU-F).
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brane receptor activated by Wnt ligands  47. It was shown that this mAb could be used for 

selective MSC isolation from human placenta 41. Recently, we showed that MSCA-1 is identical 

to tissue-non-specific alkaline phosphatase (TNAP), an ecto-enzyme known to be expressed 

at high levels in liver, bone, and kidney as well as in embryonic stem (ES) cells 48. CD56 can be 

used to distinguish a subpopulation of adipogenic progenitors 43. Primary MSC already com-

mitted into a specific differentiation lineage can directly be isolated from the MNC fraction 

using MSCA-1 (W8B2) and CD56 to demonstrate that only cells of the MSCA-1+CD56+ fraction 

gave rise to effective induction of chondrocyte and pancreatic-like islet differentiation, and 

that adipocytes emerged only from MSCA-1+CD56- cells  43. We observed no CFU-F in the 

CD271+CD56- cells, however, this might be related to the fact that we used an alternative 

mAb clone to detect CD56. In the double labeling of CD271 in combination with W8B2 we 

observed nearly 100% of the CFU-F of human, monkey and goat in the CD271+W8B2+ fraction, 

indicating that both these mAb recognize MSC and will not reveal subpopulations. Double 

labeling of e.g. CD271 together with W4A5 in BM of goat and pig distinguished CD271+W4A5+ 

and CD271+ W4A5- with colony forming capacity. It will be interesting to select the different 

cell fractions and investigate their differentiative potential towards adipocytes, osteoblasts 

and chondrocyte-like cells compared to plastic adherent cells, as Quirici et al. described a 

higher differentiative potential for the immuno-selected populations 49.

We showed that flow sorting for all seven markers could be used to enrich for the mesen-

chymal stem cells, both for single as well as for double labeling, although the purification 

factors that we obtained varied considerably (Tables 3 and 4). However, it should be noted 

that it was not our primary goal to get the highest purity and therefore settings of the sorting 

gates were not further optimized. When MSC are flow sorted from human BM after labeling 

with the mAbs on which we report here, such as W8B2, W5C4, W3C4, 39D5 or CD271, fol-

lowed by in vitro expansion, they can be differentiated as effectively as MSC cultured from 

non-sorted BM 41-43. Others have shown this for Stro-1 33 and for CD146 50. 

Our experiments, however, do show that the cross-reacting mAb that we identified are ex-

cellent markers for the clonogenic MSC in primary BM of the various species that we studied 

and we anticipate that they can be used to purify the CFU-F population from the BM from 

each of the species to a high degree and to study their diffentiation potential. The optimal 

conditions to differentiate MSC from each of these species are, as yet not defined and require 

additional research. 

In addition to using the cross-reacting mAb for sorting of the clonogenic MSC from BM 

they can also be used to characterize cultured MSC. We showed that the CFU-F fraction in 

the BM was mostly restricted to the positive cell fraction after labeling with CD271, W8B2, 

W4A5, CD56 and W3C4, indicating that these markers are expressed by early progenitors. 

For these mAb we observed that upon further in vitro expansion the percentage of positive 

cells decreased. This observation is in agreement with the fact that MSC lose their stem cell 
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characteristics like self-renewal and differentiation capacity upon prolonged culturing 51-53. In 

contrast, most of the MSC remained positive for 58B1 and W5C4 during expansion culturing. 

Culture expansion of MSC aims to produce large numbers of cells either for functional 

testing in preclinical models or to use for cellular therapy in human regenerative medicine 

applications. The frequency of the clonogenic MSC (CFU-F) in the initial BM is low, in the 

order of 1 per 104-105 BM cells (0.01-0.001%). To produce large numbers of MSC there are 

several options: 1) to start with a relatively large amount of BM and consequently a very 

large number of culture flasks; 2) start with a limited number of BM cells and expand the 

MSC during serial passaging until sufficient numbers of cells are obtained; 3) expand the 

culture after prospective isolation of the MSC from the BM. Our study shows that the last 

option can be done not only for human BM but also for any of the species that we studied 

by using the mAb against CD271 in combination with W8B2, W4A5 or CD56. The first option 

requires a large amount of physical space in the culturing facility, and is less attractive from 

an economic point of view. The second option implies that the culture initiating clonogenic 

MSC (CFU-F) from the starting culture will undergo a large number of population doublings 

(PD) before the required large number of MSC are obtained. Since MSC go into senescence 

after on average 40 PD 51, option two will seriously affect their in vitro differentiation capac-

ity  52 and obviously a reduced in vivo proliferation and differentiation capacity  53. The third 

is the most attractive, because it facilitates the processing of larger BM samples. It not only 

allows to scale down the voluminous MSC cultures but it also leads to a substantial increase 

the absolute number of culture initiating clonogenic MSC (CFU-F) in the starting culture. 

The relevance of this should not be underestimated. First, the MSC population in the initial 

passage will consist of a much larger spectrum of different clones that each has made less PD 

than the MSC that are produced using option two and as a consequence may have retained a 

more immature MSC phenotype. The combination of the different markers that we identified 

will facilitate further purification of the clonogenic MSC population from BM or other sources 

for the different species. Furthermore, a less immature cell population might be interesting to 

use when the dose is the limiting factor for therapy. For example, in the treatment of ischemic 

heart failure, the use of MSC has clinical potential 54,55. Culturing cells for a prolonged period 

of time might turn them less immature than primitive MSC directly isolated from the source, 

and also harbours the risk that cells become tumorigenic or get infected. 

In conclusion, this study provides an important first step in the identification of mAb 

that can be used for isolation and enrichment of MSC from the BM or as key markers for 

the characterization of cultured MSC from multiple mammalian species used in preclinical 

regenerative medicine research.
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aBStraCt

In tissue engineering, strategies are being developed to repair large bone defects by 

combining biomaterials and bone marrow-derived multipotent mesenchymal stromal cells 

(MSCs). For expansion of MSCs under GMP conditions, human platelet lysate (PL) can serve 

as substitute for fetal bovine serum (FBS) in culture media. We compared the in vivo bone 

forming capacity of passage 3 MSCs cultured with either PL or FBS for 9 different human 

donors. We also tested the growth kinetics, antigen expression profile and the multilineage 

differentiation capacity in vitro of these MSCs. The in vivo bone forming capacity was de-

termined by seeding culture-expanded MSCs onto biphasic calcium phosphate scaffolds. 

Hybrid constructs were implanted subcutaneously in nude mice, retrieved after 6 weeks and 

analyzed using histomorphometry.

PL supplemented cultures resulted in significantly larger colonies, shorter culture time 

period, and higher population doublings between P1 and P3 compared to FBS containing 

cultures. No differences were observed in antigen expression profiles or differentiation 

capacities into the osteoblastic, chondrogenic and adipogenic lineages, qualitatively. In vivo 

bone formation with PL supplemented cultures of MSCs was demonstrated in 9/9 donors 

versus 6/9 for FBS supplemented cultures. These results warrant the use of PL for ex vivo 

expansion of human MSCs for bone tissue engineering applications.
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introduCtion

Cell-based therapies belong to the more recent approaches in regenerative medicine 

(RM) that aim at replacing or repairing organs and tissues. For this purpose multipotent 

mesenchymal stromal cells (MSCs) can be used, as these are multipotent progenitor cells 

as described by the International Society for Cellular Therapy (ISCT). They suggested as a 

uniform nomenclature to clarify the terminology: multipotent mesenchymal stromal cells 

(MSCs), because the cultured population consists of more than stem cells 1. Although MSCs 

reside in low frequencies in various human tissues, they can readily be expanded to the high 

quantities that are required for clinical application. The most commonly used source for MSCs 

is the bone marrow, although MSCs can also be isolated from adipose tissue 2, fetal tissues 3,4, 

amniotic fluid  5,6, umbilical cord blood  7-9, Wharton’s jelly of the human umbilical cord  10-12, 

limbal stroma of the eye 13, and dental tissues 14-17. The minimal criteria for multipotent MSCs 

defined by the ISCT are: 1) the cells are plastic adherent and when cultured display a spindle 

fibroblastic-like cell morphology; 2) they have the ability to differentiate towards osteoblasts, 

adipocytes and chondrocytes in vitro using specific differentiation inducing stimuli; 3) they 

have a cell surface expression of CD73, CD90 and CD105 and are negative for CD45, CD34, 

CD11b, CD14, CD31, CD79, CD19 and MHC class II 18.

Nowadays, clinical application of MSCs for cellular therapies aim at improved engraftment 

of hematopoietic stem cell transplantation 19-21, to ameliorate steroid resistant Graft-versus-

Host Disease after allogeneic stem cell transplantation  22-24, treatment of Osteogenesis Im-

perfecta 25,26, and treatment of metabolic disorders, for example Hurler’s disease 27,28. Another 

application is in cartilage and bone tissue engineering by combining biomaterials and MSCs. 

Whereas the results from preclinical applications with animal MSCs in bone tissue engineer-

ing were initially promising  29, the results from the first limited number of clinical studies 

with human MSCs did not result in the establishment of MSC-based osteogenic grafts in 

clinical practice  30-35. An explanation for this insufficient bone forming capacity is thus far 

not provided. Considering that cultured MSCs are a heterogeneous population 36, the culture 

conditions may influence the composition and quality of the MSCs that are produced. A vari-

able content of cells with bone forming capacity in the MSC cultures might be the reason for 

the controversial results obtained in the clinical studies so far. This emphasises the need for 

standardized culture protocols with defined constituents in the culture media to ensure a 

predictable outcome. 

Moreover, expansion of MSCs for clinical applications should be performed using a culture 

procedure that meets Good Manufacturing Practice (GMP) requirements and with reproduc-

ible results. Fetal Bovine Serum (FBS), which is frequently used as a culture medium supple-

ment during in vitro expansion, harbours the risk of transmitting animal pathogens and can 

also evoke an immune response, leading to rejection of the transfused cells, or anaphylactic 

or arthus-like immune reactions 37-40.
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Recently, several groups showed that human platelet lysate (PL) can be used as a source 

of growth factors in animal serum-free culture conditions and can substitute FBS to promote 

human MSC expansion 41-47. PL is produced from clinical grade highly concentrated human 

platelets in plasma. It contains among others platelet-derived growth factors (PDGFs), basic 

fibroblast growth factor (bFGF), vascular endothelial growth factor (VEGF), insulin-like growth 

factor-1 (IGF-1), and transforming growth factor-β (TGF-β) 41,48.

Osteogenic MSCs may in particular respond well to exposure to PL considering the wide-

spread use of platelet concentrates in dentistry and oral-maxillofacial surgery, orthopaedic 

surgery, cosmetic surgery, eye surgery and cartilage and tendon repair  49-51. These applica-

tions are based on the assumption that the platelets release multiple growth factors that 

have a chemotactic as well as mitogenic effects on MSCs and osteoblasts and therefore may 

accelerate bone healing in case of orthopaedic applications 52.

The aim of this study was therefore to perform a comparative analysis of the growth ki-

netics, phenotype, in vitro multi-lineage differentiation and in vivo bone forming capacity 

of 9 independent human bone marrow donors (age 4-74 years) cultured either in medium 

supplemented with human PL or with FBS.

MaterialS and MetHodS

MSC expansion

Human bone marrow (BM) aspirates were obtained from the iliac crest during standard hip 

operations or stem cell harvest procedures from donors that had given written informed con-

sent, BM flushed from materials used for BM harvest for stem cell transplantation or remain-

ing BM harvested for diagnostic purposes. The age of the 9 donors ranged from 4 to 74 years. 

BM samples were filtered through a 70 μm nylon cell strainer to remove any cell aggregates 

and splinters of bone. Mononuclear cells (MNCs) were isolated from BM aspirates by density 

gradient centrifugation (Ficoll 1.077 g/cm3) and plated in non coated 25, 75 or 175 cm2 poly-

styrene Falcon culture flasks (Becton Dickinson (BD), Franklin Lakes, NJ, USA)) at a density 

of 160,000-250,000 cells per cm2. Cells were seeded under two different culture conditions 

based on minimal essential medium (α-MEM) supplemented with 100 U/ml penicillin and 

100 μg/ml streptomycin (Life Technologies, Breda, The Netherlands): (1) 10% heat-inactivated 

Fetal Bovine Serum (Cambrex, Verviers, Belgium; selected batch, tested for growth of primary 

human bone marrow stromal cells), 0.2 mM L-ascorbic acid-2-phosphate (Sigma-Aldrich, 

Zwijndrecht, The Netherlands), 2 mM L-glutamine (Life Technologies) and 1 ng/ml basic 

fibroblast growth factor (bFGF, Sigma-Aldrich), as previously described 53,54, or (2) 5% PL with 

10 units heparin per ml. All cells were maintained in a humidified incubator at 37 ºC and 

5% CO2. After 3-4 days medium was refreshed for the first time and subsequently refreshed 

twice a week. The cell cultures were evaluated 4-6 times per week by the same experienced 
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observer. The cells were passaged upon reaching near confluence (90%). Detachment of the 

cells after trypsin treatment (Lonza, Verviers, Belgium) was verified by microscopic inspection 

of the culture flasks; live cells were counted manually in a Bűrker Tűrk hemocytometer after 

trypan blue dye exclusion staining. Subsequently, cells were used for further subculturing, 

by replating the cells in a concentration of 1500 cells per cm2, or for cryopreservation. The 

cumulative cell counts at the subsequent passages for each donor were normalized to the 

initial amount of MNCs plated, which was set at 100%. These cumulative cell counts were 

used to calculate the population doublings (PDs) between passage 1 and passage 3 using the 

formula [PDs=log (cell yield P3/cell yield P1)/log (2)]. 

CFU-F assay

To compare the colony forming capacity and colony size resulting from BM cultured in me-

dium supplemented with PL and FBS, MNCs isolated from bone marrow were seeded in the 

concentrations 0.5; 1 and 2x106 cells per 25 cm2 in duplicate in medium supplemented with 

PL and FBS (n=9). After 10 days, colonies were fixed with ice-cold methanol for 15 min and 

stained with 1:8 in distilled H2O diluted Giemsa stain (Sigma-Aldrich) for 15 min at room tem-

perature (RT). The number of colonies was scored and the size of the individual colonies was 

determined measuring the diameter of the CFU-F using AxioVision image analysis software 

(Zeiss, Munich Germany).

Platelet-lysate (PL)

Pooled platelet products from 5 donors were obtained from the Bloodbank Sanquin North-

west (Utrecht, The Netherlands) and contained approximately 1x109 thrombocytes per ml. PL 

was obtained by lysing the platelets through temperature-shock by freezing them at -80ºC. 

Before usage as supplement to the medium, PL was thawed, centrifuged at 2000 g for 10 

minutes to eliminate remaining platelet fragments and supernatant was used as supplement 

to the medium at a concentration of 5% 41.

Flow cytometry (FACS) analysis

Passage 3 MSCs (n=9) were analysed for their antigen expression profile using CD73, CD90, 

CD105, CD13, CD29, CD44, CD49, CD55, HLA class I, HLA class II, β2-microglobulin, Glycopho-

rin A, CD3, CD14, CD19, CD31, CD34, CD45, CD71 CD11b, CD79 (BD) and CD105 (Ancell Corp., 

Bayport, MN, USA) monoclonal antibodies conjugated with either Fluorescein Isothiocyanate 

(FITC), Phycoerythrin (PE), Activated Peridinin-chlorophyll-protein Complex (PerCP) or Allo-

phycocyanin (APC). For antigen expression studies P3 cells were washed with PBS and stained 

with specific conjugated primary antibody for 30 minutes on ice. Samples were washed and 

analysed in a FACSCaliber flow cytometer (BD) with the Cellquest Pro software (BD).
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MSC multilineage in vitro differentiation potential

All differentiation assays were performed with MSCs cultured either with FBS or PL. After 

trypsinization, MSCs were plated in duplicate into differentiation assays using one defined 

differentiation medium.

Chondrocyte differentiation

Aliquots of 2.5x105 cells were pelleted in 15 ml polypropylene tubes by centrifugation at 

150 G for 5 min and cultured as high-density pellet cultures in either medium with FBS or 

PL (n=6). After 24 hours, the medium was replaced by NH Chondrodiff Medium (Miltenyi 

Biotec, Bergisch Gladbach, Germany) to induce differentiation. Control pellets were cultured 

in either FBS or PL expansion medium. Pellets were cultured for 24 days and medium was 

changed every 3-4 days. Cell pellets were fixed in 4% formalin, paraffin embedded and 5 

μm tissue sections were made with a microtome. Sections were deparaffinized, hydrated to 

dH2O, permeabilized with permeabilization buffer for 45 min at RT and incubated overnight 

at 4 ºC in a humidified chamber with primary mouse anti-human aggrecan antibody (Mil-

lipore, Billerica, MA, USA) according to manufacturer’s instructions (Miltenyi). Sections were 

washed and subsequently incubated with secondary donkey anti-mouse IgG-Rhodamine 

(Jackson ImmunoResearch, West Grove, PA, USA) in the dark for 60 minutes at RT. Nuclei 

were counterstained by DAPI (Sigma-Aldrich). Slides were dehydrated using 96% ethanol, 2 

changes of 100% ethanol 3 min each and cleared in xylene. Finally slides were mounted with 

Fluoromount-G (Southern Biotech, Birmingham, Alabama, USA) and analysed qualitatively 

by fluorescence microscopy.

Adipocyte differentiation

Cells were seeded at 5x104 cells per well in 24-well plates in either medium with FBS or PL 

(n=9). After 24h, the medium was replaced by DMEM (Gibco Invitrogen) containing 10 % 

FBS, 1% penicillin/streptomycin, 2 mM L-glutamine, 1 μM dexamethasone (Sigma-Aldrich), 

0.5 mM isobutyl methyl xanthine (Sigma-Aldrich), 0.2 mM Indomethacin (Sigma-Aldrich) and 

10 ng/ml insulin (Sigma-Aldrich) and control cells were fixed in 10 % formalin. The adipogenic 

medium was refreshed every 3-4 days for 3 weeks. Cells were fixed in 10% neutral buffered 

formalin for 10 min at RT, washed twice with dH2O and once with 60% isopropanol. Cells 

were stained in Oil Red O (saturated stock solution was diluted 6:10 with dH2O and filtered 

after 10 min) for 15 min at RT, again washed with dH2O to remove excess stain. Adipogenic 

differentiation was evaluated qualitatively on the basis of the morphological appearance of 

stained Oil Red O lipid droplets.

Osteoblast differentiation

Cells were seeded at 4x104 cells per well in a 24-wells plate (n=9), and cultured in NH OsteoDiff 

human medium for 10 days (Miltenyi Biotec). After cells were fixed with pre-cooled metha-
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nol and incubated for 5 minutes at -20 ºC, cells were washed twice with dH2O. Osteogenic 

differentiation was detected by staining the alkaline phosphatase expressing cells. To this 

end, fast BCIP/NBT substrate (Sigma-Aldrich) was added and plates were slowly agitated on a 

plate shaker at RT for 10 minutes. Cells were washed twice with dH2O and stained cells were 

examined qualitatively under a microscope.

In vivo bone forming capacity assay

To evaluate the in vivo bone forming capacity of the cells, the ectopic bone model was used 

as described previously 55. Briefly, one hybrid construct consisted of 2x105 MSCs seeded onto 

three 2-3 mm biphasic calcium phosphate (BCP) particles. The BCP particles were prepared 

and sintered at 1150 ºC as described previously  56. The hybrid constructs, i.e. cells seeded 

on BCP particles, and control particles without cells (n=6) were incubated for an additional 

7 days in vitro in osteogenic medium. For this purpose medium supplemented with 10-8 M 

dexamethasone (Sigma-Aldrich), a corticosteroid routinely used to stimulate bone formation 

in culture from MSCs, and no bFGF was used as previously described  54. Nude male mice 

(Hsd-cpb:NMRI-nu, Harlan) were anaesthetized by intramuscular injection of 0.05 ml from a 

mixture of anesthetics (ketamine 100 μg/ml, xylazine 20 mg/ml and atropine 0.5 mg/ml in 

a 7:6:1 ratio). The surgical sites were cleaned with ethanol, 4-6 subcutaneous pockets were 

made and the implants were placed in each of the pockets. Constructs with MSCs cultured 

with PL or with FBS from the same donor were placed pairwise in at least 4 separate mice. 

The control constructs without cells were implanted together with the hybrid constructs in 6 

different mice. The incisions were closed using a vicryl 5-0 suture. After surgery the animals 

were treated with the analgesic buprenorphine (Temgesic, Schering-Plough, Utrecht, The 

Netherlands) and housed in separate filtertop cages at the Central Laboratory Animal Insti-

tute, Utrecht University. Experiments were conducted with the permission of the local Ethical 

Committee for Animal Experimentation and in compliance with the Institutional Guidelines 

on the use of laboratory animals. 

Evaluation of in vivo bone formation

After 6 weeks the mice were euthanised by cervical dislocation and samples (n=4-6) were 

retrieved, fixed in 4% paraformaldehyde, dehydrated and embedded in polymethylmeth-

acrylate (MMA). The MMA sections were stained with 1% methylene blue (Merck, KGaA, 

Darmstadt, Germany) and 0.3 % basic fuchsin (Klinipath, Duiven, The Netherlands) for rou-

tine histology and histomorphometric analyses. Approximately 10 μm thick sections were 

prepared using a histological diamond saw (Leica, Nussloch, Germany). At least 4 sections 

were made from each sample and the amount of bone formed area was measured using 

AxioVision image analysis software (Zeiss) coupled to an Axiostar light microscope (Zeiss), 

quantified as the percentage of bone area in the available pore space [(bone area/pore area) 

x 100%]. 
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Statistical analysis

Statistical analysis was performed using SPSS version 15.0 software. A paired Student’s t-test 

was performed for paired comparisons between PL and FBS for PDs, CFU colony numbers and 

colony size, the percentage of bone, and the numbers of days required to reach passage 3. To 

determine significance between the numbers of donors that resulted in bone formation for 

FBS versus PL a McNemar test was used. Data are presented as the mean ± standard deviation 

(SD). A test was considered statistically significant when the p-value was smaller than 1%.

reSultS 

Growth kinetics

The numbers of CFU-F colonies grown per 1x105 mononuclear bone marrow cells seeded 

in medium supplemented with PL were higher than the cultures with FBS (7.3±4.8 versus 

5.1±4.5, respectively), but there was no significant difference between FBS and PL grown 

colonies (p=0.18). However, the CFU-F cultured in PL were significantly larger with an aver-

age of 4.5 mm ± 1.4 versus 2.3 mm ± 0.4 for FBS cultured CFU-F (p=0.005). Representative 

examples of CFU-F colonies grown with FBS or PL are shown in Figure 1. 

A B

Figure 1. Prins et al., 2008

Figure 1. CFU-F–forming capacity.
Shown is a representative picture of one formed CFU-F colony from fresh bone marrow from the same donor, after 10 days of in vitro culture in 
medium with either fetal bovine serum (FBS) (A) or platelet lysate (PL) (B). Colonies were fixed and stained with Giemsa. CFU-F: Colony-Forming 
Unit-Fibroblast. 
 

MSCs cultured in medium supplemented with PL showed an increased cell yield at each 

passage compared to FBS cultures (Figure 2). At P3 an average 7.5 fold higher cell yield was 

obtained for PL, resulting in significantly higher PDs (8.9±1.5 and 6.2±1.4, p=0.008). The time 

point that the MSCs could be passaged for the MSCs cultured with PL was always earlier than 
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that for the MSCs cultured with FBS. As a consequence, the time needed to reach passage 3 

was significantly shorter (mean value 5.4±2.6 days; p=0.001) for the MSC cultured with PL 

versus FBS (18.6±1.5 and 24±3.7 days). MSCs cultured with PL were smaller in size than MSCs 

cultured with FBS as assessed by forward scatter (FSC) in flow cytometry (shown for P3 cells 

in Figure 3). 
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Figure 2. Cumulative cell counts.
The cell yield for cells cultured with either FBS or PL for the first three passages. Both conditions were started with the same amount of 
mononuclear bone marrow cells, which was set at 100%. Calculated cumulative cell counts are presented as mean ± standard deviation.
 

Immunophenotype of the cultured MSCs

Although there are no unique MSC markers, characteristic expression patterns have been 

described. The MSCs cultured with PL as well as those cultured with FBS showed expression 

of MSC markers CD73 (SH3), CD90 (Thy-1) and CD105 (SH2, endoglin); the adhesion mark-

ers CD13, CD29 (β1 integrin), CD44, CD49, and CD55; MHC markers HLA-A, B, C (MHC-I), and 

β2-microglobulin. They lacked the expression of the hematopoietic markers CD235a (Gly-

cophorin A,) CD3, CD14, CD19, CD31, CD34, CD45, CD71, CD11b and CD79. Figure 3 shows 

the mean fluorescence intensities (MFI) after labeling of the MSCs with the different markers. 

The large panel of CD markers that we used, which included those that are recommended by 

the ISCT to characterize MSCs, did not reveal substantial differences in the pattern nor in the 

level of expression of antigens, between PL and FBS cultured MSCs. The only exception was 

a moderate increase in the expression of HLA-DR (MHC-II) for a minor population of cells in 

cultures supplemented with FBS. 

In vitro multi-lineage differentiation capacity

To test the multi-potential differentiation capacity of the MSCs that were cultured under 

both conditions, cells were differentiated towards adipocytes, osteoblasts or chondrocytes. 
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MSCs of both culture conditions that were induced to differentiate towards the osteoblastic 

lineage showed ALP expression, MSCs induced to differentiate into fat cells showed Oil Red 

O positive stained lipid droplets, and MSC pellet cultures induced to differentiate towards 

chondrocytes showed aggrecan synthesis. Similar results were obtained with duplicates 

under the same conditions. The results of one representative donor are shown in Figure 4. 

This indicates that in vitro multipotency of MSCs cultured in PL does not differ from that of 

MSCs cultured in FBS, indicating that PL does not influence the differentiation capacity of the 

cultured MSCs qualitatively. 

In vivo bone formation

The in vivo bone forming capacity of passage 3 MSCs cultured in FBS and PL, was tested by 

subcutaneous implantation of hybrid constructs, consisting of MSCs seeded on BCP particles, 

in nude mice as described in material and methods. In total, constructs with cultured MSCs 

from 9 different donors were tested. These experiments revealed that when MSCs were cul-

tured in the presence of PL, this always resulted in in vivo bone formation (9 out of 9 donors), 

whereas for MSCs cultured with FBS this was the case in only 6 out of 9 donors, although 

this observation did not reach significance (p=0.25). The mean percentage of bone area per 

donor was variable between the donors and ranged for MSCs cultured with PL from 0.1% to 

15.2% and for MSCs cultured with FBS from 0% to 10.4% (Table 1). Comparing the PL and 

Figure 3. Antigen expression pattern.
Flow cytometric histograms showing the immunophenotype of passage three MSCs cultured with either FBS (A) or PL (B). Labeled samples 
(grey filled curves) were compared with isotype controls (unfilled curves). The gated cells were negative for the hematopoietic cell markers CD3, 
CD14, CD19, CD31, CD34 and CD235a. Cells were positive for adhesion molecule markers CD13, CD29, CD44, CD49e, and CD55; MHC markers ß2-
microglobulin and HLA-ABC; and CD73, CD90 and CD105, which are considered to be markers of MSCs.In FBS cultures MSCs were slightly positive 
for HLA-DR.
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FBS group, there was no significant difference between the mean percentages of bone in 

the slides (4.5±5.6 and 3.5±3.5, respectively)(p=0.6). A representative example of a histology 

slide showing bone formation for PL-expanded MSCs is shown in Figure 5A. The new formed 

bone contained embedded osteocytes and a prominent osteoblastic layer on the luminal 

Figure 4. In vitro multilineage differentiation. 
MSCs cultured either with FBS or PL were differentiated towards the osteogenic lineage and stained for alkaline phosphatase acitivity with NBT 
substrate; towards the adipocytic lineage and stained red for lipid droplets with Oil Red O dye and towards chondrocytic lineage and stained with 
an indirect immunofluorescent labeling of aggrecan using a Rhodamine-conjugated antibody (red), nuclei were counterstained by DAPI (blue). 
Undifferentiated cells were stained as a control.
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surfaces. In sections with abundant bone formation more bone marrow resembling struc-

tures with hematopoietic cells and fat cells were observed in the vicinity of the new formed 

bone, which implies the functionality of the bone tissue of PL-expanded MSCs (Figure 5B). No 

bone formation was observed in control scaffolds without cells (Figure 5C).

Table 1. In vivo bone formation. 

Scaffolds with bone Slides with bone % bone

Gender, age (years) FBS PL FBS PL FBS PL

No cells 0/6 0/6 0/25 0/24 0 0

♂, 34 8/9 9/9 20/35 43/44 0.8±0.8 11.2±6.1

♀, 74 4/4 4/4 20/20 21/21 10.4±1.0 3.5±2.4

♂, 60 4/4 2/4 23/24 7/22 4.5±0.2 0.2±0.2

♀, 73 0/4 3/4 0/23 4/21 0 0.1±0.06

♀, 63 0/4 2/4 0/24 4/21 0 0.3±0.4

♂, 4 6/6 6/6 28/34 32/35 5.2±3.9 7.9±5.8

♀, 14 0/6 3/6 0/35 9/36 0 0.2±0.3

♀, 8 6/6 6/6 34/34 35/35 6.0±4.0 15.2±6.2

♀, 5 6/6 5/6 28/31 26/32 5.0±4.6 1.5±1.5

Average 3.5±3.5 4.5±5.6

The first column shows the gender and age of the nine donors. Columns 2 and 3 show the number of scaffolds with bone formation of the total 
number of scaffolds that were analyzed (FBS and PL, respectively). Columns 4 and 5 show the number of slides positive for bone formation of 
the total number of slides analyzed for each donor studied. Columns 6 and 7 present the average percentage of bone ± standard deviation in the 
pore-available space of the analyzed slides per donor. FBS: fetal bovine serum; PL: platelet lysate.

diSCuSSion

Important determinants for successful clinical application of cultured human MSCs are qual-

ity of the cells, ability to proliferate and differentiate in vitro and functionality of the cells in 

vivo. Moreover, the production of the MSCs should be feasible under GMP. This report de-

scribes the comparative analysis of culturing human MSCs from 9 different donors in which 

the culture media were supplemented with PL or with FBS with the emphasis on expansion 

and in vivo bone formation. 

An increased yield of MSCs at low(er) passage number is highly relevant for clinical applica-

tions, because large numbers are required for, for example systemic infusion  22,23,57, as well 

as for the repair of large critical size bone defects 58. For in vitro expanded MSCs it was also 

shown that the bone forming capacity is decreased in higher passage numbers 55. In respect 

to standardized culture conditions, it was shown that different batches of FBS resulted in a 

large variability of MSC proliferation from different donors caused by unknown variables 59,60. 

The FBS batch used in this study was selected out of 10 different batches for optimal MSC 

growth, ALP induction and in vivo bone formation. We used the same medium and supple-

ments ensuring consistency with experiments in reference 5454. The PL was prepared from 

GMP approved platelet concentrates, consisting of a pool from 5 donors to avoid donor vari-

Henk-Jan Prins bw 2.indd   82 30-08-11   11:04



83

Bone forming capacity of PL-supplemented MSC cultures

3

ability. Several batches of PL were tested and no differences in proliferation, differentiation, 

cloning efficiency and immunophenotype of the MSCs (data not shown) were found, which 

is in line with reports from others  61. The precise mechanisms underlying the reproducible 

increased proliferation rate of MSCs cultured with PL is not known, but the presence and con-

centrations of various cytokines and growth factors will undoubtly play a decisive role. Higher 

concentrations of TGF-β, PDGF, bFGF and VEGF are found in PL compared to FBS, but the list 

of cytokines found in PL is much longer 41,48,62-64. It can also not be excluded that the enhanced 

proliferation may not depend on a single growth factor, but to the synergistic effect(s) of the 

many growth factors and cytokines present in PL. Which of these are most essential is still 

unknown. Until all essential growth factors are identified and can be synthetically produced 

under GMP, PL appears to be a good alternative source of physiological growth factors. The 

use of autologous serum in the manufacturing of Advanced Therapies Medicinal Products 

(ATMPs) with GMP approved materials will be logistically more demanding in view of the 

standardization of the procedure. Furthermore, the use of autologous serum appeared to 

20x

20x 200x

H

H
F

F

Figure 5. In vivo bone formation. 
Histological section of bone formation by PL-expanded MSCs in immune deficient mice. Scaffolds loaded with MSCs were explanted after 6 
weeks, MMA embedded and stained with methylene blue and basic fuchsin for bone formation (A). Scaffold material is shown in grey/black 
(indicated by green arrowheads) and newly formed bone is basic fuchsin stained pink (indicated by yellow arrowheads). The area indicated by the 
yellow rectangle is magnificated in B. The blue arrowheads designate osteocytes in the new formed bone, F; Fat cells, H; Hematopoietic cells. A 
representative control scaffold without cells is shown in C. 
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be not a realistic alternative and appropriate for future “off-the-shelf” availability of stem cell 

therapy. The use of a pool of donor platelets allows in advance production of a standardized 

GMP approved “off-the-shelf” product  65. In view of safety issues it should be recognized 

that extensive in vitro passaging of MSCs increases the risk of mutagenesis as was shown 

for mice and human  66-70. It has been reported that human MSCs cultured with PL do not 

undergo transformation after in vitro culture 43,47. Whether molecular karyotyping by means 

of comparative genomic hybridization should be one of the release criteria for using MSCs in 

clinical applications is still under debate (Workshop ISCT Europe September 2008). However, 

PL allows a shorter culture period and a shorter ex vivo handling could be an advantageous 

for GMP manufacturing of cellular endproducts in terms of costs reduction and the risk of 

infections.

It is generally assumed that in vitro assays, such as ALP-expression and colony forming 

(CFU-F) capacity provide meaningful information, but are not predictive for the in vivo bone 

formation capacity of MSC cultured with FBS 71. Remarkable differences were observed be-

tween individual MSC populations. For the 9 donors that we studied we observed that the 

expansion rate, the ALP-expression (data not shown), the ability to form colonies and the size 

of CFU-F colonies is variable. This is in line with previous reports 72,73. However, when cultured 

with PL always larger CFU-F colonies and a higher cell yield were found compared to FBS.

Since our goal was to generate MSC with osteogenic potential we chose to evaluate the 

in vivo bone forming capacity of MSCs, because this is the most definite indication of osteo-

genesis, rather than to use an in vitro characteristic to qualify the culture products. The bone 

forming capacity was tested in an ectopic bone forming model in immune deficient mice. 

MSC from cultures supplemented with PL resulted in bone formation in all 9 donors tested, 

whereas for FBS cultured MSC this was apparent in 6 out 9 donors. Three donors demon-

strated bone formation only for the PL supplemented cultures, however, the amount of bone 

was limited. The limited success rate of in vivo bone formation for FBS cultured MSCs is in line 

with the experience of others 54,55,71,73,74.

Thus far there are only few reports on the in vivo bone forming capacity of MSC cultured in 

the presence of platelets as platelet-rich-plasma (PRP) and with limited numbers of donors 

tested. Kasten et al. (2006) reported 3 cell pools of each 3 donors cultured to attempt to 

minimize inter-individual changes, but in vivo bone formation occurred in only 1 of the 

pools 75. In a second study from the same group an equal amount of bone was observed in 

PRP-expanded MSCs compared to FBS-expanded MSCs, tested for 1 donor 76.

There is growing evidence that suggests that in vivo bone formation is linked to the pres-

ence of specific MSC subpopulations. Kuznetsov et al. (1997) demonstrated that only 59% 

of clonally derived human marrow stromal fibroblasts (adherent cells cultured from BM 

and equivalent to MSCs), established from different donors, were able to form bone when 

implanted in immune-deficient mice. These results support the hypothesis that the marrow 

CFU-F population is divided into 2 compartments: stem cells and committed progenitors 72. 
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The heterogeneous population or multi-colony derived MSCs from the cultures with PL con-

tain more smaller, rapidly dividing stem cells. This might indicate that PL cultures might differ 

from FBS cultures in their self renewal behaviour and the smaller cell morphology might be 

an indication that the cells are more immature 77. However, additional research focussed on 

self renewal characteristics of the MSCs will have to be performed before a firm conclusion 

regarding this issue can be drawn. The observed phenotypic heterogeneity of MSC cultures 

is possibly linked to ongoing culture adaptation  78, or to different stages of differentiation 

commitment 79. Recently, several groups showed that sorting for cells with specific markers 

selects progenitors in bone marrow or MSC cultures with specific properties  80-84. This sug-

gests that the identification of the cell in the human body with the highest proliferation and 

bone forming potential in combination with PL expansion conditions could revolutionize the 

use of MSCs in bone tissue engineering.

In conclusion, we show that when MSCs are cultured in vitro using human PL as medium 

supplement that this yields high numbers of MSCs in a relatively short period of time com-

pared with FBS supplemented cultures. A major advantage is that the production of MSCs 

with PL can be done using animal free medium under GMP. For both conditions the MSCs 

retained their in vitro multipotential capacity and phenotype as required for MSC definition 

by the ISCT  18. The composition of the MSC population is heterogeneous, similar to FBS-

expanded cultures, however, in all PL supplemented cultures cells with bone forming capac-

ity are present. The challenge is now to determine which subpopulation can be identified as 

MSCs with the osteogenic potential, either by selective culturing or selection on the basis 

of new developed markers. This will possibly improve further the strategy for bone tissue 

engineering. 
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aBStraCt

The high expectation for Mesenchymal Stem/Stromal Cells (MSCs) in regenerative medicine 

applications is based on the in vitro multipotent differentiation capacity of culture-expanded 

MSCs. MSCs vary greatly in proliferation- and differentiation capacity, which may imply het-

erogeneity in in vivo functionality, including in vivo bone formation. Therefore we analyzed 

sixteen single CFU-F derived MSC clones, generated from bone marrow and cultured with 

human platelet lysate. In an ectopic bone implant mouse model, 5/16 clones formed bone in 

vivo. In search for an in vitro parameter predicting in vivo osteogenic potential, MSC clones 

were tested for proliferation, osteogenic-, adipogenic- and chondrogenic differentiation and 

cell surface marker expression. The best and worst performing clones differed 100-fold in cell 

production and >7000-fold in CFU-F production. The alkaline phosphatase (ALP) activity as a 

measure for in vitro osteogenic differentiation indicated activity in all clones at differentiation 

initiation, but ALP induction during differentiation was observed in 7/16 clones at enzyme 

activity and mRNA level and was identified as a predictive marker for in vivo bone formation. 

Chondrogenic differentiation was observed in 2/16 and adipogenic differentiation in 11/16 

clones. 

In conclusion, culture-expanded MSCs are the cumulative progeny of stem cells having a 

tri- or bi-lineage differentiation potential, or a single lineage restriction, which may reflect 

a hierarchy in MSCs. MSCs are heterogeneous for in vivo bone formation. Most importantly 

we identified inducible ALP activity as an in vitro parameter that predicts for the in vivo bone 

forming capacity of the generated MSC clones, which is highly relevant for further develop-

ment of clinical MSC culture procedures in bone tissue engineering.
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introduCtion

Mesenchymal stem/stromal cells (MSCs) are a rare population of cells in the bone marrow 

(BM) with a reported frequency of approximately 0.01% to 0.001%. This population of 

non-hematopoietic cells in the BM was first described by Friedenstein and co-workers after 

pioneering studies in the 60’s as the progeny of plastic adherent multipotent cells  1-3. The 

tissues from which MSCs can be isolated, the differentiation lineages towards they can be 

directed, and the methods to expand MSCs ex vivo, including clinically approved protocols, 

have increased in the last four decades 4-7. MSCs that are produced under good manufactur-

ing practice (GMP) protocols are being used for several applications 8-10, including treatment 

of steroid resistant graft-versus-host disease  11, as support of hematopoietic stem cell and 

solid organ transplantation 12, tissue repair 13,14 and as a therapy for inherited metabolic dis-

eases 15,16. The International Society for Cellular Therapy described minimal criteria to define 

multipotent MSCs in an attempt to foster a more uniform characterization 17. However, there 

is increasing evidence that MSCs are a mixture of cells that can differ considerably not only in 

size and morphology but also in proliferation and in vitro differentiation capacity. Although 

a large number of cell surface markers show consistent and homogeneous expression on all 

MSCs in culture, a large variability is observed in the expression of newly identified markers 

and the question arises whether this relates to donor-to-donor variation or that it reflects 

heterogeneity in the MSC cultures  18-21. Whilst these observations on heterogeneity have 

mostly been reported in in vitro studies, little is known how this translates into differences in 

outcome when MSCs are used in in vivo applications.

MSCs hold great promise for applications in regenerative medicine and one of the ap-

plications is the use of MSCs for cell-based bone tissue engineering. In a previous study we 

showed that using human platelet lysate (PL) as substitute for fetal bovine serum (FBS), bone 

was produced in all nine donors tested in an in vivo ectopic murine bone formation model. 

The percentage of bone, however, that was produced by the various MSC preparations dem-

onstrated a large variation  22, which was consistent with observations of other groups  23-28. 

However, occasionally we did observe that FBS cultured MSCs yielded much better bone 

formation than PL cultured MSC from the same BM specimen did 22, suggesting that the dif-

ference is not primarily caused by donor-to-donor variation but by the cellular composition 

of the cultures, irrespective of culturing in FBS or in PL supplemented medium. MSC cultures 

are the result of expansion of cells that are formed starting from the adherent clonogenic 

cells (CFU-F) in a BM sample. Only if these CFU-F have similar proliferation and differentia-

tion potential it will result in a balanced cell product with predictable potential. If, however, 

these CFU-F differ in their potential this will lead to heterogeneity in the end product, which 

requires parameters to determine whether the cultured MSC fulfill the requirements for their 

intended use. Parameters with predictive value are therefore indispensible. These could be 

for example in vitro differentiation characteristics or the cell surface markers that identify 
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committed progenitors with bone forming capacity. As these could be utilized for sorting of 

the subfraction of MSC with bone forming capacity this could revolutionize the use of MSCs 

in bone tissue engineering applications. 

Therefore the aim of this study was to obtain greater insight in the heterogeneity of the 

clonal population that contributes to a MSC culture and to correlate the in vivo bone forming 

capacity with in vitro parameters. We therefore expanded single CFU-F clones using PL and 

determined their in vivo bone forming capacity and correlated this to self-renewal, to the 

cumulative total cell production, to the in vitro differentiation capacity towards adipocytes, 

chondrocytes, and osteoblasts, and to the cell surface marker expression using a large panel 

of monoclonal antibodies (mAb). Our data demonstrate that clonal MSC cultures that differ 

considerably in their characteristics reflect the heterogeneity within the MSC population, 

with respect to in vitro differentiation capacity, and in vivo bone formation. Furthermore, we 

demonstrate that in vivo bone forming capacity of MSC can be predicted by in vitro inducible 

alkaline phosphatase (ALP). 

MaterialS and MetHodS

Bone marrow and MSC expansion

The clonally expanded MSC cultures were generated from a bone marrow aspirate collected 

from an 11- year old patient for routine diagnostic purposes, as approved by the institutional 

medical ethics committee. The BM aspirate was filtered through a 70 μm nylon cell strainer 

to remove cell aggregates and splinters of bone. Mononuclear cells (MNCs) were isolated by 

density gradient centrifugation (Ficoll 1.077 g/cm3). To obtain single MSC colonies (clones) 

seven 96-wells plates were seeded with 10,000 MNCs per well. Cells were cultured in α –mini-

mal essential medium supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin 

(Life Technologies, Breda, The Netherlands), 10 U/ml heparin. For growth stimulation we 

added 5% human platelet lysate (PL) which was refreshed every three or four days as previ-

ously described 22. All cell cultures were maintained in a humidified incubator at 37 ºC and 5% 

CO2. After 2 weeks, fifty single CFU-F derived colonies were expanded using PL supplemented 

medium and tested for their expansion capacity by measuring the cumulative cell counts as 

well as the production of clonogenic cells (CFU-F) weekly. 

Colony-forming unit-fibroblast (CFU-F) assay

Graded numbers of cells were seeded in a CFU-F assay as described before 22. In brief, MSCs 

were seeded in 6-wells plates at a concentration of 30,000; 10,000 and 3,333 cells, respec-

tively, per well in duplicate. After 10 days, colonies were fixed with ice-cold methanol for 15 

min and stained with 1:8 in distilled H2O diluted Giemsa stain (Sigma-Aldrich) for 15 min at 

room temperature (RT). The number of colonies, which was defined as colonies existing of 
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more than 50 cells, was scored using an inverted microscope (Zeiss, Munich Germany). The 

calculated cumulative CFU-F production was determined by multiplying the cumulative cell 

number with the observed CFU-F frequency.

In vivo bone formation in a murine ectopic bone formation model

To evaluate the in vivo bone forming capacity of each clone that we generated, we used 

an ectopic bone forming mouse model as previously described  22, with the only modifica-

tion that for this study eighteen immunodeficient RAG-2-/- γc-/- Balb/c mice instead of nude 

mice were used. The RAG-2-/- γc-/- mice were originally obtained from the Amsterdam Medical 

Center (Amsterdam, The Netherlands) and bred in the Central Animal Facility of the Utrecht 

University. For each clone six hybrid constructs, consisting of 2x105 MSCs seeded onto three 

2-3mm biphasic calcium phosphate (BCP) particles, were implanted in six individual mice. 

Experiments were conducted after acquiring permission of the local Ethical Committee for 

Animal Experimentation and in accordance with the Dutch law on animal experimentation. 

After six weeks the mice were euthanized by cervical dislocation, the constructs were re-

trieved from the mice and evaluated for bone formation by determining the percentage of 

bone area in the pore available space as previously described 22.

Osteogenic differentiation and alkaline phosphatase measurement 

To obtain quantitative ALP activity measurements, MSCs were seeded in triplicate at 2x104 

cells per well in a 24-wells plate. After 24 hours, medium was replaced by NH OsteoDiff 

medium (Miltenyi Biotec, Bergisch Gladbach, Germany) and cultured for 7 and 11 days, 

respectively. For a reference value one plate was fixed at day 1. At the end of the culture 

period cells were fixed with 4% formalin for 15 minutes at RT, and washed twice with PBS. 

Osteogenic differentiation was quantified by staining the cells for ALP using a fluorescent 

ALP substrate kit (Vector Laboratories, Burlingame, CA, USA), according to the manufacturer’s 

protocol. Briefly, the cells were stained with Vector® Red substrate working solution for 1 hour 

at RT in the dark and washed with PBS. The nuclei were counterstained with 4’,6-diamidino-

2-phenylindole (DAPI; 1:10,000 in PBS) for 15 minutes at RT. After another wash with PBS, 

plates were scanned using the Thermo Scientific Cellomics® ArrayScan® VTI. For the analysis 

vHCS™:View software (both from Thermo Fisher Scientific, Pittsburgh, PA, USA) was used to 

determine the average ALP intensity per DAPI positive cell. ALP measurements were normal-

ized to the reference plate of day 1 and expressed as the ALP fold induction.

Quantitative real time polymerase chain reactions for osteogenic markers

Messenger Ribo Nucleic Acid (mRNA) levels of multiple osteogenic markers (Table 1) were de-

termined using quantitative real time polymerase chain reactions (qPCR) during osteogenic 

differentiation. MSCs were seeded at 1x105 cells per well in a 6-wells plate and cultured in NH 

OsteoDiff medium (Miltenyi Biotec) for 7 and 11 days, respectively. Reference samples were 
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collected at day 1. RNA was isolated from cell lysates by using TRIzol according to manufac-

turer’s protocol (Life Technologies, Carlsbad, CA, USA). RNA was DNase I treated and cleaned 

up using QIAGEN RNAse-free DNA Set and RNeasy kit (QIAGEN Corp., Gaithersburg, MD). The 

RNA isolates were verified at 1:50 dilution for purity and quantity by spectrophotometry at 

260 nm and 280 nm, followed immediately by cDNA synthesis using 0.5 μg of RNA and Bio-

Rad iScript according to manufacturer’s protocol (Biorad Laboratories, Hercules, CA, USA). 

A 1:50 dilution of cDNA was used for amplification. qPCR was performed on a Light Cycler 

real time PCR machine (Biorad) using SYBR green I master mix (Biorad). Data was analyzed 

using Light Cycler MyiQ software using fit point method by setting the noise band to the 

exponential phase of the reaction to exclude background fluorescence. Gene expression was 

calculated relative to GAPDH levels by the comparative ΔCT values method and fold induc-

tion was calculated by normalizing the data to the values at day 1. The primer sequences 

used for qPCR are shown in Supplemental Table 1. 

Adipogenic differentiation

Differentiation of the cells towards the adipogenic lineage was induced by incubating the 

cells in adipogenic differentiation medium as previously described  4. In short, cells were 

seeded in triplicates in a 24-wells plates (Nalgene Nunc International, Rochester, NY, USA) 

at a concentration of 40,000 cells per well. After 24 hours the medium was replaced by 

adipogenic induction medium (MDI). The medium contained high glucose Dulbecco’s Modi-

fied Eagle’s Medium (DMEM)(Invitrogen, The Netherlands), 10% Hyclone Fetal Bovine Serum 

(FBS), 0.1 μM dexamethasone, 0.5 μM isobutyl methyl xanthine, 10 μg/ml insulin and 100 μM 

indomethacin (all from Sigma-Aldrich). After 2 days the medium was changed to adipogenic 

maintenance medium (AM), consisting of DMEM, 10% FBS, and 10 μg/ml insulin and incu-

bated for 24 hours, subsequently incubated twice in MDI medium for 2 days, and finally for 1 

week in AM medium. Adipogenic differentiation was evaluated qualitatively on the basis of 

the morphological appearance of stained Oil Red O lipid droplets as previously described 22. 

To quantify the amount of lipid droplets formed, cells were fixed with 10% paraformaldehyde, 

and stained using fluorescent Nile Red O (Sigma-Aldrich). Cells were washed twice with PBS 

and incubated for 5 minutes with a solution containing DAPI and 0.5 ug/ml Nile-Red-O at RT 

and in the dark. After washing 2 times with PBS, cells were scanned using the Thermo Sci-

entific Cellomics® ArrayScan® VTI. vHCS™:View software was used to determine the average 

Nile Red O intensity per DAPI-positive cell. Images were taken using an EVOS fl fluorescent 

microscope (Advanced Microscope Group, Mill Creek, WA, USA). 

Chondrogenic differentiation

Pellets of 250,000 MSCs were formed by centrifugation of the cells produced by the individual 

clones for 5 minutes at 600 g in round bottom ultra-low attachment 96-wells plates (Corning, 

NY, USA). The pellets were maintained in chondrogenic differentiation medium at 37°C and 
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5% CO2. The medium contained high glucose DMEM (Invitrogen) supplemented with 1% 

ITS+ premix (BD Biosciences, Belgium), 10-7 M dexamethasone (Sigma), 0.2 mM L-ascorbic 

acid 2-phosphate (Sigma), 100 units/mL penicillin and 100 mg/mL streptomycin (Invitrogen), 

and 10 ng/ml TGF-β2 (R&D Systems). The medium was refreshed twice each week. After a 

period of 4 weeks the cell pellets were processed for histology (n=2) and for quantitative 

Glycosaminoglycans (GAG) analysis (n=3).

Quantitative analysis of Glycosaminoglycans 

Quantification of sulphated GAG in the pellets was performed using the 1,9-dimethyl-

methylene blue (DMMB; Sigma) assay as described previously 29. Briefly, pellets were digested 

overnight at 60°C in 250 μg/ml papain buffer (Sigma) with 0.2M NaH2PO4 (Merck, Germany), 

and 0.01M EDTA (Sigma). Reference samples of known concentrations of chondroitin sul-

phate C were prepared. DMMB staining solution (46 μM DMMB, 0.04M NaCl, 0.04M glycine 

(all from Sigma) was then added to the samples and standards. Absorbance was measured 

at 540 and 595 nm on a 96-wells plate reader (Bio-Rad, USA). Concentrations of GAG were 

calculated by taking the ratio of absorbances at 540/595 nm and based on a second degree 

polynomial fit of the standard curve. The amount of GAG per pellet was normalized to the 

total amount of DNA per pellet. Total DNA was assessed in digested samples using a Quant-iT 

PicoGreen dsDNA kit according to manufacturer’s instructions (Molecular Probes, Invitrogen, 

The Netherlands). 

(Immuno)histochemical staining

Pellets were fixed in formalin, embedded in paraffin and 5 μm sections were cut. After depa-

raffinization and rehydration safranin-O staining and collagen type II immunohistochemistry 

were performed on three sections per pellet. 

Safranin-O

Sections were first stained in Weigert’s hematoxylin (Klinipath BV, The Netherlands) to detect 

cell nuclei and subsequently in 0.4% fast green (Merck, Germany). Next, proteoglycans were 

detected with 0.125% safranin-O (Merck) before dehydration and mounting in depex. 

Collagen type II

For detection of collagen type II, antigen retrieval was carried out by incubating with 1 mg/ml 

pronase and 10 mg/ml hyaluronidase (both from Sigma). Subsequently, tissue sections were 

blocked in 0.3% H2O2 and in 5% bovine serum albumin in PBS, followed by incubation with 

the primary antibody recognizing specific collagen type II (1:100, II-II6B3, Developmental 

Studies Hybridoma Bank) overnight at 4°C. A secondary goat anti-mouse antibody, conju-

gated with horse radish peroxidase (Dako, Denmark), was applied at RT for 1 hour in a 1:200 

dilution and antibody binding was detected by incubation with 3,3’-diaminobenzidine tet-

rahydrochloride hydrate (DAB; Sigma) for 10 minutes. Finally, cell nuclei were counterstained 

with haematoxylin and sections were mounted. Isotype control staining was performed by 
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replacement of the primary antibody with mouse isotype IgG1 monoclonal antibody (Dako) 

at matching concentrations.

Cell surface marker expression of single colony-derived MSC cultures

Passage 3 MSCs were analysed for antigen expression profile using monoclonal antibodies 

(mAb) against human cell surface markers. For direct conjugated antigen expression studies 

30,000 cells were washed with PBS and stained with specific monoclonal antibody or iso-

type controls for 30 minutes on ice in the dark. For indirect immunofluorescence, cells were 

washed twice after specific first labelling and subsequently incubated for 30 minutes with 

mouse secondary antibodies on ice and in the dark. Samples were washed and analysed in a 

FACSCanto flow cytometer (BD) with BD FACSDiva™ software. The mAb used for immunophe-

notyping were as shown in Table 3. 

Statistical analysis

Data were presented as mean ± standard deviations. To determine the ability to distinguish 

between clones with and those without bone forming capacity, a Receiver Operating Charac-

teristic (ROC) curve was made using GraphPad Prism 4, and the area under the curve (AUC) was 

calculated. ROC curve is a widely used standard method to compare the accuracy of a diagnos-

tic test. It represents the tradeoff between false negative and false positive for every possible 

cutoff. A higher area under the curve (AUC) for a given parameter indicates a higher probability 

of this parameter to predict for in vivo bone forming capacity. A test was considered statisti-

cally significant when the p-value was less than 1 percent. Correlations between variables were 

assessed by Spearman’s rank correlation coefficient. Significant differences between clones for 

GAG/DNA data were analyzed by ANOVA and a Bonferroni correction in SPSS 15.0. 

reSultS

Heterogeneity in proliferation of the clonal MSC cultures

To investigate the heterogeneity within MSC cultures, we isolated clonal MSC cultures from 

a human bone marrow specimen by seeding 10,000 mononuclear BM cells per well in seven 

96-wells plates. In 50 from 672 wells outgrowth of MSC from the adherent cell fraction was 

observed, indicating a frequency of one CFU-F per 134,400 cells. The low frequency of 7 % 

of the wells with cell growth is in agreement with the assumption that only one clonogenic 

cell was present in these wells. We did not find indications for outgrowth of more than one 

CFU-F per well. In total sixteen of these clonal MSC cultures could be expanded to produce 

sufficient number of passage 3 cells to be taken into the study for further characterization, 

which is already an indication of heterogeneity. We calculated the cumulative CFU-F and total 

cell production per clone as a percentage of the total cumulative CFU-F and total cell number 
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of the sixteen selected clones. The cumulative cell production of these sixteen clones after 

being passaged four times differed approximately 100-fold considering the lowest, clone 38, 

and best proliferating clone, clone 32, and ranged from 2.3x107 to 2.0x109 cells, respectively. 

The cumulative number of CFU-F that could be generated from these sixteen clones differed 

more than 7000-fold, ranging from 2.3x104 CFU-F for clone 12 to 1.7x108 CFU-F for clone 

32. The relative contribution of each individual clone was calculated and depicted as the 

percentage of the total cell production (Figure 1A) and generated CFU-F (Figure 1B). The 

percentages are shown only for the clones with in vivo bone forming capacity. Spearman’s 

rank correlations showed statistical significant correlation between the cumulative number 

of CFU-F and the cumulative number of cells (Spearman r=0.77; p<0.01). These data dem-

onstrate the heterogeneity in proliferation capacity between different primary MSC clones.
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Figure 1. Cumulative cell counts and CFU-F numbers. 
The theoretical cumulative total cell production and number of generated CFU-F for each individual clone was calculated and the relative 
contribution of each individual clone depicted as the percentage of the total cell production (A) and generated CFU-F (B). The percentages are 
shown only for the clones with in vivo bone forming capacity.
 

Heterogeneity of in vivo bone formation of the clonal MSC cultures

To study differences in bone forming capacity, the clonal MSCs were tested for their in vivo 

bone forming potential. In vivo bone forming capacity was observed for five of the sixteen 

clones. From these, clone 8 showed the most extensive bone forming capacity (13.1%), and 

eleven of the sixteen clones did not show any in vivo bone forming capacity (Figure 2A). Figure 

2B shows the newly formed bone generated by clone 42 in the BCP scaffold as an example 

of minimal bone formation and the newly formed bone generated by clone 8 with extensive 

bone formation. The bone contained embedded osteocytes as well as a prominent layer of 

osteoblasts on the luminal surfaces of the scaffold material (Figure 2B). Furthermore, in sec-

tions with high percentages of bone in the pore available space, bone marrow resembling 

structures with hematopoietic cells and fat cells were observed, indicating the functionality 

of the newly formed bone tissue. We did not find a correlation between the percentage of 
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bone formation and the cumulative CFU-F numbers, (Spearman r=0.36; p=0.16), indicating 

that the self-renewal capacity is not a predictor for in vivo bone formation.

Osteogenic markers as predictor for in vivo bone formation

To determine the osteogenic differentiation potential, third passage clonal MSC cultures were 

differentiated towards the osteogenic lineage and at day 1 and after 7 and 11 days of differ-

entiation stained for ALP expression. Remarkable differences were observed in the absolute 

amounts of ALP activity per cell for the clones at day 1. Clones 1, 30, 32, 38 and 42 showed 

a mean ALP activity per cell at day 1 of approximately 120 units, whereas clone 11 and 37 
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Figure 2. In vivo bone formation.
In vivo bone formation was tested in an ectopic murine immune-deficient model. (A) The average percentage of bone per pore available space 
for each individual clone. (B) Representative histological sections of bone formation by MSCs from clone 8 (left) and clone 42 (right) are shown 
at increasing microscopic magnifications (original magnification 25×, 100×; 400× from top to bottom). Scaffold material is shown in grey/
black (S), newly formed bone is basic fuchsin-stained pink. The bone lining the scaffold contained embedded osteocytes (Oc) and a prominent 
osteoblastic layer (Ob) on the luminal surfaces. Connective tissue (Ct) was present between and around the scaffolds.
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showed an expression of 450 units and clone 7 showed the highest level of expression of 865 

units (Figure 3A). Some of the clones showed induction of ALP at day 7 and/or day 11 upon 

differentiating the cells towards the osteogenic lineage, whereas other clones did not show an 

increase of ALP activity (Figure 3B). Following normalization of ALP levels to day 1, ALP fold-

induction ranged from a 1.1-fold increase for clones 2, 7 and 12 to a 5.5-fold increase for clone 

8 at day 11 (Figure 3B). To determine whether ALP could serve as a marker to discriminate 

between clones with in vivo bone forming capacity and clones without bone forming capacity 

we performed ROC analysis, which resulted in a high area under the curve (0.93), which means 

that ALP has a high probability to predict for in vivo bone formation (p<0.01)(Figure 3C).

To confirm our observation that ALP induction could serve as a indicative parameter for 

in vivo bone formation, we analyzed the mRNA levels of ALP using qRT-PCR (Figure 3D). For 

comparison, we also analyzed the mRNA expression of other known osteogenic markers 

including collagen type Iα1 (Col-Iα1), non-collagenous proteins of the extracellular matrix 

such as osteocalcin (OC), osteonectin (ON), osteopontin (OP), and bone sialoprotein (BSP), 

and the bone-related transcription factor runx2. mRNA expression levels were determined 

during osteogenic differentiation at days 7 and 11. Table 1 shows the AUC for ROC curves 

and associated p value for the markers tested. We typically observed that OC, Runx2 and BSP 

mRNA levels increased progressively during osteogenic differentiation for the clones that 

formed bone in vivo, whereas less increase was observed in the clones that did not result 

in in vivo bone formation. However, there was no statistical significance (p=0.10; p=0.06; 

p=0.08, respectively), indicating that these markers do not have a high probability to predict 

in vivo bone formation. Expression of ON, OP, and Col-1 resulted in values reflecting more 

random predictions for in vivo bone forming capacity (p=0.53; p=0.23; p=0.19, respectively). 

ALP showed the highest AUC (0.95) and a p-value smaller than 1% (Figure 3E) and confirms 

the data from the ALP measurements with the array-scanner, implying that ALP induction is 

highly predictive for identifying clones with in vivo bone forming capacity.

Table 1. mRNA levels of osteogenic markers. 

Marker AUC p value

Alkaline phosphatase 0.95 0.005

Runx2 0.80 0.06

Bone sialoprotein 0.78 0.08

Osteocalcin 0.76 0.10

Collagen type Iα1 0.71 0.19

Osteopontin 0.69 0.23

Osteonectin 0.60 0.53

The changes of mRNA levels of multiple genes that are considered as markers for osteogenic differentiation were analyzed by quantitative 
polymerase chain reaction. We determined the utility of the increase in expression of these marker genes as a prognostic indicator for in vivo 
bone forming capacity by a Receiver Operating Characteristic (ROC) curve. Using the ROC analysis we calculated the area under the curve (AUC). 
The p value indicates the statistical significance to distinguish between clones with in vivo bone forming capacity and clones without in vivo bone 
forming capacity. 
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Multipotency of the clonal MSC cultures 

To evaluate multipotency of the clonal MSC cultures, cells were differentiated towards adipo-

cytes and chondrocytes. Cells from all 16 clones were differentiated towards adipocytes for 

14 days in specific differentiation media. Differentiation into adipocytes was defined by the 

appearance of Oil Red O-positive stained lipid droplets (Figure 4A; Clone 28 is shown as an 

example). The quantification of the induction of Nile Red-positive lipid containing droplets 

per DAPI-positive cell (Figure 4B) showed an increase of the fluorescence for 11/16 clones 

with clone 1 having the highest induction (3.9±0.5) and clone 8 the lowest (1.1±0.2)(Figure 

4C). No Nile Red O-positive cells were detected in the uninduced control cells.

Cells from 14/16 clones were also analyzed for differentiation towards the chondrogenic 

lineage. Clones 12 and 34 could not be included due to insufficient number of cells at pas-
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Figure 3. Alkaline phosphatase expression and induction. 
The ALP activity was determined using a membrane-based fluorescent ALP substrate. Fluorescence was measured with an inverted fluorescence 
microscope array-scanner and calculated per DAPI-positive stained cell. Absolute values of alkaline phosphatase activity (ALP) are shown for each 
individual clone (A). ALP activity was normalized to day 1 and depicted as ALP-fold induction after induction of osteogenic differentiation at day 7 
and day 11 (B). The ALP activity determined at mRNA level and the calculated fold-induction is depicted in (D). The probability of ALP induction as 
a predictive marker for in vivo bone forming capacity was evaluated using a Receiver Operating Characteristic (ROC) curve at protein level (C) and 
at mRNA level (E). A completely random predictor would be given by a diagonal ‘line of no discrimination’ (dotted line). 
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Figure 4. Adipogenic and chondrogenic differentiation.
Adipogenic differentiation was induced by incubating the cells in adipogenic medium for 14 days. Differentiation to adipocytes was verified by 
staining the accumulation of lipid-rich vacuoles within the differentiated cells. Lipid vacuoles were stained using Oil Red O for visual inspection 
(A; original magnification 200×) and quantification was performed after fluorescent Nile Red O staining; nuclei were counter-stained using DAPI 
(B; scalebar=400µm). The Nile Red O activity was measured by fluorescence, normalized to day 1 and expressed as fold induction of Nile Red O 
staining at day 14 (C). To induce chondrogenic differentiation, pellet cultures were incubated for 28 days in chondrogenic differentiation medium. 
Pellets were stained for cartilage-specific collagen type II (D) by immunohistochemistry using a specific antibody and for glycosaminoglycans by 
safranin-O staining (n=2;E), and harvested for quantitative sulphated glycosaminoglycans (GAG) analysis (n=3). The GAG content of the pellets 
is expressed as GAG per DNA (F). Differences between clones for GAG/DNA are considered to be significant when p<0.01 and are marked with 
an asterix (*). 
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sage 3. In vitro chondrogenesis was evaluated by safranin-O staining for glycosaminoglycans 

and cartilage-specific collagen type II. Positive staining for both markers was only observed 

in clones 32 and 42 (Figure 4D; 4E). Quantification of the amount of sulphated GAGs in the 

pellets revealed that only those from clones 32 and 42 produced significantly more GAG/

DNA (>10) compared to those of all other clones (Figure 4F), which confirmed the safranin-O 

and collagen type II staining. The differences among clones in their capacity to differentiate 

towards osteoblasts, adipocytes and chondrocytes demonstrate the heterogeneity in multi-

potency among the clones (Table 2).

Cell surface marker expression

To investigate if a cell surface marker could predict in vivo bone formation, we determined 

the immunophenotype of the cultured MSCs using mAb and flow cytometry analysis. More 

than 90% of the cells of all clones expressed the accepted MSC markers CD73, CD90, CD13, 

CD105, CD166, CD63, CD29, CD49e, CD44, CD71, CD146, HLA-ABC, and β2-microglobulin 

(Table 3). As expected, cells from all clones lacked expression (<1%) of HLA-DR and hemato-

poietic markers, including CD3, CD19, CD34, CD45, CD117 (Table 3). The markers identifying 

MSC subpopulations with variable expression between the clones (1-90%), were considered 

to be the most promising to identify cells with bone forming capacity. These include the 

monocyte marker CD14, the epithelial marker CD31 (PECAM-1), the decay-accelerating 

factor CD55, the erythroid marker glycophorin A (CD235a), the low-affinity nerve growth 

Table 2. Multi-differentiation potential.

Clone Adipocytes Osteoblasts Chondrocytes In Vivo Bone 

1 + + - +

2 + - - -

7 - - - -

8 + + - +

11 + - - -

12 - - NA -

28 + - - -

30 + + - -

32 + + + +

33 - - - -

34 + - NA -

37 + - - -

38 - + - +

42 + + + +

44 + - - -

45 + + - -

The clones that demonstrated the capacity to be differentiated towards adipocytes (Oil Red O and Nile Red O positive staining), osteoblasts (>2-
fold induction of ALP enzyme activity, and >4-fold induction of mRNA level at T=11 days), chondrocytes (safranin-O and collagen type II positive 
staining, as well as significant upregulation of GAG/DNA levels, and form in vivo bone, are marked with “+”. NA=not analyzed. 
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factor receptor (CD271), the neural ganglioside GD2 (NG-GD2), the stromal cell precursor 

marker in human bone marrow Stro-1, the stage-specific embryonic antigen 4 (SSEA-4), a 

mAb recognising subpopulations of MSC and neural progenitor cells (W4A5) and tissue non-

specific alkaline phosphatase (TNAP/MSCA-1)(Table 3). The results of the membrane marker 

expression analysis once more show that there is substantial heterogeneity in MSC cultures 

than generally recognized, however, none of the markers demonstrated to be predictive for 

in vivo bone formation. 

diSCuSSion

Our study on the characteristics of clonally expanded MSC cultures strongly supports the 

postulate that there is a large degree of heterogeneity in MSC cultures, not only on the 

basis of in vitro parameters for characterization, but also when using the in vivo test for 

functional bone forming capacity. Previous in vitro studies have shown heterogeneity in MSC 

cultures 30-34, however, until now, a specific marker profile for cells with specific differentiation 

properties has not been described. Our study shows that single-colony cultures derived from 

the same donor exhibit a broad in vitro proliferation and differentiation profile and this was 

extended to in vivo bone formation. The most rapidly and self-renewing single colony culture 

in our study (clone 32; Figure 1) is composed of cells with the highest multipotentiality. The 

cells showed to be able to differentiate into the osteogenic, adipogenic and chondrogenic 

lineages as well as to form bone in vivo in substantial amounts (Figure 2; Figure 4C,4F; Table 

2). Most importantly, we identified inducible ALP activity upon osteogenic differentiation as 

a predictive in vitro parameter for in vivo bone formation.

Only a limited number (31%) of single colony cultures exhibited in vivo bone forming 

capacity. These observations are in line with a previous report by Kuznetsov et al., who 

described that only a limited amount (33.3%) of clonally derived human marrow stromal 

fibroblasts (defined as “strains”), established from different donors, exhibited in vivo bone 

forming potential 23. We investigated several parameters that might be utilized to distinguish 

osteogenic clones from non-osteogenic clones. The cell production nor the CFU-F produc-

ing capacity, were useful for predicting in vivo bone forming capacity, while in contrast ALP 

induction proved to be a more useful parameter. ALP enzyme activity is increased in the 

early stages of osteoblast differentiation and upregulation of ALP activity during osteogenic 

differentiation is assumed to reflect the number of osteogenic committed progenitor cells 

in a cell population. High variations in ALP levels and in vitro induction kinetics to identify 

differences between human MSC donor populations were reported before 24,35. We found a 

correlation between the degree to which ALP activity of a given clone could be induced and 

the in vivo bone forming capacity, both on the protein as well as the mRNA level (Figure 

3C,3E). We show that, upon differentiating the cells towards the osteogenic lineage, ALP 
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induction of more than 2-fold and mRNA induction of more than 4-fold predicts in vivo bone 

forming capacity in 14/16 clones. 

Our data indicate that the large variability between donors can be explained by the compo-

sition and properties of a given clonal mixture from the primary isolated BM MSCs. This clonal 

mixture consists of two populations: multi-potent stem cells and committed progenitors. Our 

data show that 2/16 clones were multi-potent and able to differentiate into osteoblasts as 

well as chondrocytes and adipocytes; 4/16 clones were bi-potent and to be able to differenti-

ate into osteoblasts as well as into adipocytes; 7/16 clones were uni-potent (restricted) and 

their differentiation potential was restricted to either the adipocytic or osteogenic lineage; 

while 3/16 clones were not able to differentiate into any of the three lineages. Most striking 

was that the chondrocytic differentiation potential was only observed in combination with 

adipocyte and osteoblast potential, suggesting a hierarchy in differentiation potential. From 

the seven clones with in vitro osteogenic potential (defined by the possibility to stimulate 

osteogenic potential), only five also exhibited in vivo bone forming potential (Table 2). These 

phenomena might explain why the first attempts to generate osteogenic grafts with human 

MSCs did not yet result in standard clinical application  36-41. Increasing the bone formation 

in MSC-based bone tissue engineering will therefore require prospective identification of 

the osteogenic potential of cultured MSCs. Our study shows that induction of ALP activity 

is a good predictor of bone formation, however, it is based on analysis at the clonal level 

making prospective isolation difficult. Since it is likely that BM samples from healthy patients 

contain cells with osteogenic potential, the challenge now is to identify the multi-potent 

stem cells and the non-osteogenic committed progenitors utilizing specific markers. In an 

attempt to identify a surface marker that could distinguish between cells with and without 

bone forming capacity, we evaluated several previously reported cell surface markers using 

flow cytometry. Some of these markers were included in the panel as they are known to 

react with specific subpopulations within the CFU-F fraction in freshly collected BM 42-57. We 

observed that MSCs derived from single clones exhibit a variable expression of several mark-

ers (Table 3). However, thus far we could not find a single marker with a sufficiently strong 

positive or negative correlation to identify the clones with in vivo bone forming capacity. 

The heterogeneity in the reactivity profiles of the mAbs that we used lends support to the 

concept that subpopulations in the BM as well as cultured MSCs exist and it opens the pos-

sibility to use multiparameter flow sorting to identify a specific MSC subfraction with in vivo 

bone forming potential. 

In conclusion, our data provide evidence that the increasingly used culture procedure, 

based on the use of human platelets, leads to the production of heterogeneous MSC popula-

tions that differ in multilineage differentiation potential, including in vivo bone formation. 

This capacity to form bone in vivo is predicted by inducible alkaline phosphatase expression. 

Whether these are intrinsic characteristics of the stem cells in a BM biopsy or that this is 

caused by insufficient specific growth factors for selective outgrowth of the multipotent 

Henk-Jan Prins bw 2.indd   109 30-08-11   11:05



Chapter 4

110

4

stem cells, is a subject of further study. Nevertheless, our findings should be taken into con-

sideration when developing clinical protocols that aim at generating MSCs for engineering 

of human bone. In addition, our data illustrate the complexity of designing optimal culture 

conditions to produce MSCs for application in regenerative medicine to regenerate lost or 

damaged tissues.
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Supplemental Table 1. Primer sequences. 

Gene Primer sequence

Glyceraldehyde 3-phosphate dehydrogenase
FW-5’aaatcccatcaccatcttccaggagc3’

RV-5’catggttcacacccatgacgaaca3’

Osteocalcin
FW-5’ggcagcgaggtagtgaagag3’

RV-5’gatgtggtcagccaactcgt3’

Osteopontin
FW-5’ccaagtaagtccaacgaaagc3’
RV-5’gcatcagggtactggatgtc3’

Alkaline phosphatase
FW-5’acaagcactcccacttcatctgga3’
RV-5’tcacgttgttcctgttcagctcgt3’

Collagen type Iα1
FW-5’agggccaagacgaagacatc3’
RV-5’agatcacgtcatcgcacaaca3’

Bone sialoprotein
FW-5’tccagttcagggcagtagtg3’

RV-5’accctgtgccaggcgtgg3’

Runx2
FW-5’tccggaatgcctctgctgttatga3’
RV-5’aaggtgaaactcttgcctcgtcca3’

Osteonectin
FW-5’gagagaatccggtactgtgg3’

RV-5’cagcaccccattgacgggt3’

Primer sequences used for qRT-PCR studies. FW: forward primer; RV: reverse primer.
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aBStraCt

Although tissue engineering of bone, by combining multipotent stromal cells (MSCs) with 

osteoconductive scaffolds, has been a promising technique for years, this approach has not 

yet yielded any clinically useful applications so far. The fate and contribution of the seeded 

cells are not sufficiently clarified, especially at clinically relevant locations. Therefore we 

investigated cell proliferation around the spine and at ectopic sites using noninvasive in vivo 

bioluminescence imaging (BLI) and related that to new bone formation. 

Goat MSCs were lentivirally transduced to express luciferase. After showing both correla-

tion between MSC viability and BLI signal and survival and osteogenic capacity of these cells 

ectopically in mice, they were seeded on ceramic scaffolds and implanted in immunodeficient 

rats at two levels in the spine for spinal fusion as well as subcutaneously. Non-transduced 

MSCs were used as a control group. The relevance of MSC proliferation, the paracrine func-

tion of MSCs and the presence of an extracellular matrix in relation to bone deposition were 

investigated. All rats were monitored at day one and after that weekly until termination at 

week 7. In mice a BLI signal was observed during the whole observation period indicating 

survival of the seeded MSCs, which was accompanied by osteogenic differentiation in vivo. 

However, these same MSCs showed a different response in the rat model, where the BLI signal 

was present until day 14, both in the spine and ectopically, indicating that MSCs were able 

to survive at least two weeks of implantation. Only when the signal was still present after the 

total implantation period ectopically, which only occurred in one rat, new bone was formed 

extensively and the implanted MSCs were responsible for this bone formation. Ectopically, 

neither a reduced proliferative group (irradiated), nor a group in which the cells were de-

vitalized by liquid nitrogen and the produced extracellular matrix remained (matrix group) 

resulted in bone formation. This suggests that the release of soluble factors or the presence 

of an extracellular matrix is not enough to induce bone formation. For the spinal location, the 

question remains whether the implanted MSCs contribute to the bone regeneration or that 

the principal mechanism of MSC activity is through the release of soluble mediators.
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introduCtion

Autologous bone grafting procedures, with its obvious disadvantages like donor site pain 

and non-unions, are performed regularly for example in posterior lateral spinal fusions to 

enhance and stimulate the local bone formation process. Traditional materials like ceramics, 

titanium, and polymers are used for new bone formation to circumvent the use of autologous 

bone grafts but generally lack biological signals necessary for the bone formation process. 

Tissue engineered constructs, for example a hybrid construct consisting of a scaffold, stem 

or progenitor cells or bioactive molecules, has been a major research topic in the field of 

regenerative medicine for decades now  1-3. A key success has been the identification of 

bioactive bone stimulating growth factors (Bone Morphogenetic Proteins) like BMP-2 and 7. 

They have been used extensively over the last years and have proven their efficacy in clini-

cal practice 4,5. The addition of multipotent stromal cells (MSCs), which can be derived from 

various sources  6,7, to porous scaffolds to create hybrid constructs have been described to 

contribute to bone formation, especially when seeded on biomaterials such as hydroxyapa-

tite and biphasic calcium phosphate (BCP) at ectopic locations. This clear effect of cell-based 

bone tissue engineering ectopically 1,8,9, however, is not representative for similar constructs 

orthotopically 8,10 when using similar materials. 

Therefore, the function of MSCs used in cell-based bone tissue engineering at these two 

different locations (ectopic and orthotopic) needs to be revealed. Specific questions that 

should be clarified, such as (1) do these implanted MSCs proliferate and are they actually the 

cells that produce the newly formed bone; (2) To what extent are growth factors and other 

soluble factors, produced by the implanted MSCs responsible for stimulating bone formation 

by host cells (a paracrine process); (3) Can the presence of the extracellular matrix (ECM) itself 

produced by seeded MSCs explain bone formation by endogenous MSCs? 

Bioluminescence imaging (BLI), a non-invasive in vivo imaging technique for detection of 

a marker gene, linked to specific promoters, is an appropriate technique to answer these 

fundamental questions. This technique allows tracking of viable luciferase-transduced cells 

implanted in living small animals at different time points. It is mainly used in analysis of tumor 

growth 11 and therapy efficacy 12 in vivo, but also for bone tissue engineering purposes 13-15. 

Several aspects of bone formation in small animals, like proliferation and differentiation of 

MSCs can be monitored by using specific promoters, such as cytomegalovirus promoter or 

human osteocalcin promoter to drive the expression of luciferase. Next to that, the luciferase 

present makes it possible to use immunohistochemistry to identify implanted cells after 

explantation in histological slides. 

In this study we report the first use of BLI to clarify the contribution of implanted MSCs at both 

ectopic and spinal fusion locations in rats. Osteogenicity and survival of the implanted MSCs 

was proven in mice and the possibility to translate a successful mouse model to a larger rat 
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model was evaluated. To investigate the possibility of paracrine- or ECM-effects by the seeded 

cells, irradiation and liquid nitrogen treatment were used to treat MSC-seeded scaffolds.

Material and MetHodS

MSC isolation and culture

Bone marrow (BM) was aspirated from both iliac wings of one goat, as previously described 16. 

These MSCs have been used extensively in bone tissue engineering studies. The relative num-

bers of MSCs in this bone marrow was assessed, by performing a colony forming efficiency 

assay (CFU-F)  7. For this, 2 fractions of 1x105 mononuclear cells (MNCs)/cm2 were cultured 

in standard medium containing αMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 

100 U/ml penicillin and 100 µg/ml streptomycin, 2 mM L-glutamine (all Invitrogen), and 15% 

heat inactivated fetal bovine serum (FBS, Cambrex, Verviers, Belgium), which was refreshed 

every three or four days. After 9 days the colonies were washed, fixed in 4% formaline, stained 

using methylene blue and counted under an inverted microscope. The remaining aspirate 

was plated and the isolated MSCs were expanded and cryopreserved after passage one, in 

one ml aliquots of 1 x 107 cells according to standardized protocols until viral transduction 17.

Lentiviral vector

The lentivector (LV) used in this study was a modified version of the LV pRRL-cPPT-CMV-IRES-

GFP-PRE-SIN (kindly provided by Prof. Hoeben, Leiden University Medical Center, Leiden, 

The Netherlands 18), in which a 1.7kb Luc2 fragment was inserted. The 1.7kb Luc2 fragment 

was isolated from pGL4.10(luc2) vector (Promega, Madison, WI, USA) using XhoI and XbaI 

restriction sites. Subsequently, this Luc2 fragment was cloned in the lentivector pRRL-cPPT-

CMV-IRES-GFP-PRE-SIN using the same restriction sites, downstream of the CMV promoter, to 

generate pRRL-cPPT-CMV-Luc2-IRES-GFP-PRE-SIN (Figure 1). The expression of the luciferase 

gene driven by the CMV promoter was confirmed with in vitro assays 19,20.

Figure 1. Schematic outline of the lentiviral vector pRRL-cPPT-CMV-Luc2-IRES-GFP-PRE-SIN. 

RSV/R/U5 RRE cPPT CMV Luc2 IRES GFP delU3/R/U5RSV/R/U5 RRE cPPT CMV Luc2 IRES GFP delU3/R/U5pRRL-cPPT-CMV-IRES-GFP-PRE-SIN

The schematic overview shows the multiple elements in the self-inactivating (SIN) lentivirus. The enhancer region contained in the 3’LTR is 
deleted. Also indicated are the positions of the Rev-responsive element (RRE), and the central polypurine tract (cPPT). The promotor is derived 
from the human cytomegalovirus (CMV) and drives the expression of Luciferase2 (Luc2) and green fluorescent protein (GFP). Between these genes 
of interest, an internal ribosome entry site (IRES) is located that allows for translation initiation in the middle of the messenger RNA seqence. 
Scheme adapted with permission of F. Carlotti et al. [18].
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Transfection of virus producing cells

For virus production 6x106 Human Embryonic Kidney (HEK) 293T cells were plated on 15 cm 

∅ culture dishes and co-transfected the following day with equal molar amounts of a pack-

aging vector (psPAX2, Invitrogen), an envelop vector (pLP-VSVG) and the lentiviral vector 

containing the luciferase gene (pRRL-cPPT-CMV-Luc2-IRES-GFP-PRE-SIN). A total amount of 

35 μg of DNA per dish was dissolved in a total volume of 575 μl of distilled H2O. Subsequently 

the same amount of 0.5 M CaCl2 was added. This DNA/CaCl2 mixture was added slowly in a 

drop wise method to 1150 µl of 2x HBS (5 mM Na2HPO4, 10mM KCl, 280 mM NaCl2, 12 mM 

D-Glucose and 50 mM HEPES; pH 7.1) while making air bubbles in the 2x HBS buffer. This 

solution was incubated for 60 minutes at room temperature and subsequently 20 ml medium 

(DMEM, 10%FBS, P/S) was added and transferred to the cells. The transfection medium was 

replaced by MSC expansion medium 18 hours post transfection. The medium containing 

lentiviral supernatant was collected at 48h and 72h after transfection and filtered through a 

0.45 μm pore filter. These supernatants were pooled afterwards. Transfection efficiency was 

determined by using fluorescence-activated cell sorting (FACS), analyzing GFP+ HEK293T 

cells. The titer of the virus supernatant was estimated by transducing 293T cells with different 

dilutions and the transduction efficiency was determined using FACS analysis of GFP. Titer 

was calculated using the following formula: (cell concentration at the day of transduction) x 

(virus supernatant dilution) x (%GFP positive cells) divided by the total volume. 

Transduction with lentiviral vector 

MSCs were thawed and plated in 175 cm2 Falcon filter cap culture flasks (Becton Dickinson 

(BD), Franklin Lakes, NJ, USA) at a density of 5000 MSCs/cm2 and transduced at approximately 

50% confluence. Transductions were carried out in the presence of 8 μg/ml hexadimethrine 

bromide (Polybrene, Sigma, Zwijndrecht, The Netherlands) and 1:3 diluted lentiviral vectors. 

After 24 hours, the transduction medium was replaced with fresh medium. At 90% conflu-

ence cells were harvested and GFP+ cells were analyzed using FACS to determine transduc-

tion efficiency. After this, MSCs were cryopreserved according to standardized protocol until 

implantation. 

Scaffolds and seeding conditions

One day before surgery, luciferase-transduced MSCs and untransduced MSCs were thawed 

on ice, thoroughly washed in culture medium containing 30% FBS. The described quantities 

of cells (Table 1) were seeded on biphasic calcium phosphate porous particles of ∅ 2-3 mm 

sintered at 1150°C (BCP, Progentix, Bilthoven, The Netherlands 21) and allowed to attach for 

four hours, each implant consisting of 3 (ectopic) or 6 particles (spine). The ceramics con-

sisted of 80±5% (w/v) hydroxyapatite (HA) and 20±5% (w/v) β-tricalciumphosphate (βTCP), 

total porosity was 70±5%, macroporosity 55±5% and microporosity 20±5%. Scaffolds were 

cleaned in an ultrasonic bath and sterilized by autoclave. 
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Table 1. Seeding conditions and treatments in mice ectopically and rats ectopically and in the spine. 

Spinal implants animal amount of MSCs/ implant implant luciferase transduced n
1. No cells rat no cells BCP 6 particles no 7

2. MSCs rat 3.0 million BCP 6 particles yes 7

3. MSCs rp rat 3.0 million BCP 6 particles yes 6

4. MSCs matrix rat 3.0 million BCP 6 particles yes 6

ectopic implants
1. MSCs mouse 1.0 million BCP 3 particles yes 4

2. no cells rat no cells BCP 3 particles no 13

3. MSCs control rat 1.0 million BCP 3 particles no 13

4. MSCs high conc. rat 1.0 million BCP 3 particles yes 13

5. MSCs middle conc. rat 0.5 million BCP 3 particles yes 13

6. MSCs low conc. rat 0.1 million BCP 3 particles yes 13

7. MSCs rp rat 1.0 million BCP 3 particles yes 13

8. MSCs matrix rat 1.0 million BCP 3 particles yes 13

Rp= reduced proliferative, MSC= multipotent stromal cell, BCP=biphasic calcium phosphate, conc.= concentration.

After four hours attaching to the scaffolds, medium was added until surgery. Just prior to 

this surgery, twenty-four hours after seeding, two conditions were prepared separately. The 

first condition (reduced proliferative): constructs were gamma-irradiated with a dose of 30 

Gray. The second condition (matrix): constructs were dipped in liquid N2 three times for 30 

seconds, all scaffolds were implanted. 

Animals 

Immunodeficient RAG-2-/- γc-/- Balb/c mice were originally obtained from the Academic 

Medical Center (AMC, Amsterdam, The Netherlands). The mice were bred and housed in 

the specific pathogen-free breeding unit of the Central Animal Facility of the University of 

Utrecht. Four RAG-2-/- γc-/- Balb/c male mice, and 14 male nude Harlan Sprague Dawley rats 

(HsdHan: RNU-Foxn1-rnu, Harlan, Horst, The Netherlands) all ten weeks old, were used. The 

animals were maintained in filtertop cages and supplied with autoclaved sterilized food 

pellets and distilled water ad libitum. Experiments were conducted after permission of the 

local Ethical Committee for Animal Experimentation and in compliance with the Institutional 

Guidelines on the use of laboratory animals and according to current Dutch Law on Animal 

Experimentation.

Surgery, implantation 

All procedures (mouse and rat) were performed under general anesthesia using an intra-

muscular injection of Ketamine (35µg/kg), Xylazine (6mg/kg), Atropine (0.025 mg/kg) (KXA) 

mixture. Pain relief was given by subcutaneous injections of buprenorphine (Temgesic, 

Schering-Plough, Utrecht, The Netherlands), 0.05 mg/kg body weight, every eight hours until 

72 hours postoperatively. 
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After shaving and disinfecting the back of the mice, scaffolds were implanted in separate 

subcutaneous pockets of the mice to minimize interference of the bioluminescence signals. 

Each animal (n=4) received five different implants; the results of only one of them are de-

scribed in this paper. Influence of the other implants, containing the same cells as the ones 

described in this paper, however with different virus batches (produced from the same viral 

vectors) and at various transduction efficiencies, was not expected. Upon assessment that 

the BLI signal was positive and the MSCs implanted were shown to have osteogenic capac-

ity, analyzed after explantation at 6 weeks in this mice study, cells from the same batch of 

transduced MSCs were used for the rat study. 

After shaving and disinfecting the back of the rats (n=14), a posterior midline incision was 

made to expose the paraspinal muscles. Two separate paravertebral fascial incisions were 

made parallel to the spinous processes of L4-5 and L1-2, the facet joints were exposed using 

sharp and blunt dissection. These facet joints and spinous processes were decorticated using 

a diamant file and a curette. Per level one construct (Table 1) was implanted bilaterally. Per 

two rats all four conditions which are 1) no cells, 2) MSCs, 3) MSCs reduced proliferative and 

4) MSCs matrix, for the spinal fusion were implanted. The muscle fascia, subcutaneous tissue 

and skin were subsequently closed in layers. Ectopic implantation in rats: seven subcutane-

ous pockets were created, four on the right side of the spine and three on the left. All groups 

(Table 1) were implanted according to a randomized block schedule, after which the pockets 

were closed.

Bioluminescence

Before starting the BLI, all animals were anesthetized in the same way as described above, 

shaved and an intraperitoneal injection of D-luciferin (Synchem Chemie, Kassel, Germany) 

in PBS (125 mg/kg body weight) was given at day 1, and after that weekly. BLI images were 

acquired over a period of 10 minutes. Exposure conditions (time, aperture, stage position, 

binning and time after injection) were kept identical in all measurements. For quantification, 

standard regions of interest (ROI) were defined for the spine and the ectopic implants sepa-

rately. Measurements were expressed in arbitrary units (AU). The mice were euthanized after 

6 weeks by cervical dislocation and the rats after 7 weeks by an overdose of pentobarbital 

(Organon, Oss, The Netherlands) and all implants were retrieved. 

Histological processing and identification of implanted MSCs 

After retrieval the scaffolds were fixed in 4% glutaraldehyde for 8 hours, decalcified in 

12.5%w/v EDTA in demineralized water, dehydrated by ethanol series and embedded in 

paraffin. 10 µm sections were stained with haematoxylin and eosin (H&E) to analyze bone 

formation and vascularization. 

Luciferase transduced cells were identified by immunohistochemistry using a rabbit 

anti-luciferase antibody (CR 2029 RAP, Cortex Biochem, San Leandro, CA, USA), 1:100 (0.5 
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µg/ml IgG) in PBS/5% bovine serum albumin (BSA, Roche, Woerden, The Netherlands). As 

an isotype control, rabbit IgG (0.5 µg/ml) (DAKO, X0903, Glostrup, Denmark) was used. Sec-

tions were pre-treated with 1.5 % H2O2 and incubated with the antibodies overnight at 4°C. 

Finally, samples were incubated with goat-anti-rabbit horseradish peroxidase (DAKO, P0448, 

Glostrup, Denmark) at 2.0 µg/ml in PBS/5%BSA for 60 min at RT and detected using 3,3’-di-

aminobenzidine (DAB) staining. Counterstaining was performed with Mayer’s haematoxylin. 

reSultS

Preparation of hybrid constructs

From the iliac crests of a female Dutch milk goat, 4.5 ml of bone marrow was aspirated, which 

contained 12x106 MNCs/ml. The CFU-F of the aspirate was determined. We found an aver-

age of 2.8 colonies per 100.000 MNCs, meaning approximately one out of 35.000 cells had 

attached to the tissue culture plastic and formed a colony and were considered to be MSCs. 

MSCs were expanded and cryopreserved for further experiments. 

During preparation of the lentivirus, we found a 100% transfection efficiency of the 

HEK293T cells (analyzed by FACS) and the subsequent viral titer of the culture supernatant 

was 1.5x106 transducing units (TU) per ml. The multiplicity of infection (MOI) that was used in 

this experiment was 1.5, resulting in a transduction efficiency of the MSCs of approximately 

60% on the basis of GFP expression, analyzed by FACS (Figure 2). Correlation was found 

between cell viability of these cells and BLI signal (data not shown). A batch of transduced 

cells was frozen in aliquots and used for all further experiments in mice and in rats. The day 

before surgery (of both mice and rats) MSCs were seeded on the BCP scaffolds and allowed 

to attach for four hours after which supplementary medium was added. To determine the 

Figure 2. Analysis of GFP-luciferase transduced MSCs.
Expression of GFP, upper right quadrant: ±60% of the MSC population, analyzed by fluorescence-activated flow cytometry (FACS). 
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relation between cell number, BLI signal and bone formation, three different concentration 

groups were used. In addition, to analyze whether a paracrine effect of MSCs could be re-

sponsible for bone formation, seeded scaffolds were sublethally irradiated with a dose of 30 

Gy before implantation (reduced proliferative group), such that the proliferative capacity and 

osteogenic potential of MSCs was substantially decreased 22, while the capacity to produce 

growth factors was preserved 23,24. To devitalize the constructs while keeping the extracellular 

matrix intact, seeded scaffolds for were dipped in liquid N2 three times for 30 seconds (matrix 

group), and all groups were implanted in the animals.

In vivo monitoring and ex vivo detection of luciferase transduced MSCs in mice 

All mice recovered well from the surgery, without any complications. From day 7 to day 21, 

the BLI signal increased 5.3-fold. After day 21 the signal gradually decreased to a level 1.2- 

fold higher at day 42 than at day 7 (Figure 3A&B). After sectioning, H&E staining showed a 

border of fibrous tissue surrounding the scaffolds. Most pores of the scaffolds were filled with 

bone, connective tissue, fat cells and blood vessels. All bone was lining the scaffold material 

(Figure 3C). No signs of degradation of the scaffold material and no immune response were 

observed by histology. Furthermore the anti-luciferase immunohistochemistry showed that 

gene-marked seeded cells were lining the borders of the newly formed bone and were also 

present in the bone matrix, appearing as osteoblasts and osteocytes, respectively (Figure 3D).

Figure 3. BLI signals, bone formation and identification of seeded MSCs ectopically in mice. 
A: monitoring in vivo BLI signals at week 1, 3 and 6. arrow: the implanted hybrid construct described here. B: BLI signals (Av±SEM) were 
calculated at five time points during the 42 days. C: histological section after 7 weeks (hematoxylin and eosin [H&E] stained). Newly formed bone 
(B) lining the scaffold (S) material. Connective tissue (CT) inside the scaffold pores, and fat cells (FC) are present within this connective tissue. D: 
Anti-luciferase immunohistochemical staining: Osteocytes (OC) are situated in the extracellular matrix of the newly formed bone (B), osteoblasts 
(OB) are lining this newly formed bone.
 

In vivo monitoring and ex vivo detection of luciferase transduced MSCs in rats 
ectopically 

During surgery, one rat died, and a second rat did not recover from the anesthesia during the 

BLI procedure at day 42, but the results are included in this study. In both cases, pathology 

did not reveal the cause of death. The remaining surgeries and BLI procedures were without 
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complications and all animals recovered well. During the complete implantation period no 

BLI signal was found in the MSC matrix and control group. The average BLI signal of the three 

MSC concentration groups and MSC reduced proliferative group ectopically followed the 

same trend during their complete implantation period (Figure 4A, B). The signal first increased 

from day 1 to day 7. Only the 0.1x106 group showed almost no decrease from day 7 to day 

14, the other three showed a rapid decrease. When looking at the different concentrations, 

it was noticed that the signal of the 1.0x106 group is clearly higher than the 0.5x106 group, 

the lowest being the 0.1x106 group. Analyzing the BLI signals of separate 1.0x106 implants 

showed that rat 10 has a completely different signal pattern compared to the implants in the 

other rats. The moderate signal at day 7 increased to a peak at day 21, after which the signal 

reduced gradually (Figure 4C), a pattern very comparable to the BLI signals in mice (Figure 

3B). H&E staining after explantation revealed that this rat 10 was the only one in which bone 

Figure 4. BLI signals, bone formation and identification of seeded MSCs ectopically in rats. 
A: monitoring in vivo BLI signals at week 1, 3 and 6. The white arrow indicates the orthotopic implant. B: BLI signal (average ±	SEM) of the 
luciferase-transduced groups implanted during 49 days. C: BLI signal of the average of the MSC 1.0x106 groups vs BLI signal of the MSC 1.0x106 
implant in rat 10. D: Upper left: H&E staining: bone (B) lining the scaffold (S), connective tissue (CT) inside the scaffold pores and a fibrous border 
around the scaffold. E, G: anti-luciferase immunohistochemistry (rat 10): bone lining the scaffold, positive bone lining cells (osteoblasts, OB), and 
positive cells inside the bone matrix (osteocytes, OC), F: anti-luciferase immunohistochemistry: luciferase positive cell (LPC) in connective tissue 
(group MSC 0.5x106).
 

Henk-Jan Prins bw 2.indd   126 30-08-11   11:05



127

Bioluminescence for spinal vs. ectopic bone tissue engineering

5

had formed extensively. This bone was lining the scaffold material, bone-lining cells were 

present and osteocytes were found in this bone. Furthermore, the pores were filled with 

blood vessels and connective tissue (Figure 4D). The anti-luciferase immunohistochemistry 

suggests that the newly formed bone was mainly formed by the implanted (luciferase posi-

tive) MSCs, for osteocytes and osteoblasts stained positive (Figure 4E, 4G). H&E staining of the 

remaining samples of the 1.0x106 group showed that in 4/13 constructs bone was formed, 

though in a small amount. These small spots of bone did not contain luciferase positive cells. 

However incidentally, some of the seeded cells remained present in the connective tissue 

formed within the pores of the groups: 0.5x106 (4/13)(Figure 4F), 0.1x106 (3/13), and MSC 

reduced proliferative (2/13). No bone formation was found in the other ectopic groups, these 

scaffolds were completely filled with connective tissue. In 9/13 constructs of the control MSC 

group (non-transduced) bone was formed. As expected, all of these control constructs were 

negative for luciferase, as assessed by immunohistochemistry. 

In vivo monitoring and ex vivo detection of luciferase transduced MSCs in the rat spine

All BLI signals are lower compared to the ectopic signals for the implants are placed ap-

proximately 1.0 cm deep below the paraspinal muscles of the rat and on the facet joint. 

Comparable to the ectopic implants, also in the spine no BLI signal was found during the 

complete implantation period in the MSC matrix and control groups. The BLI signals of the 

MSC group and the MSC reduced proliferative group first showed an increase in signal from 

day 1 to day 7, when the signal of the MSC group was 2.6-fold higher compared to the reduced 

proliferative group (Figure 5A, 4B). From day 7 to 14 the signal of the MSC group showed a 

sharp decline, while the signal of the reduced proliferative group remained approximately 

constant during this period (being 3.4-fold higher than the MSC group) and decreased from 

day 14 onwards. Histological sections (H&E stained) showed that most scaffolds aligned the 

spinous processes. Frequently cartilage formation was seen between the spine and the scaf-

folds, without any signs of a bony fusion. Comparable to the ectopic implants almost no bone 

formation was observed, apart from some ingrowth from the decorticated spinous processes 

and facet joints (Figure 5B). When analyzing this bone formation in all implanted groups, no 

luciferase-positive MSCs were found (Figure 5C). This coincided with the BLI signal that was 

decreased to baseline level at day 21 (Figure 5A).

diSCuSSion

In this study we have used BLI to clarify the contribution of implanted MSCs to bone forma-

tion at both ectopic and posterior spinal fusion locations in rats. The implanted MSCs in mice 

showed a positive BLI signal during the complete implantation period and osteogenic differ-

entiation in vivo, in accordance to several other mouse studies 15,25. However, these same MSCs 
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did not show comparable results in the rat model used for this study, with one exception. In 

the rats the BLI signal was present until day 14 both in the spine and ectopically, indicating that 

MSCs were able to survive several weeks of implantation, but apparently this was not sufficient 

to produce bone. The persistence of a BLI signal in one of the rats until the end of the experi-

ment (day 49), with a concurrent substantial bone formation, suggests that long-term survival 

of the MSCs on the scaffold might be essential. Overall, we conclude that translation from a 

small to a larger animal model, in this case the rat model, has been proven to be very difficult, 

and it should be realized that a rat model still is implantation in a relatively small animal model. 

Therapeutic infusion and implantation of MSCs is being used in trials for the treatment 

of several human diseases (for example heart disease  26, graft-versus-host disease  27,28, and 

osteogenesis imperfect 29) and in large animal models 30 which makes them ideal candidates 

for bone tissue engineering studies. In previous studies, we showed a significant contribution 

of MSC seeding on the amount of bone formed ectopically in a goat implantation model 8,10. 

Orthotopically, MSCs advanced the onset of bone formation, shown by fluorochrome incor-

poration, but their implantation did not result in more bone compared to non-cell seeded 

constructs after 16 weeks. As BLI is impossible in goats due to their size and depth of the 

orthotopic location 31, we decided to use a rat model in which the ectopic and the spinal im-

plantation are both possible. For this study several hybrid constructs, consisting of luciferase 

positive (and negative as a control) MSCs seeded on BCP scaffolds, were created. Seeding 

Figure 5. BLI signals, bone formation and identification of seeded MSCs in spinal implants in rats. 
A: BLI signal (average ±	SEM) of spinal fusion (SF) MSC and SF reduced proliferative groups implanted during 49 days. B: histological section 
at week 7 (H&E stained): scaffold (S) placed against the spinous process (Sp) with bone marrow (Bm) inside. A minimal amount of bone (B) is 
growing into this scaffold. C: anti-luciferase immunohistochemistry: no positive cells were found in these stainings (counterstaining hematoxylin). 
Cartilage (C) is formed between the spinous process (Sp) on the right, and the scaffold (S). 
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increasing concentrations of MSCs resulted during the first week in an equivalent higher BLI 

signal, implicating that the BLI signal is proportional to the number of luciferase-positive 

cells present. In contrast to the increasing signal in the mice up to week three, signals of all 

groups in rats decreased after one week. This could be due to the phenomenon that MSCs 

start differentiating and thus stop proliferating earlier in this model and next to this cell 

death. It has been described before that a certain minimal cell load is necessary to result in 

bone formation 32. This early differentiation would result in minimal amounts of bone forming 

cells. An alternative explanation is that luciferase-positive MSC survival in these rats is shorter 

compared to survival in mice, which is substantiated by the finding that after explantation 

only small areas of bone were observed, both ectopically and in the spine. This was highly 

unexpected, because the same MSCs survived for six weeks in mice and were proven to be 

osteogenic. Strikingly, in one rat, the BLI signal course was comparable to the signal observed 

in mice (Fig. 3C) and only in this rat extensive bone formation was found. Moreover, in this 

rat the immunohistology of the explanted scaffolds revealed the presence of luciferase 

positive cells (osteoblasts and osteocytes) suggesting that after initial proliferation in vivo, 

these MSCs substantially contributed to the osteogenic process. It remains unclear why cell 

survival was so poor in our rat study. In the non-transduced control group bone formation 

was also less compared to what is common in mice. This means the viral transduction may 

have played a role, however is not the sole cause of the suboptimal bone formation, more-

over in mice there is no obvious difference in the amount of bone formation in constructs 

containing transduced or non-transduced MSCs (data not shown). This was the reason to 

omit a group containing empty vector-transduced MSCs in the rat study, which would have 

made it possible to distinguish whether the luciferase construct or the viral transduction 

itself was responsible for the suboptimal bone formation. Furthermore, the immune status of 

the rats might be of importance in this model. We used immune-deficient rats (which do have 

natural [NK] cell activity) in this study to prevent loss of the MSCs by an immune response, 

however, this does not imply that the conditions for goat MSCs to grow are optimal, longer 

pre-culturing might have been a solution 33. The RAG2γc KO mice that we used lack all T, B, 

and NK cell activity. Although we did not find any lymphoid cells surrounding the implants 

in the rats, NK cell activity may have played a role in the survival of the goat MSCs. For future 

experiments, it might be a possibility to use immunocompetent rats and autologous MSCs to 

investigate whether the immune system is the confounding factor.

By irradiating MSC-seeded scaffolds, we wanted to create hybrid implants of which the MSCs 

were still able to excrete paracrine factors, but with a reduced capacity to proliferate. This 

makes it possible to see whether MSC proliferation and differentiation itself is the main factor 

determining bone formation, or that the production of soluble factors like chemo-attractants 

or other growth factors (for example bone morphogenetic protein-2 and vascular endothelial 

growth factor) also is sufficient to develop a favorable environment for bone regeneration. 

From the results obtained in the present study it is not possible to completely answer this 
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question. From day 1 to day 7 the signal of the irradiated samples (reduced proliferative group) 

increased both ectopically and in the spine, as a result of proliferation of MSCs, approximately 

comparable to the 0.5x106 groups, while twice as many cells were seeded. The observation 

that the signal did increase during this time span is probably due to the fact that after irradia-

tion not all MSCs were in their G0 phase of the cell cycle yet, which we found earlier when 

performing CFU-F assays on irradiated MSCs, where approximately 0.002-0.004 % of MSCs 

was still possible to form a new colony, while normally this is around 0.1-0.2 %. This phenom-

enon, that a fraction of the stromal cells with clonogenic potential survived and showed the 

capacity to regenerate was described before, and depended on irradiation dose 24. At day 21 

these signals reduced to background and anti-luciferase staining after explantation showed 

no newly formed bone or luciferase positive cells. However, in the only rat where extensive 

bone formation was found in the 1.0x106 group ectopically, no bone formation was found 

in the reduced proliferative group, which is in line with earlier work, stating that the initial 

proliferation and survival of seeded cells are prerequisites for bone formation 34. In the matrix 

group no BLI signal was seen during the 49 days follow up period, this was not enough for 

endogenous cells to initiate bone formation. This was confirmed by the absence of luciferase 

positive cells after explantation. From these results we can conclude that the presence of the 

MSC matrix alone is not enough to initiate bone formation by endogeneous MSCs.

ConCluSion

We show that bioluminescence imaging of luciferase-marked MSCs can be applied to moni-

tor survival and proliferation of MSCs in ectopic constructs in mice, and in ectopic and spinal 

fusion constructs in rats. Seeding cells at higher densities leads to increased BLI signals and 

persistence of the signal throughout the implantation period correlates with new bone 

formation. Immunohistology confirmed the contribution of the implanted MSCs to bone 

formation in this process. For the spinal location, the question whether the implanted MSCs 

contribute to the bone formation is unresolved and it cannot be excluded that the principal 

mechanism of MSC activity is through the release of soluble mediators.
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aBStraCt

The combination of scaffolds and mesenchymal stromal cells (MSCs) is a promising approach 

in bone tissue engineering (BTE) to treat patients with large bone defects. Knowledge on 

the survival, outgrowth and bone forming capacity of the stem cells that are seeded on the 

scaffolds is limited. We explored bioluminescence imaging (BLI) to study the fate of goat 

and human MSCs (gMSCs, hMSCs) by seeding gene marked MSCs on scaffolds with different 

osteoinductive properties and related the results to histological analysis.

Luciferase-GFP labeled MSCs were seeded on hydroxyapatite (HA) or β-tricalcium phos-

phate (TCP), cultured for seven days pre-implantation, implanted subcutaneous in immune-

deficient mice, and monitored with BLI for six weeks. Scaffolds seeded with non-transduced 

MSCs served as control. Scaffolds were retrieved and processed for bone histomorphometry 

and detection of luciferase positive cells (LPCs).

For gMSCs, BLI revealed doubling of signal after one week, declining to 60% of input after 

three weeks and remaining constant until week six. hMSCs showed a constant decrease of BLI 

signal to 25% of input, indicating no further expansion. Bone formation of gMSCs was 2-fold 

higher on TCP than on HA and not affected by gene marking; hMSC produced equal amounts 

of bone as gMSC on TCP, but formed no bone on HA. Transduced hMSC on TCP showed a 

four-fold reduced bone formation. LPCs were detected in hybrid scaffolds for both species 

at day 14, but LPC were much less frequent at day 42. Striking differences were observed in 

spatial distribution. In TCP scaffolds gMSCs as well as hMSCs were found to be aligned and 

interconnected on the surface, but were scattered in an unstructured fashion in HA scaffolds. 

In conclusion, structured binding of MSCs to the scaffold material is critical for cell-scaffold 

based BTE. 
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introduCtion

One of the strategies in bone tissue engineering (BTE) for the treatment of patients suffering 

from large bone defects 1, or for patients that need bone augmentation for dental implants 2,3, 

is to combine synthetic materials (scaffolds) with bone marrow derived mesenchymal stromal 

cells (MSCs)4. Although multipotent MSCs can be produced from different tissues5,6, the most 

frequently used sources until now are the bone marrow 5,7-10 and adipose tissue 11, but the list 

of tissues from which MSCs can be produced is rapidly increasing 12-14.

A variety of porous calcium phosphate ceramics are being developed as scaffolds for BTE 

constructs. Culture-expanded MSCs are seeded on these scaffold, subsequently induced to 

differentiate in vitro into the osteogenic lineage, than implanted in vivo, whereafter MSCs 

further differentiate into osteoblasts and deposit bone tissue onto the ceramic surface. The 

osteoinductive and osteoconductive potential of the ceramics can be modulated by varying 

the material characteristics such as chemical composition, surface topography and geom-

etry, thereby affecting resorption rate and cell-material interactions 15-17. The exact underly-

ing mechanisms that lead to bone induction by these synthetic materials remain thus far 

largely unknown. For goat MSCs it was shown, when combined with scaffold materials, that 

the MSCs contributed to a more than 10-fold increase in bone deposition compared with 

scaffold material without MSCs with little variation between different goat MSC batches 18. 

Previous studies demonstrated that bone deposition by human MSC is far less reproducible 

than in the case of goat or rat MSCs 4,19,20.

Fortunately, MSCs are highly amenable to genetic modification, thus enabling the introduc-

tion of reporter constructs thereby facilitating monitoring of cell proliferation during in vivo 

cell-based BTE using bioluminescent imaging (BLI). BLI is based on the detection of light emit-

ted from luciferase-gene marked cells and allows visualization of luciferase gene expression, 

non-invasively, in living animals with a sensitive charge-coupled device (CCD) camera for de-

tection of low quantities of photons 21-23. By repeated imaging of the same animal, localization, 

the level and duration of the luciferase transgene expression can be monitored in real-time 24,25. 

Previous studies have illustrated that BLI is a powerful technique for non-invasive imaging of 

luciferase marked cells in oncological diseases 26-30, to study T-cell dynamics 31,32, and for studies 

in BTE 33-37. However, most of these studies in BTE were performed with cell lines or with MSCs 

from non-human mammalian species, only with endpoint measurements and not tested in 

combination with different types of calcium phosphate ceramics. Moreover, luciferase-GFP 

gene marking enables selection of labeled cells, and visualization of the physical interaction 

of MSCs with the carrier material, since luciferase labeled cells can be detected post-mortem 

in tissues of choice, including explanted scaffolds, using immunohistochemistry 37.

In this study we report the first use of lentiviral labeling of MSC with luciferase-GFP marker 

genes in combination with BLI to monitor the spatial distribution of goat as well as human 

MSCs after seeding on two types of porous calcium phosphate ceramics, differing in osteo-
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genic potential, to measure in vivo MSC survival, and determine the contribution of the MSCs 

to in vivo bone formation. 

MaterialS and MetHodS

Cell culture

Human bone marrow was collected from the iliac crest after written informed consent and 

approved by the institutional medical ethical committee. Goat bone marrow was obtained 

from the iliac crest as previously described 38. Goat MSCs (gMSCs) and human MSCs (hMSCs) 

were produced by culture expanding the plastic adhering cell fraction from the bone marrow 

in tissue culture flasks after Ficoll density gradient separation. Human cells were plated at 

a density of 2.5 x 105 nucleated cells per cm2 and cultured in hMSC proliferation medium, 

which consists of minimal essential medium (α-MEM, Life Technologies), supplemented 

with 100 U/ml penicillin (Life Technologies), 10 μg/ml streptomycin (Life Technologies) and 

5% human platelet lysate as previously described [20]. Goat bone marrow cells were plated 

at 5 x 105 nucleated cells per cm2 in α-MEM (Life Technologies), 15% heat-inactivated fetal 

bovine serum (FBS, Cambrex), 2 mM L-glutamine (Life Technologies), 100 U/ml penicillin (Life 

Technologies), 10 μg/ml streptomycin (Life Technologies) as previously described 37. All cells 

were maintained in a humidified incubator at 37 ºC and 5% CO2. Medium was refreshed twice 

a week and cells were detached by trypsin treatment upon reaching near confluence and 

used for further subculturing or cryopreservation. 

Lentiviral vector and virus production

The self-inactivating (SIN) lentiviral vector used in this study was pRRL-cPPT-CMV-Luc2-IRES-

GFP-PRE-SIN, which contains a codon-optimized luciferase2 fragment (Luc2) and GFP gene 

driven by the cytomegalovirus (CMV) promoter, separated by an internal ribosomal entry site 

(IRES). Generation of the vector and production of viral particles was performed as previously 

described 37.

Transduction and sorting of MSCs

MSCs were thawed and plated in 175 cm2 Falcon filtercap culture flasks (Becton Dickinson 

(BD), Franklin Lakes, NJ, USA) and transduced when the MSC cultures reached approximately 

50% confluence. Transductions were carried out in the presence of 8 μg/ml hexadimethrine 

bromide (polybrene, Sigma, Zwijndrencht, The Netherlands) and 1:10 diluted lentiviral su-

pernatant (transduction medium). After 24h, the transduction medium was replaced with 

fresh proliferation medium. Upon reaching 90% confluence, cells were harvested and GFP 

positive cells were purified by flow sorting using a FACSAria (BD). After sorting, 2x105 cells 

per construct were seeded directly onto the scaffold materials, or in tissue culture flasks. 
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To determine luciferase activity during serial   subculturing of the MSCs, cells were washed 

twice with PBS, and lysed in passive lysis buffer for 15 minutes, insoluble cell debris was spun 

down and the supernatant fraction was assayed for luciferase activity using Dual-Luciferase 

Reporter Assay System (Promega, Leiden, The Netherlands).

Scaffold materials

Hydroxyapatite (HA) ceramics were prepared from HA powder (Merck, Germany) using the 

dual-phase mixing method and sintered at 1250°C for 8 hours as previously described  39. 

β-tricalcium phosphate (TCP) ceramics were prepared from TCP powder (Plasma Biotal, UK) 

and fabricated using the H2O2 method as previously described  40. The synthesized 2-3 mm 

particles were cleaned ultrasonically with acetone, 70% ethanol and de-mineralised water, 

dried at 80°C and sterilized by autoclaving.

Processing of cell-seeded scaffolds

To evaluate the in vitro growth of hMSCs and gMSCs upon seeding onto the different ceramics, 

a DNA assay was performed as previously described 41. Briefly, 2x105 cells were seeded onto 

three porous ceramic particles of approximately 2-3 mm and cultured in vitro for 7 days in the 

presence of osteogenic medium (basic medium supplemented with 10-8 M dexamethasone). 

After 7 days, cells on the scaffolds were lysed using a 0.1% Triton X-100 solution in PBS and 

sonicated in order to remove the cells from the interior of the ceramics. DNA was quantified 

using the cyQuantGR dye (Molecular Probes, Inc., Eugene, OR, USA) by measuring the fluo-

rescence at 520 nm. To evaluate the spatial distribution of the cells in the scaffolds, parallel 

processed cell-seeded scaffolds were grown in osteogenic medium for the indicated period 

after which they were washed and fixed in 0.14 M cacodylic acid buffer pH 7.3 containing 

1.5% glutaraldehyde. Subsequently samples were dehydrated in ethanol series and embed-

ded in methyl methacrylate (MMA). Sections were processed on a histological diamond saw 

(Leica SP1600, Wetzlar, Germany) and stained with 1% methylene blue (Sigma).

Ectopic in vivo bone formation

Immunodeficient RAG2-/-γc-/- Balb/c mice were originally obtained from AMCAS B.V. (Amster-

dam, The Netherlands). The mice were bred and housed in the specific pathogen-free breed-

ing unit of the Central Animal Facility of the University of Utrecht. Sixteen RAG2-/-γc-/-Balb/c 

male mice (9 weeks old) were used. The animals were maintained in filtertop cages and 

supplied with autoclaved sterilized food pellets and distilled water ad libitum. Experiments 

were conducted after acquiring permission of the local Ethical Committee for Animal Ex-

perimentation and in compliance with the Institutional Guidelines on the use of laboratory 

animals and according to current Dutch Animal Experimentation Act. The surgical procedure 

was performed under general anesthesia using an intramuscular injection of 0.05 ml from a 

mixture of anesthetics (KXA: ketamine 100 mg/mL, xylazine 20 mg/mL, and atropine 0.5 mg/
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mL in a 7:6:1 ratio). After shaving, the surgical sites were cleaned with ethanol, subcutaneous 

pockets were made and hybrid constructs, consisting of 3 calcium phosphate ceramic par-

ticles seeded with cells, were implanted in separate pockets. For each condition, 8 separate 

constructs were implanted in 8 individual mice. Separate mice were used for goat and human 

samples. The incisions were closed using a vicryl 5-0 suture. After surgery the animals were 

treated with a subcutaneous injection of buprenorphine (Temgesic 0.05 mg/kg body weight, 

Schering-Plough, Utrecht, The Netherlands) to relief pain.

For evaluation of in vivo bone formation, anaesthetized mice (n=6) were sacrificed after 

six weeks using cervical dislocation and samples were retrieved from the mice, fixed in 4% 

paraformaldehyde, dehydrated in ethanol series, embedded in MMA and sectioned for 

histomorphometry. The sections were stained with 0.3% basic fuchsin (Klinipath, Duiven, 

The Netherlands) and 1% methylene blue solution (Merck, Darmstadt, Germany) for routine 

histology and histomorphometry to analyze bone formation. Approximately 10 μm thick 

sections were processed on histological diamond saw (Leica SP1600). The percentage of 

bone per scaffold area was calculated using a personal computer-based system with KS400 

software (version 3; Zeiss, Hamburg, Germany) as previously described 42.

In vivo bioluminescent imaging

For real-time monitoring of the luciferase labeled cells, the mice received an intramuscular 

injection of anesthesia of 0.05 ml KXA at 1 μl/g body weight. Subsequently, mice were injected 

intraperitoneal five minutes before monitoring light emission with 2.5 mg of D-Luciferin (Syn-

chem OHG, Kassel, Germany) in 100 μl PBS. In vivo optical imaging for luciferase was performed 

by collecting the photons emitted from luciferase-expressing cells and integrated for a period 

of 10 minutes using the Φ-Imager (Biospace Lab, Paris, France) to generate a bioluminescence 

image, that was overlaid with a visible light image to determine the position of the scaffolds. 

M3Vision Software was used to quantify the amount of emitted photons per second and per 

area (average surface radiance=photons/s/cm²/sr) by drawing a region of interest (ROI) across 

the scaffold with background subtraction of the read-out from an area of equal size. Mice were 

imaged for the first time on day 2 and, subsequently, weekly for six weeks. 

Histological processing and identification of implanted MSCs

On day 14 as well as on day 42, one mouse from each experimental group was sacrificed for 

immunohistochemistry. After retrieval of the scaffolds and fixation in 4% paraformaldehyde 

for 24 hours at room temperature, HA scaffolds were decalcified in 4% formic acid for 6 hours, 

and TCP scaffolds for 3 days in 12.5 % w/v EDTA in dH2O. The decalcified scaffolds were de-

hydrated in ethanol series and embedded in paraffin wax and 5 μm sections were prepared. 

Sections were stained with routinely histology haematoxylin and eosin (H&E) staining and 

stained for luciferase positive cells as previously described  37. Briefly, luciferase transduced 

cells were identified using a rabbit anti-luciferase antibody (CR 2029 RAP, Cortex Biochem, 
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San Leandro, CA, USA), 1:100 (0.5 µg/ml IgG) in PBS/5% bovine serum albumin (BSA, Roche, 

Woerden, The Netherlands). As an isotype control, rabbit IgG (0.5 µg/ml) (DAKO, X0903, Glos-

trup, Denmark) was used. Sections were pre-treated with 1.5 % H2O2 and incubated with the 

antibodies overnight at 4°C. Finally, samples were incubated with goat-anti-rabbit horserad-

ish peroxidase (DAKO, P0448, Glostrup, Denmark) at 2.0 µg/ml in PBS/5%BSA for 60 min at RT 

and detected using 3,3’-diaminobenzidine (DAB) staining. Counterstaining was performed 

with Mayer’s haematoxylin.

Statistical analysis

For each experiment, data are presented as a mean ± standard deviation, unless otherwise 

indicated. Correlations between the calculated cumulative cell number production and BLI 

signals during the experiment were assessed by Spearman’s rank correlation coefficient using 

the GraphPad Prism 4 statistical analysis software. DNA read-out data and data on bone for-

mation for the different groups were analyzed by one-way analysis of variance (ANOVA) and 

a Tukey’s multiple comparison test correction using Graphpad Prism 4 software. The outcome 

of a comparative test was considered statistically significant when the p-value was less than 

one percent (<0.01).

reSultS

Preparation and characterisation of luciferase-marked MSCs

The transfection efficiency of the GFP-luc2 construct in the virus producing cell line HEK293T 

cells was analyzed by GFP expression after 72h with flow cytometry. All cells expressed GFP in-

dicating a 100% transfection efficiency (data not shown). The viral titer of the HEK293T culture 

supernatant was 1.5x106 transducing units per ml. The multiplicity of infection (MOI) used for 

the transduction of goat and human MSCs was 1.5, and resulted in a transduction efficiency 

of approximately 50% for both cell types on the basis of GFP expression measured by flow 

cytometry. The subpopulation of GFP-positive cells was purified using a FACSAria cell sorter. 

Analysis of the sorted fraction for GFP indicated a >95% purity (data not shown). During a 

culture period of 7 weeks we analyzed cell production and the level of GFP as well as luciferase 

expression at each passage. For goat as well as for human, more than 90% of the gene marked 

MSCs expressed GFP throughout the seven weeks of in vitro culture and the luminescence 

signal per cell remained constant. Using these parameters, we calculated the cumulative cell 

numbers and the cumulative luciferase activity. A correlation between growth and the BLI 

signal was observed for MSCs from both species (p<0.001) implicating that the BLI signal cor-

relates with the number of cells and that the luciferase activity per cell is not decreased during 

prolonged cell cycling (Figure 1). We observed only a minimal difference in the mean BLI signal 

per cell between goat and human MSCs (42,300±14,600 versus 27,300±5,021, respectively).
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Figure 1. Stability of luciferase expression during prolonged in vitro culturing.
Luciferase-positive cells, purified by flow sorting, were grown for seven weeks in vitro. During serial subculturing of the MSCs, the cells were 
counted and the luciferase signal was determined in triplicates. Data are presented as average ± standard deviation. Cumulative cell numbers 
(right Y-axis) and the cumulative luciferase signal (left Y-axis) were calculated and plotted against time. Correlation was observed between the 
growth and the luciferase signal of luciferase-positive goat MSCs (A), as well as human MSCs (B) over time (p<0.001).
 

Expansion and distribution of seeded MSCs on scaffolds

To determine the seeding efficiency and the in vitro expansion of the cells after seeding 2x105 

MSCs on the two different calcium phosphate ceramics, the amount of DNA was measured 

after 1 and 7 days of culturing the cells on TCP and HA. For gMSC no significant differences 

were found in the amount of DNA extracted from TCP and HA for non-transduced or trans-

duced cells after 1 and after 7 days of culturing respectively (Figure 2A). This indicates that 

seeding efficiency (day 1) and the subsequent cell expansion were comparable for the gMSCs 

seeded on TCP and HA prior to implantation. Also for hMSCs no significant differences were 

observed on day 1, indicating that the seeding efficiency was similar for all groups. However, 

at day 7, significant lower amounts of DNA were found in the HA-Luc group compared to 
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Figure 2. DNA assay.
As a measure for cell content the amount of DNA (ng/ml), extracted from MSC seeded scaffolds, was determined at day 1 (grey bars) and day 7 
(black bars) after seeding 200,000 non-transduced and luciferase-positive goat (A) and human (B) MSCs onto HA and TCP. Data are presented as 
a mean ± standard deviation. Differences between the amount of DNA/scaffold for the different groups were analyzed by one-way ANOVA and a 
Tukey’s multiple comparison test and considered to be significant when p<0.01, and these are marked with an asterix (*).
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TCP loaded with untransduced or transduced MSCs (Figure 2B). This indicates that hMSCs 

expansion on HA is substantially lower than on TCP which results in differences in cell content 

on the scaffolds on the day of implantation (at day 7).

To study the spatial distribution of the seeded cells in the scaffolds prior to implantation, 

MSCs of each group and both species were loaded on the two different calcium phosphates 

ceramics and cultured for fourteen days in vitro, embedded in MMA and analyzed. The spatial 

organization of the MSCs on TCP was strikingly different from that on HA irrespective of the 

species. In contrast to the orderly structured layer of interconnected cells lining the surface 

of the pores in TCP, the MSCs were more randomly distributed throughout the pore available 

space in HA (Figure 3).

Evaluation of in vivo bone formation

A most relevant parameter in this study was the amount of newly formed bone six weeks 

after implantation, which was determined as described in the materials and methods sec-

tion. Representative images of a stained section for each of the groups are shown in Figure 

TCP

HA-Luc

TCP-Luc

HumanGoat

Figure 3. In vitro localization and distribution of the cells on scaffolds. 
Localization and distribution of the seeded cells prior to implantation were evaluated by culturing non-transduced (upper row) and luciferase-
marked (middle and lower row) goat MSCs (left column) and human MSCs (right column) for fourteen days in vitro on TCP and HA, embedded in 
methyl methacrylate and stained with 1% methylene blue. The location of sheets of connected cells are indicated with arrows. On TCP these are 
attached to the surface of the scaffold material, and on HA primarily in the pores of the scaffold.
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4. Bone formation was similar for transduced and non-transduced gMSCs on TCP (12.7±4.4 

vs. 13.3±4.6) (Figure 5A). This indicates that the viral transduction did not affect the in vivo 

bone forming capacity of the goat MSCs. In contrast bone formation by transduced hMSCs, 

was significantly lower compared to non-transduced hMSCs (2.9±1.8 vs. 13.0±6.2)(Figure 5B). 

Apparently, the lentiviral transduction procedure, followed by the flow sorting is having an 

effect on the bone forming capacity of the hMSCs, but nevertheless substantial amounts of 

bone were produced. Bone formation by transduced gMSC was significantly lower on HA 

than on TCP (5.7±2.4 vs. 12.7±4.4); transduced hMSC formed low amounts of bone on TCP, but 

bone formation was totally absent on HA (2.9±1.8 versus 0%) (Figure 5A and B). This indicates 

for both species, that luciferase marked MSC retain their in vivo bone forming capacity and 

that the osteoinductive properties of TCP are superior to that of HA.

In vivo bioluminescent imaging of the luciferase-marked MSCs

The in vivo BLI monitoring of transduced gMSCs showed an increase of the luciferase signal 

from the start (day 2) till day 7 for both HA-Luc and TCP-Luc, indicating cell proliferation in 
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Figure 4. In vivo bone formation. 
In vivo bone formation was tested in an ectopic model in immune-deficient mice. Images of representative histological sections of methyl 
methacrylate embedded sections stained with 1% methylene blue and 0.3% basic fuchsin are depicted. Scaffold material is shown in grey/black 
(S), newly formed bone is basic fuchsin-stained pink (green arrows). Bone formation by non-transduced MSCs on TCP, and luciferase transduced 
MSCs on TCP and HA are shown from top to bottom, respectively (left column: goat MSCs; right column: human MSCs). Scale bars represent 1 mm. 
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vivo after implantation (Figure 6A). On day 7 the increase was nearly a factor of 2 for both 

groups, i.e. from 35,712±7,476 to 86,912±25,491 photons/s/cm²/sr for the HA-Luc group 

and from 94,739±25,809 to 168,380±21,652 photons/s/cm²/sr for the TCP-Luc group, which 

implies that early after implantation gMSCs proliferate equally well on TCP and HA (Figure 

6A).The higher BLI readout values for the TCP group are also reflected in the superior bone 

formation on day 42 (Figure 5A). 

For hMSCs we observed a constant decrease of the luciferase signal in time for both groups 

(Figure 6B), meaning that after in vivo implantation transduced hMSCs did not further pro-

liferate. The same proportional decline was observed for both groups. Similar as observed 
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Figure 5. Quantification of in vivo bone formation. 
The average percentage of bone per scaffold area is shown for non-transduced MSCs on TCP, and luciferase transduced MSCs on TCP and HA 
(bars from left to right) for goat MSCs (A), and human MSCs (B). Data are presented as a mean ± standard deviation. Differences between bone 
formation for the different groups were analyzed by one-way ANOVA and a Tukey’s multiple comparison test and were considered significant 
when p<0.01; these are marked with an asterix (*). 
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Figure 6. In vivo bioluminescence imaging of luciferase-positive cells.
Bioluminescence imaging in vivo of luciferase-positive cells was performed by collecting the photons emitted from luciferase-expressing cells 
using the Photon Imager and M3Vision Software. Emitted light was quantified by drawing a region of interest (ROI) and measuring light emission 
as photons/s/cm²/sr subtracted with background values. Mice were imaged for the first time at day two and subsequently weekly for six weeks. 
Data are shown as average ± SEM.
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Figure 7. Immuno-histochemical localization of luciferase-marked cells in scaffolds after implantation. 
Implanted scaffolds seeded with goat MSCs (A) or human MSCs (B) were retrieved from the mice on day 14 (column 1 and 2) and day 42 (column 
3 and 4), embedded in paraffin, and processed for routinely histology haematoxylin and eosin (H&E) staining (column 1 and 3). To identify 
implanted goat MSCs (A) and human MSCs (B) ex vivo after implantation, adjacent sections were analyzed with anti-luciferase antibodies(α-Luc) 
to detect luciferase-positive cells (LPC)(column 2 and 4). Scaffold material is grey (S), newly formed bone stains eosin-stained pink (B). The bone 
lining the scaffold contains embedded osteocytes (Oc) and a osteoblastic layer (Ob) is present on the luminal surfaces. Connective tissue (Ct) was 
present inside the lumen and between and around the scaffolds. Scale bars represent 50 µm.
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for gMSCs, the luciferase signal was much lower on HA (3 times) than on TCP (2,218±489 vs. 

6,591±2,873 photons/s/cm²/sr; Figure 6B). This means that hMSCs adhered better to TCP than 

to HA (Figure 2B; 3), thereby explaining the superior bone formation of hMSC on TCP versus 

HA (Figure 5B). The much lower initial readout in BLI signal for the HA group is in agreement 

with the earlier observation of a lower degree of MSCs attachment to HA than to TCP.

Identification of luciferase-marked MSCs after implantation

To verify the involvement of the luciferase-labeled cells in the process of bone formation, 

paraffin sections from scaffolds that were retrieved at day 14 and day 42 were stained with 

H&E and adjacent sections were processed with immunohistochemistry to detect the pres-

ence of luciferase positive cells (LPCs) using an anti-luciferase antibody. At day 14, LPCs were 

detected for both species in HA as well as in TCP based scaffolds (Figure 7A and 7B). For 

gMSCs bone formation was detected in all test groups, controls, HA and TCP. Luciferase-

positive osteocytes as well as luciferase-positive osteoblasts were found at the luminal 

surfaces, implying that the onset of bone formation in the hybrid constructs started before 

day 14 and also that the seeded cells are indisputably responsible for the observed bone 

formation. In HA samples bone formation was minimal and typically, only at locations where 

LPCs were in contact with the scaffold material. For hMSCs the frequency of LPCs at day 42 

was very low in both HA-Luc and TCP-Luc samples, but bone formation was only observed in 

TCP samples. These observations are in line with the analysis of the spatial distribution of the 

MSC in the HA and TCP scaffolds, respectively, measured with methylene blue staining of the 

MMA processed slides. In general, stromal cells were attached and lining to the surface of the 

pores in TCP scaffolds but in contrast, randomly distributed in the HA scaffolds (Figure 3). In 

control samples, in which non-transduced MSC were seeded on the scaffolds, no LPCs were 

found in any of the sections after staining with the anti-luciferase antibody.

diSCuSSion

In this study we have used a combination of histology, histomorphometry, immune 

histochemistry and in vitro and in vivo bioluminescence imaging to elucidate the spatial 

distribution, survival and expansion of cultured goat and human MSCs, after seeding on HA 

or TCP calcium phosphate ceramic scaffolds. We also determined the ensuing in vivo bone 

formation. Our data show that that the initial degree of binding of MSCs to the scaffold mate-

rial seems to correlate with the amount of bone that is being formed. The first indication 

came from the observation that the BLI signal from the luciferase marked MSCs on day 2 was 

lower on HA for both species (Figure 6), suggesting a difference in seeding efficiency and 

outgrowth during preparation of the hybrid scaffolds. The observed initial lower BLI values 

on HA in comparison with TCP (Figure 6), persisted until the end of the experiment. Whereas 
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the gMSCs BLI curves showed a doubling of signal after one week, declining to 60% of input 

after three weeks and remaining constant until week six, hMSCs showed a constant decrease 

of BLI signal to 25% of input. These observations were irrespective of the ceramics used and 

show that after implantation there is no extensive proliferation of the seeded MSC. Loss of 

luciferase expression was an unlikely explanation because prolonged in vitro cell culturing 

showed that luciferase expression was unaffected (Figure 1).

The in vivo bone formation of gMSCs on TCP was 2-fold higher than on HA and unaffected 

by gene marking (Figure 5); hMSC on TCP produced equal amounts of bone as gMSC, but 

hMSCs did not produce bone on HA. Transduced hMSC on TCP, however, showed a 4-fold 

reduced bone formation. Important factors that influence bone formation are the number, 

quality and proliferation history of the cells. Previous reports on gMSCs showed that viable 

cells are required  43, that seeding of cells at higher densities and with higher proliferative 

capacity leads to an increase in BLI signal  36,37, and that pre-culturing is an advantage for 

cell-based bone tissue engineering  44. In the present study, we used the same number of 

viable cells as were used by Kruyt et al (2006) and pre-cultured the cells before implanta-

tion 44. Despite the fact that the transduced hMSCs yielded a lower percentage of bone on 

TCP when compared to the non-transduced hMSCs, the presence of LPC in the newly formed 

bone demonstrates that MSCs seeded on the scaffolds contribute to in vivo bone formation. 

A additional factor that is only recently recognized as a relevant issue may be found in the 

heterogeneity within MSC cultures 45-47, leading to differences in multipotency as well as in 

in vivo bone forming capacity 19,20,48. The lentiviral transduction and selection of GFP-positive 

MSCs could have resulted in the selection of a population of cells with less osteogenic po-

tential. Osteo-progenitor cells were reported to be more slowly replicating, large cuboidal 

or flattened cells  49-53, which could make them less susceptible to viral transduction than 

smaller, fast proliferating cells. Human MSCs exhibit morphological changes and loss of in 

vivo osteogenic potential during passage  19,54, whereas gMSCs consist of a more homoge-

neous population and showed less morphological changes and loss of in vivo bone forming 

potential during passage than hMSCs (unpublished results). Recent clonal analyses of hMSCs 

revealed differences between individual clones with respect to their in vivo bone forming 

capacity  55,56. These observations indicate that substantial differences may exist in cellular 

composition of culture-expanded MSC populations, which could explain different cellular 

behaviour between gMSCs and hMSCs.

Key components for successful cell-based bone tissue engineering are the presence of a 

carrier material as well as osteogenic cells, and this highly depends on multiple interaction 

parameters, of which one is the osteoinductivity of the calcium phosphate ceramic used. 

Different ceramic materials provide different cues to pre-osteogenic cells  17. The calcium-

enriched environment provided by porous TCP appeared to have a superior osteoinductive 

potential compared to HA. Therefore we selected these two extremes for this study. This study 

reveals that adherence and spatial distribution of adherent cells to the calcium phosphate 
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ceramic is a critical parameter in cell-scaffold BTE. Bone formation by gMSCs was unaffected 

by gene marking (Figure 5) and cell numbers were equal before implantation (Figure 2). The 

amount of DNA recovered from the hybrid scaffold does, however, not give information 

on binding of the MSCs to the scaffold surface and spatial distribution of the MSCs in the 

scaffold. Therefore, it does not indicate to what extent the cells had adhered to the calcium 

phosphate ceramic. Only in contact with the material instructive properties of the material 

can be imposed onto the implanted cells. This could explain why at the end of the experi-

ment lower amounts of bone by gMSC and no bone by hMSC is formed.

To study whether physical interaction between the cells and the scaffolds indeed can occur 

histological analysis gives a much better indication. We typically observed a more structured 

interconnected layer of cells lining the surface of the pores in TCP samples, whereas the 

cells were more randomly distributed throughout the pore available space in HA, before 

implantation (Figure 3) as well as two and six weeks postimplantation (Figure 7). That contact 

with the material is essential, was further substantiated by the fact that in HA scaffold only 

bone deposition was observed in those, and small, areas where LPCs were in contact with the 

ceramic material (Figure 7A).

We only studied ectopic implantation sites to rule out osteoconduction or periosteal bone 

formation by cells from surrounding tissues as these could act as disturbing mechanisms in 

our experimental conditions. The subcutaneously placed constructs also reduce attenuation 

of the light emission through the tissues of the animal when compared with deep tissue 

orthotopic locations 26,37.

For the experiments described here we used lentivirally transduced, luciferase-GFP marked 

cells that were purified almost to homogeneity. Therefore the presence of luciferase-positive 

cells within and on the new layer of bone is indicative that it were indeed the seeded MSC that 

contribute to the initiation and they also participate in new bone formation by differentiating 

towards osteoblasts and osteocytes (Figure 7). Goat luciferase-positive cells within the newly 

formed bone were already observed in samples at day 14 (Figure 7A), indicating that bone 

formation by the implanted cells started before week 2. In addition, day 14 is the first time-

point demonstrating a decrease in BLI signal. It is likely that at this timepoint the total scaffold 

surface is covered with a layer of stromal cells, leading to a slowdown or even a decrease in 

proliferation of the cells, and may indicate the onset of differentiation towards bone forming 

stromal cells. Olivo et al. reported an increase of BLI signal during seven weeks 36. However, in 

that study the hybrid scaffolds were implanted 20 hours after seeding leaving ample space 

for the luciferase transduced cells to further expand in vivo. The moderate increase in BLI 

signal in vivo for the gMSCs in our study can be explained by the longer in vitro incubation of 

the gMSCs on the scaffolds pre-implantation (7 days versus 20h), resulting a confluent layer 

of gMSCs covering the scaffold, and as such obviating a long expansion period in vivo after 

implantation. In contrast to gMSCs, pre-incubation in vitro of the hMSCs prior to implanta-

tion to allow cell differentiation and extra cellular matrix formation is, however, necessary 
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for new bone formation in vivo by hMSCs (unpublished results). Whether the development 

from proliferating osteoblastic cells towards in vivo osteocytes and the concurrent changes 

in metabolic activities and gene expression influences the expression of luciferase expression 

is still unclear.

ConCluSion

In summary, our study with luciferase gene marked MSCs has provided us with new insights 

in the initial events in in vivo bone formation in hybrid scaffolds, in the kinetics of MSC sur-

vival and evidence that the seeded cells are involved in in vivo bone production on hybrid 

scaffolds. On TCP, bone formation by the seeded MSCs was superior to that on HA. To profit 

from the increased osteoinductive potential, that is provided by the calcium-enriched envi-

ronment of porous TCP, close contact of the osteogenic cells during in vitro pre-incubation 

as well as in vivo is essential. Our data show that the distribution, location and structured 

binding of the implanted MSCs to their scaffold is superior on TCP, and is one of the most 

important factors for the outcome of cell-scaffold based therapies.
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General ConCluSionS

The unique properties of mesenchymal stromal cells (MSCs) make these cells ideal candidates 

for applications in cellular therapy and to promote the repair of injured tissues, and has led 

to an enormous increase in their use over the past 20 years. One of these applications is MSC-

based bone tissue engineering to heal critical size bone defects, in which success strongly 

depends on several factors. Among these factors are the quality of the transplanted cells 

to survive, their potency to differentiate towards bone tissue and thereby replace the dam-

aged tissue, and their ability to attract endogenous resident progenitor cells to home to, and 

replace the damaged tissue. In this final chapter the implications of the studies described in 

the previous chapters will be discussed, and how they contribute to our current knowledge 

concerning the use of MSCs for bone tissue engineering applications. 

This thesis describes the investigation of the characteristics of cultured MSC with a special 

focus on the MSCs with in vivo bone forming capacity. The most relevant contributions of 

the work described in this thesis to the field of regenerative medicine (RM) and bone tissue 

engineering (BTE) research field in particular, are the following:

- Important for the research field is the identification of novel cross-reacting monoclonal 

antibodies for prospective isolation of primary MSCs (with clonogenic potential) from 

multiple mammalian species that are widely used in regenerative medicine research 

(Chapter 2).

- We investigated the use of human platelet lysate (PL) for MSC expansion as a substitute 

for fetal bovine serum (FBS). Use of PL enables MSCs expansion under GMP conditions in a 

relatively short time period, retaining a common phenotype and multi-potency (Chapter 

3). This procedure is relevant for clinical applications that require high numbers of MSCs, 

such as in the treatment for GvHD, Crohn’s disease, and rheumatoid arthritis (RA). 

- We observed that, in contrast to fetal bovine serum (FBS), culturing MSCs in human 

PL results in the production of MSCs with a more predictable capacity for in vivo bone 

formation, which is highly relevant for standardized MSC-based bone tissue engineering 

(Chapter 3).

- The analysis of clonally PL expanded MSC cultures revealed heterogeneity in in vitro 

characteristics as well as in in vivo bone formation, which is highly relevant for cell-based 

bone tissue engineering, and presumably also for cartilage repair (Chapter 4 and Prins et 

al. International Cartilage Repair Society Newsletter, 2011, Summer Issue 13).

- For the prediction of the in vivo bone forming capacity of a given MSC batch, it is not the 

absolute ALP activity/expression, but the capacity to induce the ALP activity in clonally 

PL expanded MSCs, that is the relevant parameter (Chapter 4).

- Bioluminescent imaging (BLI) can be used to monitor human as well as goat MSC survival 

during in vivo bone formation (Chapter 5, 6).
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- The presence of a scaffold only, or MSC matrix alone is not enough to initiate ectopic 

bone formation by endogenous MSCs (Chapter 3, 5).

- Seeded MSCs contribute to in vivo bone formation as evidenced by the presence of gene 

marked human as well as goat MSCs six weeks post implantation. In hybrid scaffolds the 

MSC contribute to the initiation and participate in new bone formation by differentiating 

towards osteoblasts and osteocytes in vivo (Chapter 5, 6).

- The superior characteristics of TCP over HA in forming bone can not only be explained by 

the calcium-enriched environment provided by porous TCP, but also to the spatial distri-

bution, location and structured binding of the implanted MSCs to their scaffold, which is 

critical in cell/scaffold bone tissue engineering (Chapter 6).

The research that was conducted in this thesis has lead to several additional applications 

among which:

- The development of viral vectors, containing luciferase-GFP marker genes, in combina-

tion with BLI (Chapter 5) enabled us to follow the outgrowth of human multiple myeloma 

cell lines 1, as well as primary multiple myeloma, and to visualize effective treatment 2.

- The in vivo bone forming assay that we developed enables us to reproducibly create 

scaffolds with a high content of human bone using PL expanded MSCs (Chapter 3). 

This was crucial in the development of a novel humanized multiple myeloma mouse 

model. Human multiple myeloma heavily depends on the presence of a (human) bone 

microenvironment and therefore this model provide excellent opportunities to study the 

pathology of multiple myeloma in its natural bone environment 2, and use it for preclini-

cal therapy development.

In the general introduction of this thesis a number of questions were formulated that were 

addressed by the experiments described in the previous chapters. With the results obtained 

we can now provide answers to these questions.

Did the MSCs in the hybrid construct indeed contribute to the bone formation?

In Chapter 3 we showed that in acellular constructs no bone was formed, so the presence 

of MSCs is a prerequisite for ectopic bone formation. In the Chapters 5 and 6 we showed 

that viable MSCs contribute to the initiation and participate in new bone formation by dif-

ferentiating towards osteoblasts and osteocytes in vivo. 

Were the cells themselves important or were they only a source of factors that 
induced the bone formation by recruiting and activating locally residing stem cells?

In Chapter 5 we showed that by irradiating MSC-seeded scaffolds, and thereby reducing the 

capacity to proliferate, but still able to secrete paracrine factors, or hybrid scaffolds of which 

the seeded cells were devitalized by freezing (liquid nitrogen), but of which the capacity of 
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producing extracellular matrix remained, did not result in bone formation. This suggests that 

the release of soluble factors, such as chemoattractants or other growth factors, such as bone 

morphogenetic protein-2 and vascular endothelial growth factor, or the presence of an extra-

cellular matrix is not enough to induce bone formation for example by recruitment or activating 

locally residing osteoprogenitors. Viable MSCs are required to induce bone formation, however, 

based on our studies the contribution of host cells to the bone formation cannot be excluded.

Are we dealing with different subpopulations of cells among the MSCs, differing in 
their multipotency, which would make it important to have sufficient numbers of the 
MSC with in vivo bone forming potential to succeed?

We found that by using PL for MSC expansion, a subpopulation within the MSC culture 

retains its in vivo bone forming capacity (Chapter 3). However, this was also the case for FBS 

supplemented cultures, although less consistent. The analysis of clonally PL expanded MSC 

cultures revealed that MSC cultures consist of multiple colonies that are heterogeneous in in 

vitro characteristics, with subpopulations of MSCs having a tri- or bi-lineage differentiation 

potential, or a single lineage restriction. The composition of the MSC product, the collection 

of distinct clones, determines the ultimate in vivo bone forming capacity. A prediction of 

the extent to which these clones are present can be measured on the basis of inducible ALP, 

because this parameters predicts for the in vivo bone forming capacity (Chapter 4).

And if there are such subpopulations, how could we discriminate and possibly isolate 
them and utilize the selected MSCs for preparing the hybrid constructs?

Primary MSCs, characterized by in vitro clonogenic potential, can be enriched using mono-

clonal antibodies and FACS sorting (Chapter 2). The positive cell fraction that was sorted on 

the basis of reactivity with these monoclonal antibodies, appeared to contain all the cells 

with clonogenic potential (CFU-F). However, only a minority of this positive cell fraction has 

the capacity to form a colony. Thus far we were not able to identify a single surface marker or 

marker combination that could distinguish between MSCs with and without bone forming 

capacity (Chapter 4). We identified inducible ALP as a predictive marker to estimate in vivo 

bone forming capacity of human MSCs for bone tissue engineering applications (Chapter 4). 

Taken together, when monoclonal antibodies are used for prospective isolation of MSCs 

with clonogenic potential this yields a cell population with a high frequency of immature 

MSCs. The expansion of these MSCs results in a heterogeneous MSC product and is also com-

posed of clones with distinct multipotency. The frequency of MSCs with inducible ALP within 

this heterogeneous MSC product determines the ultimate in vivo bone forming potential. 

Viable MSCs with in vivo bone forming potential contribute to ectopic bone formation in 

hybrid constructs. Finally, structured binding of the MSCs to the scaffold is essential for MSC-

based bone tissue engineering.
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General diSCuSSion

“Searching for the needle in the haystack”

When it became clear that the bone marrow (BM) contains osteoprogenitors 3,4, it was assumed 

that by harvesting autologous marrow from a distant location and combining it with a bone 

substitute, it might be used to enhance bone healing 5,6. A drawback of this rather simple but 

logical approach is the low amount of osteoprogenitors within the BM, with the consequence 

that large volumes of BM need to be collected. Larger BM volumes, however, increases the 

total number of osteoprogenitors, but not their frequency. Therefore, procedures that would 

lead to enrichment of the osteoprogenitor cell fraction from the BM volumes, would be very 

useful. Traditionally, the first concentration step is based on differences in buoyant density 

between different cell populations in the BM using a synthetic polysaccharide (Ficoll) and 

centrifugation. By removing the high density erythrocytes and granulocytes, the frequency 

of primary MSCs with clonogenic potential (CFU-F), among which the osteoprogenitors can 

be increased, however, they remain low  7, mostly due to the presence of large numbers of 

other mononuclear cell types in the BM. Therefore, it would desirable to have an additional 

procedure to select and enrich for the osteoprogenitor cell fraction. Monoclonal antibodies 

and flow sorting would be an option, provided that selective antibodies were available.

In Chapter 2 we describe a monoclonal antibody based approach to enrich for the primary 

MSCs (CFU-F) from the bone marrow mononuclear cells (BM-MNCs) of mammalian species, 

including human, and five other species that are commonly used in animal models for stud-

ies on regenerative medicine. From a panel of 43 candidates we identified seven mAb, which 

showed interspecies cross-reactivity, that could be used for prospective sorting of the CFU-F 

fraction from BM-MNCs, as well as for the characterization of their cultured progeny. CD271 

proved to be the most prominent marker in our study, since all CFU-F activity resides in the 

CD271+ cell fraction, resulting in a significant more than 100-fold enrichment of the CFU-

F population from the BM-MNCs. The obvious next step would be to test the CD271+ cell 

fraction directly for their in vivo bone forming capacity, since freshly isolated CD271+ cells 

could be suitable candidates for direct therapeutic exploitation. However, the low absolute 

number of cells that we could isolate from the small volumes of BM that we obtained for 

our research purposes (2-8 ml), precluded such use. Therefore, instead of this approach, we 

explored whether we could increase the yield of CD271 by sorting the CD271+ MSC fraction 

after a short culture period (2 weeks). The expression of CD271 is high on primary bone mar-

row MSCs, but downregulated after in vitro culture of MSCs 8. Moreover, we observed a strong 

correlation between the decrease in percentage CD271+ cells and decline in CFU-F frequency 

upon prolonged cultivation of MSCs 9. Furthermore, CD271 also reacts with a population of 

subendothelial cells in human BM 10, and in vivo bone forming capacity is decreased upon ex-

pansion of MSCs 11. Although the results of a preliminary study were promising 9, the follow-

up of this study demonstrated that the MSCs with bone forming capacity were found both in 
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the CD271+ as well as in CD271- cultured MSC fractions. This indicates that in cultured MSCs 

CD271 expression does not correlate with an MSC subpopulation with in vivo bone forming 

capacity. Recently, other groups isolated and characterized CD146+ (melanoma cell adhesion 

molecule [MCAM]) subendothelial bone marrow cells, and showed that all CFU-F are found 

in the CD45-CD146+ fraction of BM-MNCs. Sacchetti et al described the CD146+ fraction as 

skeletal progenitors that generated bone and play a pivotal role in the development of the 

hematopoietic microenvironment when transplanted in immunodeficient mice  12,13. At the 

time of writing this section of the thesis, Tormin and colleagues investigated whether CD271 

and CD146 identify the same cells or whether different subpopulations of primary MSCs co-

exist within the bone marrow. They show that all CFU-F are highly enriched in CD271+CD45- 

BM-MNCs expressing either CD146-/low or CD146+ and both give rise to typical cultured MSCs. 

However, the difference in CD146 expression clearly correlated with in situ localization: 

CD271+CD146-/low were identified as endosteal cells, and CD271+/CD146+ as perivascular 

cells 14. These type of experiments were only feasible with bone marrow sample sizes of 60 ml 

of consenting healthy donors. With respect to MSC-based bone tissue engineering, in both 

transplants of CD271+CD146-/low as well as CD271+CD146+ expanded MSC with HA/TCP carrier 

particles, bone, adipocytes, fibroblastic tissue, capillaries, and invading hematopoietic cells, 

could be detected 14. These analyses once more underline the complexity of all the different 

cell types in the bone marrow and hematopoietic environment. Further knowledge on the 

individual pathways regulating differentiation in relation with the phenotypic changes, in 

regard to antigen expression on the cell surface, could reveal selection or depletion antigens 

on MSCs with prospective bone forming potential 15. With our current knowledge, the enrich-

ment of primary MSCs from BM using CD271 would be the best strategy to obtain the most 

concentrated cell suspension containing osteoprogenitors, since CD271 yielded the highest 

enrichment factors for CFU-F (Chapter 2). A method based on a single antibody would be 

preferable, because that will facilitate possible translation to the clinic, since complex selec-

tion procedures may not reach clinical application. Isolation of CD271+ cells from human BM 

using the CliniMACS Instrument, an automated cell separation system based on magnetic-

activated cell sorting technology, enables clinical-scale enrichment of MSCs in a closed and 

sterile system 16.

Expansion of MSCs

The use of other MSC sources that are sometimes abundantly present, such as adipose tis-

sue, could make expansion unnecessary. However, the use of these sources lag behind when 

compared to the use of BM in clinical applications. Large numbers of cells either for functional 

testing in preclinical models or to use for cellular therapy in human regenerative medicine 

applications are required for current used protocols 17. In order to obtain these large numbers 

of MSCs for the intended clinical applications, MSCs need to be expanded ex vivo. For the 

production of large numbers of MSCs there are several options:
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(1) start with a relatively large amount of BM and culture the MSC according to the currently 

used procedures. A disadvantage of this traditional method is the required very large number 

of culture flasks, incubators and thus physical space needed in the GMP facility. Furthermore, 

large BM volumes are not commonly available for research purposes;

(2) start with a limited number of BM cells and expand the MSCs during serial passaging 

until sufficient numbers of cells are obtained. For this option the primary CFU-F will have to 

undergo a large number of population doublings before the required large number of MSCs 

are obtained. Since MSCs enter senescence after approximately 40 population doublings 18, 

prolonged expansion decrease their in vitro differentiation capacity  19,20, as well as their in 

vivo proliferation and differentiation capacity 11. Moreover, in view of safety issues it should 

be recognized taken into account that extensive in vitro passaging of MSCs increases the risk 

of mutagenesis 21,22.

(3) expand the culture after prospective isolation of the MSCs from the BM. 

This latter option is the most attractive since it facilitates the processing of larger BM 

samples. It not only allows to scale down the voluminous MSCs cultures but also leads to 

a substantial increase in the frequency and thus the absolute number of the primary MSCs 

(CFU-F) in the starting culture. This is highly relevant, since the end of the first culture pas-

sage will consist of a large spectrum of different clones that each has made fewer population 

doublings than the MSCs that are produced using option 2, and as a consequence (of option 

1) have retained a more immature state 20. Based on Chapter 5 it may be assumed that the 

number of osteoprogenitors with in vivo bone forming capacity will also be much higher.

Expansion of MSCs for clinical applications should be performed using a culture proce-

dure that can meet GMP requirements and yield a product with defined specifications. For 

expansion of the MSC, traditionally fetal bovine serum (FBS) is used as supplement to the 

medium. Expansion, in vitro differentiation and in vivo bone forming capacity is, however, 

FBS-batch dependent 23 (unpublished results and personal communication with the Depart-

ment of Tissue Regeneration, University of Twente, Enschede, The Netherlands). Moreover, 

FBS also harbours the risk of transmitting animal pathogens and can also evoke an immune 

response, leading to rejection of the transfused cells, and anaphylactic or arthus-like immune 

reactions 24-27. In Chapter 3 we show that FBS can be replaced by human platelet lysate (PL) 

as supplement in the medium for MSC expansion. Using PL, the culture-initiating clono-

genic MSCs (CFU-F) from the starting culture showed much higher proliferation rate, and 

thereby resulted in increased cell numbers in a relatively shorter culture period, retaining 

their phenotype and multipotency  28. The method that was first described by Doucet et al. 

(2005) 29, is now increasingly being used by various (inter)national laboratories and becoming 

more and more the standard for the production of human UC-MSCs  30-32, BM-MSCs  28,29,33-54, 

and ASCs  55-59, for various therapeutic applications  44,49,60,61. For expansion of rodent MSCs, 

this method does not seem to be applicable, since blood volumes of rodents are relatively 

small, but for MSCs derived from larger mammalian species, such as equine, PL is now be-

Henk-Jan Prins bw 2.indd   164 30-08-11   11:05



165

General conclusions and discussion  

7

coming used  62,63. We have shared our experience with human PL in MSC expansion with 

other departments within the UMC Utrecht 64,65, as well as research groups in other academic 

institutes in the Netherlands, including VU medical center Amsterdam, Academic Centre 

for Dentistry Amsterdam, University of Twente Enschede, Leiden University Medical Center, 

and the Radboud University Medical Center Nijmegen, which now also use PL, either as the 

method of choice or next to FBS, for MSC expansion. There are several reports that claim 

that the osteogenic differentiation of PL expanded MSCs is enhanced when compared with 

FBS 54,66,67. In Chapter 3 we showed that PL expanded MSCs showed a more reproducible in 

vivo bone forming capacity when compared to FBS (9/9 donors versus 6/9 donors). Our ob-

servation was confirmed in a study by Chevallier et al. (2010) 66, wherein they demonstrated 

that ectopic bone formation was only observed on ceramics seeded with MSCs grown in PL 

medium and not with FBS (StemCell Technologies, Grenoble, France). This shows once more 

that the in vivo bone forming capacity is FBS-batch dependent, and that use of PL eliminate 

such batch dependence. This study went one step further and showed that PL can replace 

osteogenic agents in the pre-induction of MSCs before in vivo implantation. This observation 

is highly relevant for the implementation of PL in the production of bone tissue engineering 

constructs. All studies confirmed our observations that in PL cultures the MSC are smaller 

in size and have higher proliferation rate and that these were not associated with abnormal 

c-myc and hTERT expressions, which are primary indicators used in safety assessments of 

MSC preparation  34,50,66,67. Therefore, the best method for expansion-culturing of MSC, is by 

first performing a pre-selection for the CD271+ fraction from BM-MNCs, of which the advan-

tages were discussed earlier is this chapter, and culture these in the presence of PL, which is 

depicted and explained further in Figure 1.

Heterogeneity in MSC cultures

We observed in Chapter 3 that culturing with PL resulted in the production of MSCs with in 

vivo bone forming capacity for each donor that was tested, but that the amount of bone was 

still variable between donors. Therefore, the aim in Chapter 4 was to gain a better insight in 

the heterogeneity of the clonal populations that contribute to a MSC culture and to correlate 

the in vivo bone forming capacity of these with in vitro parameters. To this end, we performed 

an in depth analysis of PL expanded single CFU-F derived clones and determined their in 

vivo bone forming capacity and studied a possible correlation with self-renewal potential 

(CFU-F production), the cumulative total cell production, the in vitro differentiation capacity 

towards adipocytes, chondrocytes, and osteoblasts, and cell surface marker expression using 

a large panel of monoclonal antibodies. This study revealed that MSC cultures, expanded 

with PL, are composed of a mixture of multiple clones that can differ considerably in their in 

vitro differentiation capacity, and in vivo bone formation. The capacity to form bone in vivo 

was linked to the degree to which expression of in vitro alkaline phosphatase (ALP) could 

be induced. Other reports already hinted towards the relation of inducible ALP and in vivo 
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bone formation 68,69, but formal prove was lacking. Mendes et al (2004)  68; suggested that 

“... preliminary data revealed that the average degree of stimulation, with regard to ALP 

expression, was higher in bone forming cultures as compared to the non-bone forming ones. 

These results suggested that the ratio between the proportion of cells positive for ALP in 

the (+) Dex and control conditions may provide a method to assess the early progenitor cell 

content of a given population...” A more recent study by Agata et al (2010) 69, stated that “...

After osteogenic induction, serum-free expanded BMSCs showed lower alkaline phosphatase 

activity. However, they showed higher responsiveness to induction...” Our data show that 

indeed inducible ALP is a predictive parameter for in vivo bone formation, measured by 

enzyme activity and mRNA levels (Chapter 4) and provide evidence for these thus far only 

assumed correlations. Whether ALP induction can also predict in vivo bone forming capacity 

of bulk MSCs using our approach is a subject of further study. Nevertheless, this observation 

is another illustration that the MSC with in vivo bone forming capacity, the ‘needle in the hay-

stack’, has not yet been found, since it appears that in vivo bone formation possibly cannot be 

predicted by the expression of a certain surface antigen, but rather by the change/induction 

of a marker. The antigens on MSCs indicating their pre-disposition towards the osteoblastic 

lineage are not necessarily found on the mature cells and antigens on mature bone cells are 

not necessarily expressed by osteoprogenitors. However, the challenge to identify a specific 

marker, or combination of markers remains 15.

Monitoring of MSCs using BLI

We show in Chapter 5 and 6 that bioluminescence imaging (BLI) of luciferase-marked MSCs 

can be applied to monitor survival and proliferation of goat as well as human MSCs in 

ectopic constructs in mice, and goat MSCs in ectopic and spinal fusion constructs in rats. 

Seeding cells at higher densities leads to increased BLI signals and persistence of the signal 

throughout the implantation period correlates with new bone formation. Prerequisites for 

in vivo bone formation by transplanted cells are (I) a minimal amount of cells with sufficient 

number of osteoprogenitors (Chapter 3 and 4), and (II) initial proliferation and survival of 

the seeded cells (Chapter 5). Immunohistology confirmed the contribution of the implanted 

MSCs to bone formation in this process, although from our studies contribution of host cells 

to the bone formation cannot be excluded. For the spinal location (Chapter 5), the question 

whether the implanted MSCs contribute to the bone formation remains unresolved and 

it cannot be excluded that the actual mechanism of MSC activity is through the release of 

soluble mediators. Recently it have been reported by Boukhechba et al (2011) that syngenic 

transplanted mouse MSCs play mainly a trophic role in ectopic bone formation and increase 

bone formation in the core of the construct through the recruitment of host-derived cells. By 

using methods based on the detection of the Y chromosome, they showed that implanted 

cells die within three weeks after implantation, whereas host cells colonize massively the 

implant 70.
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In Chapter 6 we demonstrate that gene-marked goat and human MSCs behave differently 

in terms of their contribution and survival during in vivo bone formation ectopically in mice, 

probably caused by intrinsic differences between the two species. Human MSCs exhibit 

morphological changes and loss of in vivo osteogenic potential during passage 11,19, whereas 

gMSCs persist as a more homogeneous population and showed less morphological changes 

and loss of in vivo bone forming potential during prolonged passaging, which is different 

from hMSCs (unpublished results). Our hypothesis is that there are substantial differences in 

cellular composition of culture-expanded MSC populations or cellular behaviour between 

hMSCs and gMSCs. The clonal analysis for human MSCs in Chapter 4 could provide an ex-

planation for the difference between the two species. In case of the hMSC it could be that 

the lentiviral transduction and selection of GFP-positive MSCs resulted in the selection of a 

population of MSC with less inducible ALP, especially when osteoprogenitor cells are more 

slowly replicating, large cuboidal or flattened cells 71-75, possibly making them less susceptible 

to viral transduction. It might well be that for gMSCs, the progeny of different clones are 

much more homogeneous in terms of differentiation potential and that a more uniform com-

position exist in gMSC than for hMSC. This could be tested by performing a clonal analysis of 

gMSCs with the hypothesis that a higher proportion of the clones is capable in in vivo bone 

formation. The proportion of osteoblasts turning into osteocytes could be variable depend-

ing on the species, but it is thought to be less than 20% in human bone 76. The osteoblasts 

undergo selective rounds that reduce their number and might influence their phenotype, 

possibly through interaction with other cell types 12,14, or with the vascular system 77.

Although we showed long-term survival of goat and human MSCs in vivo (Chapter 5 and 

6), more emphasis should be put in further research on the short-time survival of the MSCs 

within the hybrid construct after implantation, since it might possible that the most crucial 

time period of the MSC survival is within the first two days post implantation. Gianonni et 

al (2010) showed for the short term survival of luciferase transduced sheep MSCs that BLI 

signal was decreased by 30% on the first day and progressed to a 50% reduction within 48 

hours. Apoptotic MSCs were detected within the first 2 days. The preculture conditions of 

the hybrid constructs may reduce this apoptotic effect and enhance survival, by adding pro-

inflammatory cytokines, such as tumor necrosis factor alpha 78.

Another important role in the survival of MSCs within a hybrid constructs is the vasculariza-

tion of the constructs after transplantation. The survival of the MSCs could be compromised 

due to insufficient nutrients and oxygen supply to the MSCs within the core of the hybrid 

construct, resulting in loss of function or death 79. Vascularization of the hybrid construct by 

the host will take time to develop an appropriate blood supply, depending on the size of the 

construct. Therefore, prevascularization of the construct by endothelial cells would be one 

of the possible solution for this delayed vascularization, and could enhance the survival of 

the implanted MSCs, and thereby bone formation 80-82. BLI reporter systems are available to 

evaluate methods to improve cell survival 83.
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Alternative sources for multipotent adult stem cells

Although the bone marrow is currently the most widely used and accepted source of stem cells 

for clinical applications, other possible sources for regenerative medicine applications should 

not be excluded. Adipose tissue is being increasingly explored for use in a variety of clinical 

applications  84. Adipose tissue is easily accessible and an abundant source of stem cells  85, 

which can be isolated from lipoaspirates  86, and from abdomen or hip/thigh regions  87. The 

frequency of adipose-derived stem cells (ASCs), measured by CFU-F frequency, is much higher 

(100-1000x) than the frequency of BM-derived stem cells  87,88. The high frequency of ASCs in 

freshly isolated stromal vascular cell fractions implies that enrichment methods and eventually 

time-consuming expansion culturing in expensive GMP facilities could be avoided. ASCs are 

multipotent and are, similar to MSCs, able to differentiate towards osteoblasts, chondroblasts, 

and adipocytes 89. ASCs adhere rapidly to calcium phosphate ceramics 90,91, and form bone in 

vivo after implantation on HA/TCP scaffold in immunodeficient mice 92-97. These observations led 

even to an innovative new concept in which bone tissue engineering constructs are generated 

within a one one-step surgical procedure using freshly isolated, calcium phosphate carriers, 

and a bioresorbable polymer cage as treatment for spinal fusion 98. Using the freshly isolated 

stromal vascular fraction intra-operative engineering of autologous cell-based vasculogenic 

bone substitutes is feasible 99, but it has been also highlighted that, in the absence of in vitro 

commitment, additional cues, such as low dose of osteogenic growth factors or an orthotopic 

environment, are probably required to induce complete osteoblastic cell differentiation and 

bone tissue generation 99. The first clinical case reports in maxillofacial surgery using adipose-

derived stem cells for bone tissue were promising 100,101, but further clinical studies are needed 

for clinical and commercial development of ASCs 84,102. Currently (2011), a clinical phase I study 

is being conducted at the VU medical center in Amsterdam, entitled: “Bone augmentation with 

autologous adipose tissue-derived mesenchymal stem cells, BMP-2, and calcium phosphate 

carrier in the human maxillary sinus floor elevation model”. In this phase I trial, osteoinductive 

implants consisting of a calcium phosphate (CaP) carrier seeded with freshly isolated adipose 

tissue-derived MSCs, are generated during a one-step surgical procedure within hours in the 

operating complex. These osteoinductive implants are used to augment the bone height of pa-

tients with insufficient maxillary bone height, thereby enabling the insertion of dental implants.

Another source to obtain clinical-grade MSCs is the umbilical cord. There is a shortage of allo-

geneic donations, and the umbilical cord matrix 103-108, termed Wharton’s jelly, and umbilical cord 

blood 104,109-112, are easily available sources for MSCs . Upon culture-expansion utilizing PL, these 

MSCs express standard surface markers 30,32,40, contain more CFU-F, and appear to be more imma-

ture than BM-MSCs 32. UC-MSCs have immunosuppressive properties both in vitro and in an in vivo 

chronic Graft versus Host disease (cGvHD) mouse model 32,40. No chromosomal abberations were 

observed at the end of expansion, and no tumorigenicity in vivo 32,40. UC-MSCs are suitable as third 

party (allogeneic) MSCs for their immunosuppressive function, but more research is required to 

investigate whether UC-MSCs are also applicable in bone tissue engineering applications. 
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Bioreactors for the fabrication of tissue engineered constructs

Another promising development within the bone tissue engineering field is the use of 

three-dimensional bioreactors. The level of control, reproducibility and automation of an 

optimized bioreactor could be essential for bringing tissue engineered constructs to clinical 

applications, since they must meet specific regulations and criteria regarding efficacy, safety, 

quality, and being cost-effective. Bioreactors could either be used to expand MSCs on micro-

carriers  113-115 before seeding of MSCs on their scaffold, or to expand MSCs after dynamic 

seeding directly on their carrier material  116,117. A perfusion bioreactor system is capable of 

producing clinically relevant and viable amounts of human tissue-engineered bone 116,118-120. 

A drawback of this procedure, however, is the use of FBS as medium supplement. Because of 

the many advantages that we have found for PL in culturing MSC for bone tissue engineering 

it would be interesting to explore PL in a procedure of dynamic seeding and expansion of 

MSCs in a 3D bioreactor system to produce clinically relevant amounts of tissue engineered 

bone (Figure 1).

DO out

DO in

21% O2
5% CO2

Oxygenator Pump Recirculation PL medium

Drain

Sample system

Seeding loop

BM biopsyPuncture
BM-MNCs

Magnetic
selection

Enriched population CD271+

Figure 1. Proposed process scheme for clinical bone tissue engineering applications. 
After aspiration of BM, the BM mononuclear cells (BM-MNCs) are isolated using synthetic polysaccharide (Ficoll) and centrifugation. After labeling 
of the BM-MNC with CD271 monoclonal antibodies, selection of the CD271+ fractions is performed by magnetic cell sorting (CliniMACS, Miltenyi). 
The enriched CD271+ fraction is transferred to a perfusion bioreactor with a scaffold bed (stacked black dots). Medium with human platelet 
lysate (PL) is perfused from the bottom to the top, allowing a medium flow over and through the scaffoldcell with a constant pH and oxygen 
concentration at 37ºC. Only the immature cells with clonogenic potential (CFU-F) will grow out on the carrier material from the CD271+ fraction. 
Since the enriched CD271+ population contains a higher frequency of CFU-F, a relatively short expansion (10-14 days) is sufficient to achieve a 
confluent layer of cells covering the carrier material. The expanded MSCs are relatively immature and the frequency of clones with in vivo bone 
forming capacity, determined by inducible ALP, will be relatively high, generating clinically relevant amounts of bone. Reused and adapted from 
[119], copyright (2010), with permission from John Wiley & Sons. DO=dissolved oxygen.
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Regenerative medicine or tissue engineering utilizing MSCs is a young but rapidly expand-

ing field of clinical research. The studies described in this thesis have provided a substantial 

contribution to the understanding of the complex nature of MSCs and of their unpredictable 

behavior ex vivo. We showed that for specific applications, such as cell-based bone tissue 

engineering, it is important to realize that the culture procedures that are used to expand 

the MSC yield a heterogeneous cell population, even using the best procedure available to 

date, which is described in this thesis. We also formulated a procedure to select and expand 

MSC in a clinical setting, enabling a rational design of a variety of cell-based therapies. The 

characterization of MSCs with in vivo bone forming capacity, as described in this thesis, 

provides opportunities to develop clinical procedures to treat patients suffering from serious 

bone defects by using a multidisciplinary approach for pragmatic selection of materials, cells 

and culture conditions.
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Door de inmiddels zeer hoge levensverwachting van de wereldbevolking (gemiddeld 68 jaar 

bij geboorte in 2009), is er ook een stijging te zien in het aantal patiënten dat een botziekte 

heeft. Aandoeningen aan het bewegingsapparaat (skelet en spieren) zijn de meest voorko-

mende oorzaken van ernstige, langdurige pijn. Patiënten die lijden aan zo’n aandoening zijn 

meestal sociaal en lichamelijk gehandicapt, wat een negatieve invloed heeft op de kwaliteit 

van leven. Patiënten met botbreuken door zo’n aandoening, of patiënten met een botdefect 

door bijvoorbeeld trauma of na resectie van een tumor, hebben vaak een operatie nodig 

waarbij “extra” bot nodig is voor een betere genezing. Het lichaam is in zo’n geval niet in 

staat het botdefect zelf te genezen. De gouden standaard voor zo’n operatie is om gebruik 

te maken van bot van de patiënt zelf van een andere plek in het lichaam, bijvoorbeeld het 

heupbot, en dit dan te plaatsen in het aangetaste botweefsel. Dit is echter een zeer pijnlijke 

extra ingreep, er kunnen relatief kleine hoeveelheden bot weg gehaald worden, en het kan 

leiden tot complicaties op de plek waar het bot wordt weg gehaald.

Een mogelijk alternatief is het gebruik van een botvervanger die na implantatie helpt bij de 

genezing van het beschadigde botweefsel. Door stamcellen van een patiënt te combineren 

met een botvervanger kan een bioactieve botvervanger gemaakt worden: “bot bouwstenen”. 

Als botvervangend materiaal wordt dan bijvoorbeeld gebruik gemaakt van synthetische, 

keramische korrels van poreus calciumfosfaat. De stamcellen kunnen hierop nieuw botweef-

sel vormen, er kunnen bloedvaten in gevormd worden, en tijdens de genezing wordt het 

biomateriaal door het lichaam zelf afgebroken en door het nieuw gevormde bot vervangen. 

Mesenchymale stamcellen (MSCs) zijn multipotente cellen en kunnen verschillende 

weefsels repareren in ons lichaam gedurende ons leven, en zijn daarom een interessante 

bron voor cellen in regeneratieve geneeskunde. Bot is één van de weefsels dat wordt ge-

maakt door deze stamcellen en daarom zijn MSCs de ideale kandidaten om de reparatie van 

beschadigd botweefsel te bevorderen. MSCs kunnen verkregen worden uit een beenmerg 

punctie. De hoeveelheid MSCs in een beenmergpunctie is echter zeer laag (0,001-0.01%), 

maar kunnen in vitro (in het laboratorium) worden vermeerderd, totdat het aantal wordt be-

reikt dat nodig is voor het behandelen van een botdefect. Verscheidene preklinische studies 

(in dieren) zijn succesvol geweest en hebben gedemonstreerd dat de MSCs in vivo (in een 

organisme) in staat zijn bot te maken. Deze resultaten hebben geleid tot de eerste klinische 

studies (in patiënten), maar de resultaten van deze studies waren wisselend. Ook zijn er geen 

(goede) controle patiënten, die niet behandeld zijn met stamcellen. Ook is het ethisch niet 

verantwoord om een stukje weefsel van het al dan niet gereperarerde botweefsel weg te 

nemen. De wisselende resultaten worden voornamelijk veroorzaakt doordat men niet weet 

welke cellen precies het bot vormen. Als de cellen in het laboratorium geëxpandeerd worden 

verliezen de MSCs (of een deel er van) namelijk het vermogen om botweefsel te maken, en 

er is een grote variatie in de hoeveelheid bot die gevormd wordt door de gekweekte cellen 
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van verschillende patiënten. Het onderzoek in dit proefschrift beschrijft de karakterisatie van 

mesenchymale stamcellen met een speciale focus op de cellen met in vivo botvormende 

capaciteit.

In Hoofdstuk 2 staan methodes beschreven om te verrijken voor MSCs uit het beenmerg 

van zowel de mens (humaan) als verschillende dieren die gebruikt worden in onderzoek 

binnen de regeneratieve geneeskunde: schaap, hond, geit, varken, en aap. Door gebruik te 

maken van antilichamen die binden aan humane MSCs in het beenmerg en kruisreageren 

met de MSCs in het beenmerg van de andere diersoorten, hebben we laten zien dat alle 

stamcellen, met de capaciteit om een kolonie van cellen te vormen, zich bevinden in de 

positieve celfractie (cellen waaraan de antilichamen binden). Door gebruik te maken van 

deze techniek kan er tot wel 2400 keer verrijkt worden voor de MSCs. Dit betekent dat als de 

frequentie in het beenmerg oorspronkelijk 0,001% is (1 op de 100.000 cellen is een stamcel), 

in de geselecteerde fractie de frequentie 2,4% is (ongeveer 1 op de 40 cellen is een stamcel). 

Door de cellen te labelen en sorteren met deze antilichamen, kan dus een veel zuiverdere 

celpopulatie worden verkregen. Om voldoende cellen te produceren voor een toepassing 

moeten de cellen vaak in vitro vermeerderd worden. Als hiervoor gebruik wordt gemaakt van 

een verrijkte celpopulatie met de capaciteit om een kolonie van (stam)cellen te vormen, kun-

nen er in een korte tijd zeer veel MSCs geproduceerd worden. De MSCs hoeven dan minder 

lang gekweekt te worden en behouden beter de capaciteit om botweefsel te maken. 

Het expanderen van MSCs gebeurt normaal gesproken vaak in medium met foetaal kalfs-

serum (FBS). Echter het kweken van MSCs met serum van dieren kan leiden tot overdracht van 

pathogenen en een immuunreactie van het lichaam tegen de cellen die gebruikt worden voor 

de beoogde therapie. Tevens kan de kwaliteit per batch FBS sterk verschillen. Een alternatief 

is humaan bloedplaatjes lysaat (PL). Dit is afkomstig van humane donoren. De kwaliteit van 

bloedplaatjes, die bij de bloedbank kunnen worden verkregen, is zeer reproduceerbaar en is 

dus zeer geschikt voor de productie van MSCs volgens klinische “Good Manufacturing Prac-

tice” (GMP) richtlijnen. Na lysis van de bloedplaatjes (door een temperatuur-shock), komen 

er allerlei groeifactoren vrij die in het lichaam normaal gesproken zorgen voor bijvoorbeeld 

de heling van een wond. Het kweken van MSCs met behulp van PL voorkomt dat er gebruik 

moet worden gemaakt van serum van dieren voor de expansie van MSCs. In Hoofdstuk 3 

hebben wij een vergelijking gemaakt tussen MSCs, verkregen van 9 verschillende donoren, 

die gekweekt zijn met zowel FBS als PL. In vergelijking met de MSCs gekweekt met FBS, zijn 

de MSCs gekweekt met PL kleiner en vermenigvuldigen zich sneller. De cellen gekweekt met 

FBS en PL zijn uitgezaaid op een calciumfosfaat dragermateriaal en onderhuids geïmplan-

teerd in muizen met een verminderd immuunsysteem (om afstoting van de cellen tegen te 

gaan). De resultaten toonden aan dat als er alleen een calciumfosfaat dragermateriaal wordt 

geïmplanteerd (zonder cellen), er geen bot gevormd wordt. Wanneer er MSCs gekweekt 

met PL worden uitgezaaid op het calciumfosfaat dragermateriaal, werd in alle gevallen (9 

donoren) in vivo bot gevormd, en bij slechts 6 van de 9 donoren van de MSCs die met FBS 
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waren gekweekt. Kortom, het kweken met PL (a) voorkomt het gebruik van serum van dieren; 

b) kan gebeuren volgens GMP richtlijnen; (c) levert meer cellen op in een kortere tijd, en (d) 

geeft in vivo bot bij alle 9 donoren die zijn getest. 

Om een verklaring te zoeken voor de grote variabiliteit in de botvormende capaciteit van 

de gekweekte MSCs met PL, hebben we een uitgebreid onderzoek gedaan naar de samen-

stelling van deze MSC kweken. Hiervoor hebben we in Hoofdstuk 4 kweken gegenereerd 

die zijn ontstaan uit één kolonie van stamcellen, ook wel “clones” genaamd. De uitgebreide 

karakterisatie van 16 verschillende clonale MSC kweken heeft aangetoond dat de clones 

erg verschillend zijn. Bij de produktie van MSCs door vermenigvuldiging in vitro, bestaat het 

eindproduct uit vele clones die verschillen in groeisnelheid, multipotentie, maar ook in vivo 

botvormende capaciteit. De totale celproductie van de 16 clones na in vitro vermenigvuldi-

ging verschilde een factor 100. Vijf van de 16 clones was in staat om in vivo bot te maken, en 

2 van deze 5 waren ook multipotent (differentiatie in vitro richting bot, kraakbeen en vet). 

De samenstelling van de clones binnen een MSC kweek is dus van essentieel belang voor 

de kwaliteit het MSC product. We hebben ook in Hoofdstuk 4 onderzocht of er een in vitro 

marker is die een voorspelling zou kunnen doen over of de clone in vivo bot zal maken. We 

hebben geen marker op het oppervlak van de cel kunnen identificeren waarvan de expressie 

gerelateerd was aan botvorming. Echter de induceerbaarheid van alkalisch fosfatase (ALP) 

in deze clonale kweken is een belangrijke parameter met betrekking tot in vivo botvorming. 

ALP is een marker die vroeg tot expressie komt als cellen richting bot differentiëren. De 

wisselende samenstelling van clones in een MSC product is een goede verklaring voor de 

variabiliteit in in vivo botvorming van MSC kweken van verschillende donoren.

In de Hoofdstukken 5 en 6 is gebruik gemaakt van bioluminescentie imaging (BLI) om 

MSCs te volgen tijdens in vivo botvorming. De MSCs zijn vooraf voorzien van het luciferase 

gen, afkomstig van het vuurvliegje, door middel van virale transductie. Na implantatie van 

met luciferase gemarkeerde cellen in vivo, zullen levende cellen licht produceren na inspui-

ten van substraat. Hiermee kan dus de overleving en deling van de geïmplanteerde cellen 

gevolgd worden in vivo. Gelabelde cellen zijn zowel in een botomgeving in de wervelkolom 

(orthotopisch) als in een niet-botomgeving onderhuids (ectopisch) geïmplanteerd in muizen 

en in ratten. Implantatie van alleen een calciumfosfaat drager materiaal (zonder cellen) resul-

teert niet in botvorming. Implantatie van een calciumfosfaat drager materiaal met alleen een 

matrix van dode cellen, of cellen die door bestraling niet meer kunnen delen, maar nog wel 

(groei)factoren kunnen produceren, is ook niet voldoende voor in vivo botvorming. Als er le-

vende cellen op een calciumfosfaat drager materiaal worden geïmplanteerd, wordt er in vivo 

bot gevormd en dragen de uitgezaaide cellen bij aan de botvorming. Dit is gedemonstreerd 

in Hoofdstuk 5 en 6 door de met luciferase gelabelde cellen na implantatie aan te kleuren. 

Luciferase positive cellen werden gevonden in in botvormende cellen (osteoblasten) en in het 

nieuw gevormde bot (osteocyten). Voor de MSCs die zijn geïmplanteerd in de wervelkolom 

blijft de vraag onbeantwoord of de MSCs bijdragen aan de botvorming, en kan niet worden 
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uitgesloten dat het voornaamste mechanisme van de MSCs misschien het uitscheiden van 

(groei)factoren is. Het uitzaaien van meer cellen op het calciumfosfaat drager materiaal leidt 

tot een hoger BLI signaal (meer levende cellen die licht produceren), en alleen waneer het BLI 

signaal aanwezig is gedurende de gehele implantatie-periode wordt er in vivo bot gevormd. 

Dit alles betekent dat de hoeveelheid levende cellen (met de mogelijkheid om zich te delen) 

cruciaal is voor in vivo botvorming. 

Als botvervanger worden verschillende calciumfosfaat materialen gebruikt, die als drager 

materiaal dienen voor de stamcellen. Die materialen kunnen verschillende eigenschappen 

hebben, zoals bijvoorbeeld (a) de samenstelling; (b) de grootte van de partikels; (c) de ruw-

heid van het oppervlak; (d) de grootte van de poriën in het materiaal; en (e) hoe snel het 

materiaal door het lichaam wordt afgebroken. Dit zorgt ook voor een verschil in hoe goed 

de stamcellen in staat zijn om bot te vormen op de verschillende materialen. In Hoofdstuk 6 

hebben wij zowel geiten MSCs als humane MSCs gevolgd met BLI na uigezaaid te zijn op twee 

verschillende drager materialen. De twee materialen die we hiervoor gebruikt hebben zijn: 

hydroxyapatiet (HA) en β-tricalciumfosfaat (TCP). Zowel geiten MSCs als humane MSCs dra-

gen bij aan de in vivo botvorming. Zowel luciferase positive geiten MSC als humane luciferase 

positive werden gevonden in botvormende cellen (osteoblasten) en in het nieuw gevormde 

bot (osteocyten), wat betekent dat de cellen van beide diersoorten bijdragen aan de in vivo 

botvorming. MSCs van zowel geit als humaan vormen beter in vivo bot op TCP dan op HA. 

De resultaten van zowel in vitro als in vivo experimenten tonen aan dat de initiële hechting, 

lokatie en gestructureerde binding van de MSCs aan het drager materiaal een belangrijke rol 

spelen. Nauw contact tussen de uitgezaaide MSCs en het drager materiaal is essentieel voor 

de interactie tussen cellen en materiaal en daarmee cruciaal voor in vivo botvorming. 

Het gebruik van PL voor het kweken van MSCs voor in vivo botvorming en de ontwik-

keling van virale vectoren in combinatie met BLI heeft ook een cruciale rol gespeeld in de 

ontwikkeling van een nieuw muizenmodel voor het visualiseren van de uitgroei van humane 

kwaadaardige plasmacellen (mutipel myeloom) cellijnen en primaire cellen van patiënten 

met multipel myeloom/ziekte van Kahler. De uitgroei van humaan multipel myeloom in een 

muizenmodel is sterk afhankelijk van de aanwezigheid van een humane bot omgeving en 

daarom biedt dit nieuwe muizenmodel uitstekende mogelijkheden om de pathologie van 

multipel myeloom te bestuderen en het preklinisch ontwikkelen van nieuwe therapieën voor 

deze zeer ernstige ziekte.

Regeneratieve geneeskunde en “tissue engineering” is een jong, maar snel groeiend 

(klinisch) onderzoeksveld. De studies beschreven in dit proefschrift leveren een belangrijke 

bijdrage aan het begrijpen van het complexe karakter van MSCs en van hun onvoorspelbare 

gedrag ex vivo (buiten het lichaam). We hebben methodes beschreven om te verrijken voor 

MSCs vanuit zowel humaan beenmerg als van verschillende diersoorten die veel gebruikt 

worden in regeneratieve geneeskunde onderzoek. We hebben laten zien dat het gebruik van 

PL voor het in vitro vermeerderen van MSC de kwantiteit en kwaliteit van de MSCs verbe-
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tert, en het gebruik van serum afkomstig van dieren overbodig maakt. Het is belangrijk te 

beseffen dat een MSC product na vermeerdering in vitro bestaat uit verschillende kolonies 

(ieder gevormd uit 1 stamcel), die verschillen in hun proliferatie capaciteit en multipotentie. 

De potentie van de MSCs om in vivo bot te kunnen vormen is dus sterk afhankelijk van de 

samenstelling en kwaliteit van deze kolonies. Ook hebben we laten zien dat het mogelijk is 

om MSCs te volgen met behulp van BLI, en dat vitale MSCs uitgezaaid op een calciumfosfaat 

drager materiaal bijdragen aan in vivo botvorming. De initiële hechting, lokatie, en gestructu-

reerde binding van de MSCs aan het dragermateriaal is hierbij van essentieel belang. 

De karakterisatie van MSCs met in vivo botvormende capaciteit, zoals beschreven in dit 

proefschrift, biedt nieuwe mogelijkheden voor de ontwikkeling van klinische procedures om 

patiënten met ernstige botdefecten te behandelen door middel van een multidisciplinaire 

aanpak en pragmatische selectie van materialen, cellen en kweekomstandigheden.
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Ik zou eigenlijk willen beginnen met het bedanken van het bestaan van de biomedische 

wetenschap. Het feit dat ik überhaupt kan promoveren is namelijk grotendeels te danken aan 

biomedische experimenten en de ontdekking van insuline. En dan in het bijzonder de Cana-

dese chirurg Frederick Grant Banting. Hij ontdekte op 1 november 1921, n.a.v. zijn notities 

over het isoleren van pancreasextracten, de werking van insuline. Zijn experimenten leidden 

tot de isolatie van het hormoon insuline. De eerste test werd uitgevoerd in 1922, maar waren 

helaas teleurstellend. Van vervolg experimenten enkele weken later waren de resultaten 

goed. Het tegenovergestelde (dat een eerste experiment veel belovend is en vervolg studies 

waardeloos blijken te zijn) komt helaas ook voor in onderzoek. Banting en MacLeod (verant-

woordelijk voor de onderzoeksruimten) kregen in 1923 een Nobelprijs voor hun ontdekking. 

Vele ontwikkelingen op het gebied van de structuur, productie en werking van insuline in 

het lab, proefdieren en klinische studies hebben geleid tot mijn huidige behandeling van 

diabetes type I. Mede dankzij die ontwikkelingen heb ik mijzelf geen enkele dag ziek hoeven 

te melden gedurende de 4,5 jaar van mijn promotieonderzoek. De ontdekking van insuline 

is voor mij de belangrijkste en “life-saving” ontdekking geweest in de biomedisch weten-

schap, maar ik denk dat vele andere mensen hun leven vroeg of laat te danken hebben aan 

biomedisch onderzoek. Zo zijn er inmiddels ook patiënten die hun leven te danken hebben 

aan een behandeling met stamcellen.

Iedereen bedankt die mij geholpen heeft in de afgelopen jaren, op wat voor manier dan ook, 

met het tot stand komen van dit proefschrift! Ook familie en vrienden bedankt voor jullie 

gezelligheid!! Hieronder op de stippellijn kun je je eigen naam invullen als je hieronder niet 

genoemd wordt, en dit naar jouw idee onterecht is, sorry!

................................................................................................................................................................................... 

Toen ik begon met mijn promotie was Frank Miedema mijn promoter. Frank, je bent erg 

goed in vrijwel alles wat je aanpakt, maar was minder thuis in het stamcelonderzoek. Daarom 

heb ik jou, Paul, na je oratie gevraagd mijn promotor te worden, en dat wilde je wel. Frank 

bedankt voor de eerste tijd en succes verder met je functie als vice-voorzitter van de RvB van 

het UMC Utrecht. Ik ben benieuwd waar we je terug zien over een aantal jaar.... Paul bedankt 

voor alles op wetenschappelijk gebied. Maar wat me ook bij zal blijven zijn het laatste stukje 

dat we zelfstandig terugliepen over La Rambla in Barcelona (heb je trouwens dat boek over 

die kathedraal waar die local het over had al gelezen?), de “werkbespreking” om ~03:00 in 

de shoarmatent in Utrecht, je geweldige muzieksmaak, en je Guitar Hero kunsten. Heel veel 

succes met verhuizen en verder ontwikkelen op de afdeling Celbiologie.

Co-promoter Anton: bedankt voor al je investeringen in mijn ontwikkeling als jonge-

onderzoeker. Het ging niet altijd even gemakkelijk, maar dat lag soms aan de voortdu-

rende werkbespreking veranderingen, lokatie-wisselingen, en dat mijn onderzoek moeilijk 
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te plaatsen was binnen een Immunologie afdeling. Later met de ontwikkelingen van het 

RM-programma binnen het UMC Utrecht werd dit steeds makkelijker en zijn er verschillende 

samenwerkingen ontstaan met andere groepen. Ondanks alle fluctuaties heb ik veel geleerd 

bij jou in groep en heb ik nog nooit zoveel zinvolle gesprekken en discussies gehad met 

iemand met een voorliefde voor PSV. En in welk jaar kun je nou beter promoveren dan het 

jaar dat AJAX zijn 30e landstitel (en daarmee 3e ster) heeft gehaald.

Co-promoter Henk: jij was een goede ondersteuning op het lab, en we hebben samen veel 

gezellige labdagen, werkbesprekingen, congressen en andere werk gerelateerde dingen ge-

daan, maar ook buiten het lab was je erg geïnteresseerd in anderen en hun doen en laten. Dat 

maakt je een zeer gewaarde collega! Je zat in het WKZ ook naast me, wat een werkoverlegje 

misschien iets te makkelijk maakte, maar naar mijn idee wel zinvol, en we hielden elkaar scherp! 

Ook met jou heb ik wel eens na middernacht werkbespreking gehouden en afspraken over 

werkverdeling gemaakt op onze hotelkamer in Londen. Tot jouw teleurstelling was ik die af-

spraken niet vergeten. Aan het einde van mijn promotie zat je veel in het AZU en helaas minder 

betrokken bij mijn onderzoek, maar ondanks dat heb je het toch tot het einde vol gehouden.

De secetaresses van de afdeling Immunologie: Bedankt Saskia en Yvonne! Jullie stonden 

altijd voor me klaar, hoe moeilijk ik het jullie soms ook maakte. Bedankt voor jullie hulp en ik 

vond het altijd fijn om bij jullie iets te (laten) regelen, of gewoon even te kletsen. 

Dan zijn er natuurlijk een heleboel andere “ploeteraars”, die zelf al dan niet gepromoveerd 

zijn, die ik meegemaakt hebt gedurende mijn tijd als AIO/OIO. Zo ben ik begonnen op de 

afdeling Hematologie en zat ik op de kamer bij Robbert (Spaapen!) en Tom van Meerten. Ik 

dacht dat ik zelf af en toe “gekke Henkie” was, maar er bleken meer van dit soort mensen te 

zijn! Robbert, je hebt een mooie carrière voor je, na 1 jaartje Chicago, nu NKI, en wie weet wat 

erna! PKVN was een briljant idee van je, wie weet winnen we nog eens een WSOP. Tom suuk6 

met de kleintjes en je opleiding tot specialist. 

Matthijs (Raaben!) en ik liepen samen stage op de Virologie afdeling (Diergeneeskunde fa-

culteit) op de afdeling van Peter Rottier. Peter, ik vind het fijn dat je in mijn promotiecommis-

sie zit, bedankt voor al je steun en interesse! Tom en Helène, wat een fijne begeleiders waren 

jullie! We hebben altijd kontakt gehouden en hopelijk blijft dat ook zo. Matthijs, ik vond het 

leuk samen proeven in het GDL te doen en dit heeft zelfs nog tot een mooie publikatie geleid. 

Zet’m op verder in Boston man, je 1e Nature publikatie is al binnen, super!

Na 4 maanden in het AZU, ben ik verhuisd naar de afdeling Immunologie in het WKZ. In 

de 4 jaar op deze afdeling heb ik heel wat AIO’s/postdocs zien komen en gaan, waarmee ik 

een hoop lol heb gemaakt en soms heftige (wetenschappelijke) discussies gevoerd : Paul 

Koenen, Jolanda Schellens, Eva Rijkers, Robbert-Jan Lebbink, Jantine Bakema, Kees van der 

Poel, Marieke Backer, Ingrid Schellens, Rogier van Gent, Annelieke Paantjes, Dan Koning, Tessa 

Steevels, Kristan van der Vos, Christian Geest, Floor Pietersma, Jorg van Loosdregt, Veerle 

Fleskens, Jeffrey Beekman, Peter Boross, Tomek Rygiel, Charlotte van den Berg en Suzanne 

van Dorp erg bedankt voor de fijne tijd als collega’s en/of mede AIO’s. 
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Ook werkte ik veel samen met de gezellige Orthopedie groep uit het AZU. Mattie en Yvonne 

superbedankt voor alle hulp bij het werk dat ik bij jullie op het lab heb mogen uitvoeren! Ook 

de andere onderzoeker daar bedankt! Fiona je mag me altijd bellen voor de FACS (dit geldt 

trouwens voor de hele Ortho-groep;-)), en veel geluk met je kleintje! Natalja en Debby be-

dankt voor alle hulp en gezelligheid op het lab, maar vooral ook tijdens de congressen, zoals 

Porto. Het uitstapje in samenwerking met Natalja richting het veld van de 3D-tissue-printer, 

vond ik erg leuk, en ik hoop dat dit geaccepteerd wordt voor publikatie in Tissue Engineering. 

Succes met je moederschap! Debby bedankt voor je bijdrage aan het paper over de clones! 

Ook de staf van Orthopedie, Wouter, Jacqueline en Laura bedankt voor jullie steun, feedback, 

gezelligheid en natuurlijk beenmerg-samples. Ik had vaak het idee dat ik wat betreft het 

onderwerp van mijn onderzoek misschien ook wel bij jullie op de afdeling had kunnen zitten, 

en was dan ook altijd erg blij met jullie bijdrage aan discussies en manuscripten. En dan last 

but zeker not least, Ruth!! wat een topwijf ben jij! Soms waren er wel heel wat biertjes in de 

Vooghel voor nodig om de moed er weer even in te drinken. Uiteindelijk hebben we het dan 

toch allebei gered zo’n boekje bij elkaar te schrijven (die van jou is als het goed is nu ook 

klaar), waarvan 1 van de hoofdstukken in zowel jouw als mijn boekje staat. Jij heel veel succes 

met je opleiding tot Orthopedisch chirurg. En super dat je mijn paranimf wilt zijn de 13e!

Ook de studenten die ik wat bij heb gebracht (althans dat hoop ik dan maar), bedankt 

voor al het werk dat jullie hebben gedaan! Volgens mij zijn jullie allemaal goed terecht 

gekomen. Jojet verder aan de Master Gezondheid en Management, Jennemiek als analist in 

het Hubrecht en nu AMC, Maaike kon blijven werken als analist op onze afdeling in de groep 

van Jeanette, en Benno een AIO project aan het VUmc bij de Pathologie. Er is nu een mooie 

samenwerking m.b.t. vetstamcellen, wat zal leiden tot een (2e) publikatie met onze namen er 

boven. Ik ben blij dat jij mijn paranimf zult zijn de 13e!

Ook Robert-Jan Kroeze, Wouter Jurgens en Marco Helder van de Orthopedie-groep aan het 

VUmc wil ik bedanken voor alle gezelligheid tijdens de congressen en ook tijdens de been-

mergpuncties bij de geiten aan de VU, nogmaals thanks daarvoor! En jullie maar volhouden 

dat ik met vet-MSCs moest gaan werken, en daarom ben ik dat dan nu ook maar gaan doen 

aan de ACTA/VUmc. 

De analisten die voor mij analytisch werk verricht hebben: Vivienne wat een goede analist 

was jij! Met de muizen, paraffine inbedden, coupes maken, kleuringen e.d. heb ik veel aan 

je gehad en ook veel geleerd. Petra, jij was voornamelijk druk met werk voor Marieke, maar 

was altijd wel bereid ergens een gaatje te zoeken om iets voor mij te doen! En bij het DPTE-

NUL project heb je me de laatste maanden natuurlijk nog geweldig geholpen. Linda Aalders 

bedankt voor voor alle coupes die je voor me hebt gesneden en de kleuringen die je hebt 

uitgevoerd. Ook Estel bedankt voor al het werk dat je in je eerste maanden in groep Martens 

hebt gedaan (hopelijk heb je er zelf ook veel van geleerd), en ook daarna natuurlijk als RM-

analiste en het analyse werk voor de clones! Ik hoop voor je dat er nog wat moeite wordt 

gedaan om je te behouden! 
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Hierbij wil ik dan ook de andere mensen van het RM-programma bedanken die mij hebben 

geholpen met experimenten en/of discussies over die MSCs: Koen, Liesbeth en (nogmaals) 

Debby. Koen bedankt voor alle hulp in de laatste maanden met het karakteriseren van de 

clones. Ik heb toch nog een aantal interessante dingen geleerd van je, en nieuwe technieken 

toegepast. Ook bedankt voor de gezellige dagen bij de ISSCR in Barca, waar we samen een 

kamer deelden. 

Ook wil ik graag Huipin Yuan en Joost de Bruin van Xpand Biotechnology bedanken voor 

alle BCP, TCP en HA scaffolds die ik van hen heb gekregen voor alle dierexperimenten. Ook 

de samenwerking met Deborah van Progentix (later Xpand Biotech) die ontstaan is op de 

TERMIS-EU in Londen in 2007, was altijd erg zinvol en gezellig. Dit heeft ook nog geleid tot 

een samenwerking en een publikatie samen.

De mensen van de Gen&Celtherapie Faciliteit, maar vooral Simone, Paula en natuurlijk 

Ineke. Ineke, ik vond het heel fijn dat je bij mijn project betrokken was en je kritische blik 

zette mij altijd weer aan het denken. Ik vind het leuk dat je in mijn promotiecommissie zit. 

Clemens en Karien van het LUMC ook bedankt voor jullie samenwerking binnen het 

DPTE-project. En Helene (LUMC) en Ruurd (Radboud UMC Nijmegen) bedankt voor jullie 

samenwerking in DPTE-NUL project. 

Ook wil ik graag Pieter-Jaap Krijtenburg van de Medische Genetica bedanken voor al zijn 

pogingen om samen met mij te bewijzen m.b.v. FISH dat het door ons gevormde bot echt 

afkomstig is van de humane MSCs en niet gevormd is door muizen cellen. Jij had er meer 

geduld mee dan ik, en ik vind het nog steeds jammer dat dit niet gelukt is, want het leverde 

wel mooie plaatjes op. Zelfs later toen ik een tijdje niets van me had laten horen, gaf je aan 

het geen probleem te vinden en erg leuk te vinden om eventueel nog een poging te wagen! 

Bedankt voor je inzet! 

Ook bedank ik de mensen van de UTwente waarmee ik in al die jaren ook veel kontakt heb 

gehad over de MSCs en botvorming. Jun Liu, Ram Siddappa, Joyce Doorn en Jan de Boer 

bedankt voor alle samenwerking en discussies! Hugo, eu era sempre bom estar com você 

para trabalhar e discutir MSC, BLI, etc. Espero que a nossa cooperação (Capítulo 6) ainda 

estão em um bom jornal publicado.

Jeanine Roodhart van Oncologie wil ik ook bedanken voor de samenwerking. We hebben 

leuke experimenten gedaan en tijdens de experimenten aardig lopen brain-stormen. Het 

is een heel mooi verhaal geworden, wat de editors van Nature en Science niet op waarde 

wisten te schatten. Cancer Cell deed dit gelukkig wel! Ik wens je veel succes met je opleiding 

tot specialist en je eigen promotie die er nu ook snel aan komt!

Ook de Spaanse PhD student Soraya wil ik graag bedanken. Tuve un gran que estuvieron 

con nosotros durante cuatro meses y te enseñan a hacer lentivirus y las tecnologías de BLI. La 
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Dan de Ritsjard ( Hé Groen!). Jij bent zo’n beetje halverwege mijn AIO periode als postdoc 

komen werken in onze groep. Ik denk dat je mede dankzij mijn AIO-werk nu een heel goed 

lopend project hebt. Je bent een leuke collega en ik vond het fijn met je samen werken. Er komt 

natuurlijk nog een mooi paper uit. Jammer dat Nature Medicine het niet wilde hebben, maar 

ik denk dat we een goede kans maken bij Cancer Cell met de aanvullende data. Succes met je 

verdere carrière in Boston, wie weet ooit Prof. Groen, want Dr. Groen is inmiddels een feit 

Dan de collega’s van mijn nieuwe werkplek aan de ACTA. Ook op mijn nieuwe werkplek 

zijn we na een aantal maanden verhuisd naar een nieuwe werkplek. We zitten nu in een 

geheel nieuw lab in het nieuwe ACTA gebouw. Ik wil de collega’s die betrokken zijn bij het 

ZonMw project (Marco, Cor, Janice, Jenneke, Jolanda, Chris en Bert) bedanken, maar ook de 

andere nieuwe collega’s die interesse hebben getoond tijdens de laatste loodjes voor mijn 

proefschrift. Ik heb tijdens mijn AIO project nooit durven denken en hopen dat ik aansluitend 

aan een klinisch project zou werken waarbij stamcellen gebruikt worden voor het verbeteren 

van botvorming. We hebben dit jaar de eerste patiënten behandeld, en zullen binnen enkele 

maande de eerste resultaten krijgen. Erg spannend en laten we hopen op succes!

Tijdens mijn promotieonderzoek had ik nog wel eens ruzie met pc’s en toebehoren. Mijn 

pc was naar mijn idee altijd te traag door de vele speciale software voor BLI-analyse en 

histomorfometrie analyse. Gerrit bedankt voor je hulp om dit altijd weer zo goed mogelijk 

op te lossen. Ook is mijn laptop 1 maal gecrashed en 2 maal mijn externe harde schijf. Joop 

bedankt voor je hulp om altijd weer zoveel mogelijk terug te krijgen!! Ook Natalja en Jan-

Willem bedankt voor jullie “digitale hulp” in de laatste maanden.

Mijn schoonfamilie Viktor, Marijke, Lucas&Pien, Ben (&?) bedankt voor jullie steun en jullie 

altijd heerlijk nuchtere Amsterdamse kijk op alles! Viktor: dit jaar (eindelijk) met pensioen, 

en kun jullie samen lekker genieten in Saint Remy de Provence! Luuk succes met je eigen 

promotie!. Ben, succes met afronden van je 2 studies (wie weet zit ik dan nog op ACTA)!

En dan is er natuurlijk nog mijn eigen familie. Dank jullie wel pama voor de mogelijkheden 

die jullie me hebben geboden om te studeren. Ik prijs mezelf heel gelukkig met jullie als 

ouders en ook met mijn zus Jolanda en zusje Mathilde, en natuurlijk de uitbreiding Hermien, 

Jeroen, Levi en Djeb. De lach van de kleine neefjes is goud waard en als ik het even somber in 

zag, dacht ik gewoon aan deze prachtige ventjes! Ondanks dat sommige van jullie na 5 jaar 

nog steeds dachten dat ik aan oncologie werkte, en ik maar weer eens uitlegde dat ik met 

stamcellen werk die mogelijk ook door tumor aangedane weefsels kunnen vervangen, ben 

ik jullie heel dankbaar voor jullie onvoorwaardelijke steun, eeuwige interesse en liefdevolle 

houding! En “ouwe” bedankt voor het maken van de mooie cover van mijn proefschrift! 

Rest me nog mijn superlieve prinses Floor te bedanken. Hier wil ik het laten bij super 

bedankt voor alle steun en liefde en SMGGOJ! De rest van mijn dank en liefde bewaar ik voor 

een later moment! :-) Ik hoop op een mooie toekomst samen, ook wat betreft embryonale 

stamcellen ;-)
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