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Abstract

 

Extracellular, intracellular or surface proteins can be used as putative markers to characterize human mesenchymal

stem cells (hMSC). However, these markers are also expressed by other cell types and primary cell pools reveal

considerable heterogeneity. Therefore, the simultaneous detection of several markers on a single cell appears to

be an attractive approach to identify hMSC. Here we demonstrate the specific distinction of human MSC from

human osteoblasts via seven-colour fluorescence on the single cell level with simultaneous marker detection of

CD44, CD105/endoglin, CD106/VCAM-1, collagen-IV, fibronectin, actin and DAPI nuclear staining. We performed

spectral image acquisition using a Sagnac-type interferometer. Subsequent linear unmixing allowed for decompo-

sition of each pixel in its spectral components. Our approach reveals a typical expression profile of the adherent

singular cells, allowing the specific distinction between hMSC and osteoblasts on the single cell level.
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Introduction

 

Interest in human mesenchymal stem cells or multipotent

mesenchymal stromal cells (both abbreviated hMSC;

Horwitz et al. 2005) has been increasing since progress

in regenerative medicine has revealed possibilities for

clinical application in tissue regeneration. hMSC have

the ability to self-renew and to differentiate into

various tissue types 

 

in vitro

 

 and 

 

in vivo

 

 (Bianco et al.

2001; Cancedda et al. 2003; Grove et al. 2004; Caplan &

Dennis, 2006). Despite intense research over several

years, characterization of hMSC a priori has yet to be

achieved and until now the only way to define hMSC

is by their differentiation capacity 

 

in vitro

 

 and 

 

in vivo

 

(Kassem, 2006; Prockop et al. 2003). hMSC can be

harvested from different tissues, most commonly from

bone marrow. These primary cells are very heterogene-

ous in culture (Colter et al. 2001; Sekiya et al. 2002;

Javazon et al. 2004; Vogel et al. 2004) and their

morphological appearance ranges from spindle shaped

to polygonal and cuboidal in various sizes (Javazon

et al. 2004; Smith et al. 2004; Raimondo et al. 2006).

However, cultured under standardized culture condi-

tions, the heterogeneity 

 

in vitro

 

 may reflect different

progenitor stages of distinct mesenchymal lineages, for

example cells of the osteoblastic lineage (Aubin, 2001),

adipocytic lineage or chondrocytic lineage. The largest

fraction of hMSC in culture has a fibroblastic morphology

and cannot be distinguished from more differentiated

cell phenotypes morphologically. Recently, several

molecular markers have been presented to distinguish

hMSC from fibroblasts (Ishii et al. 2005). Moreover, in
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cell culture osteoblasts and fibroblasts are morphologic-

ally nearly indistinguishable (Ducy et al. 2000).

The antigenic phenotype of hMSC is not unique and

no single marker has been found to be specific for

them (Conget & Minguell, 1999; Pittenger et al. 1999;

Sekiya et al. 2002; Barry & Murphy, 2004; Javazon et al.

2004; Kemp et al. 2005; Kassem, 2006). However, in the

past certain antigens, in particular surface proteins,

have been used in attempts to characterize hMSC

(Haynesworth et al. 1992, 1992; Bruder et al. 1998; Jiang

et al. 2002; Gronthos et al. 2003; Majumdar et al. 2003;

Otto & Rao, 2004; Kemp et al. 2005; Honczarenko et al.

2006). None of these markers is exclusively expressed

by hMSC, but the combination of markers coexpressed

on one single cell represents a promising strategy for

distinct characterization of hMSC (Kemp et al. 2005).

Investigation on the single cell level is also necessary

due to the heterogeneity of hMSC as described above

(Grove et al. 2004; Kemp et al. 2005). For these reasons

we established an immunofluorescence method to

detect several characteristic antigens on one single cell

using spectral image acquisition (Schieker et al. 2004).

Here we present an improved version of this method

with a more specific marker profile and an increased

amount of markers simultaneously detected on single

cells. By performing seven-colour fluorescence on hMSC

and human osteoblasts we can show the specific dis-

tinction of these cell types on the single cell level 

 

in vitro

 

.

 

Materials and methods

 

Cells

 

hMSC were purchased from Cambrex (USA). The

primary cells were isolated from bone marrow by ficoll

gradient centrifugation and characterized as described

by Pittenger et al. (1999). These hMSC fulfil the

minimal criteria defined by the International Society

for Cellular Therapy (Dominici et al. 2006) and were

cultivated according to the supplier’s protocol in hMSC-

growth medium (Cambrex). Primary human osteoblasts

(hOB; Promocell, Germany) were also cultured as

recommended by the supplier in Osteoblast Growth

Medium (Promocell). The primary osteoblasts were

isolated from human hip bone as described by Kasperk

et al. (1995). All cells were plated in T75 flasks (Nunc,

USA) and incubated at 37 

 

°

 

C with 5% humidified CO

 

2

 

.

To prevent cell culture artefacts, as differentiation

due to long-term cell culture, all primary cells were

examined before the seventh passage and passaging

was carried out before reaching confluence. Fresh

complete media were replaced every 3–4 days.

 

Immunofluorescence

 

For multicolour immunofluorescence, cells were cultured

on uncoated glass slides. Cells were fixed in buffered

3.7% paraformaldehyde and washed in phosphate-

buffered saline (PBS). Subsequently, cells were fixed

in 

 

−

 

20 

 

°

 

C cold acetone and desiccated. The slides were

divided into different fields with a hydrophobic pen

(Dako, Germany) allowing for up to eight different

staining procedures on one slide.

Incubation with Alexa633-conjugated anti-F-actin

phalloidin was carried out at a concentration of 10

units per 500 

 

µ

 

L for 20 min. Subsequently, cells were

blocked with 1% bovine serum albumin (BSA) in order

to reduce non-specific antibody binding. For labelling

procedures the following primary antibodies raised in

different species were used: CD44 (rat), endoglin/

CD105 (mouse), VCAM-1/CD106 (rabbit), collagen-IV

(goat) and fibronectin (sheep) (see Table 1). A simulta-

neous detection step for the primary antibodies was

made possible, because all secondary antibodies were

raised in the same species (donkey), conjugated with

different fluorochromes (AMCA, Texas Red, FITC,

Alexa546 and Cy2, respectively, Table 1). We omitted

the primary antibody to control non-specific binding of

secondary antibodies. As additional controls, cells on

the same slide were labelled with each primary anti-

body at the same dilution in a single colour staining

step. Nuclear counterstaining with DAPI at a dilution of

1 : 10 000 generated a seventh fluorescent spectrum.

All slides were mounted with a polymerizing hydrophilic

mounting medium containing an anti-fade reagent

(Molecular Probes, USA).

 

Spectral data acquisition

 

The fluorescent spectra were acquired with a Sagnac-

type interferometer SpectraCube SD-200 [Applied

Spectral Imaging (ASI), Israel] installed on an Axioskop

2 microscope (Zeiss, Germany) which was attached to a

CCD camera (Hamamatsu CCD 5880-C, Japan) and a

personal computer. A triple-band pass filter set was

applied for green, red and infrared spectra (SKY, ASI)

as well as a standard filter set which was used for blue

spectra (#01, Zeiss, Germany). Details of the principle of
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data acquisition that allows for demarcation of wave-

length ranges of less than 10 nm have been published

elsewhere (Malik et al. 1996; Rothmann et al. 1998;

Schieker et al. 2004). For image analysis, SpectraView

Software (ASI) enabled linear unmixing, a principle

based on decomposition of the image in its pure spectral

components. The reference spectra, used to analyse the

multicolour image, were taken from the single colour

labelling of each antibody on the same slide. In addi-

tion, images of all antigens in single colour applications

were acquired with a digital camera (Cybershot DSC S

75, Sony, Japan), using either a triple band filter for

red, green and blue spectra (F61002, AHF, Germany), or

the appropriate standard filter sets for each spectrum.

 

Results

 

For the decomposition of seven different fluorescent

dyes in their pure spectral components two spectral

images, obtained with different filter sets, were neces-

sary. Fluorescent spectra of Cy2, FITC, Alexa546, Texas

Red and Alexa633 could clearly be separated after

image acquisition using the triple band filter set (SKY,

ASI) for green, red and infrared in combination with

subsequent linear unmixing (Fig. 3a). Detection of AMCA

and DAPI blue spectra required the filter set #01 (Zeiss)

(Fig. 3b). Although we found a shift of the fluorescent

signal for Alexa633 to longer wavelength regions, fluores-

cent signals of the other dyes were detected within the

wavelength regions given by the supplier. Co-localization,

in the sense of identical labelling patterns of different

antigens, did not occur. Photobleaching during image

acquisition was not observed. However, Alexa633 faded

after 4 days of storage at 4 

 

°

 

C in darkness.

hMSC and osteoblasts showed a distinguishable

labelling pattern (Table 2) with differences in the label-

ling of the putative stem cell markers: hMSC showed

positive labelling for CD44, CD105/endoglin and VCAM-

1, whereas osteoblasts did not label for CD105/endoglin

or VCAM-1. The labelling results for all antigens were

very homogeneous except for the labelling of collagen-

IV, which showed heterogeneous expression patterns

with positive and negative staining within the hMSC

and hOB cultures.

Table 1 Sources and dilutions of antibodies and stains used for immunofluorescence

Source Specification Dilution

Primary antibodies
Rat anti-human CD44 DSHB Hermes-1 1 : 5
Mouse anti-human endoglin (CD105) DSHB P3D1 1 : 5
Rabbit anti-human VCAM-1 (CD106) SantaCruz Biotechnologies SC-8304 1 : 5
Goat anti-human collagen-IV Accurate Chemical YMPS063 1 : 20
Sheep anti-human fibronectin Biozol BZL00279 1 : 1200

Secondary antibodies
AMCA-conjugated donkey anti-rat IgG Dianova 712-155-153 1 : 25
Fluorescin (FITC)-conjugated donkey anti-rabbit IgG Dianova 711-095-152 1 : 200
TexasRed-conjugated donkey anti-mouse IgG Dianova 715-075-151 1 : 25
Alex Fluor546-labelled donkey anti-goat IgG Molecular Probes A11056 1 : 125
Cy2-conjugated donkey anti-sheep IgG Dianova 713-225-147 1 : 2000

Stainings
AlexaFluor633 anti-F-actin phalloidin Molecular Probes A22284 10 units/500 µL
DAPI Nucleic Acid Stain Molecular Probes D1306 1 : 10 000

Table 2 Labelling profiles of hMSC and 
osteoblastsEndoglin VCAM-1 CD44 col-IV Fibronectin F-actin

hMSC + + + +/– + +
Osteoblasts – – + +/– + +

Summary of labelling profiles. – = no immunofluorescence signal, +/– = heterogeneous 
labelling profile with positive and negative results, + = labelling of > 85% of cells.
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As we performed immunofluorescence on the single

cell level we could describe the labelling pattern of the

individual antigens. We applied seven-colour labelling

of representative cells of each group (Figs 1 and 2).

CD105/endoglin was mainly located on the cell surface

of hMSC; however, it was also prominent in dense

regions of the cell membrane (Fig. 1b,k). VCAM-1 was

homogeneously distributed throughout the cytoplasm

with a granular labelling pattern and also positive in

dense membrane structures (Fig. 1c,l). CD44, detected

in hMSC and hOB, revealed homogeneous labelling

with accentuation of the cell membrane in hMSC

(Figs 1a,j and 2a,j) and appeared to be more intense

in regions where fibronectin was also positive. In

osteoblasts the accentuation of the cell membrane was

less intense (Fig. 2a,j). Cells which labelled positively for

collagen-IV showed a granular intracellular pattern

and no extracellular labelling (Fig. 1d,m and 2d,m).

Fibronectin revealed granular intracellular and a fibrillar

extracellular labelling (Figs 1e,n and 2e,n). F-actin

showed the typical fibrillar, cytoplasmatic labelling,

especially in widespread cells, equally for hMSC and

osteoblasts (Fig. 1f,o and 2f,o).

The labelling pattern of the markers in the seven-

colour fluorescence was identical with the respective

labelling patterns observed in the control single-colour

applications (Figs 1j–o and 2j–o).

 

Discussion

 

The aim of the study was to characterize hMSC and to

distinguish them from mature cell phenotypes on the

single cell level. We performed seven-colour immuno-

fluorescence and showed that we can discriminate

hMSC from human osteoblasts using this technique.

One of the major difficulties in stem cell research is

the identification process of the appropriate cells. Due

to the lack of specific markers, hMSC are identified

either by analysing their expansion capacity or by

performing differentiation assays (Pittenger et al. 1999;

Sekiya et al. 2002; Kemp et al. 2005; Kassem, 2006). This

is also reflected in the recommendations of the Inter-

national Society for Cellular Therapy (ISCT) regarding

nomenclature (Horwitz et al. 2005) and minimal criteria

for defining MSC (Dominici et al. 2006).

Multicolour immunofluorescence allows cell charac-

terization at the single cell level as well as simultaneous

detection of several antigens (Tsurui et al. 2000; Schieker

et al. 2004). Both features are needed to characterize

hMSC because these cells represent a heterogeneous

cell population consisting of morphologically and

immunocytochemically distinct cell types (Colter et al.

2001; Smith et al. 2004; Vogel et al. 2004; Kemp et al.

2005) without unique antigenic phenotype (Conget &

Minguell, 1999; Sekiya et al. 2002; Kassem, 2006).

Therefore, this approach may allow us to characterize

and identify even very early stages of stem cell differ-

entiation (Gronthos et al. 2001; Schieker et al. 2004).

The surface proteins CD44, CD105/endoglin and

CD106/VCAM-1, in particular, have been used to char-

acterize hMSC (Barry et al. 1999; Conget & Minguell,

1999; Pittenger et al. 1999; Ishii et al. 2005; Mareschi

et al. 2006). CD44 is one of the first markers to be

expressed by hMSC as soon as cells attach to a surface

(Zohar et al. 1997) and is reported to be expressed in

almost all cells of an hMSC population (Pittenger et al.

1999; Shur et al. 2002; Kotobuki et al. 2004; Mareschi

et al. 2006). The distribution pattern may be related to

the function of CD44 as a receptor for hyaluronate and

other matrix components (Cichy & Pure, 2003). CD105/

endoglin is a member of the TGF-beta receptor complex

that modulates TGF-beta signalling. Among others,

endoglin [SH-2, as described previously (Barry et al.

1999)] was suggested as a putative stem cell marker

(Haynesworth et al. 1992; Pittenger et al. 1999; Lodie

et al. 2002; Gronthos et al. 2003; Vogel et al. 2004;

Dominici et al. 2006). Like CD44, we found CD105/

endoglin on almost every hMSC, but the labelling

pattern was different to that of CD44. CD105/endoglin

was especially located in dense membrane structures,

which are involved in the cell migration process. By

contrast, CD106/VCAM-1, a membrane protein of the

immunoglobulin super family, was predominantly

found in the cytoplasm of hMSC, suggesting that

further stimuli are needed for its translocation to the

membrane. Positive results for labelling of VCAM-1 in

hMSC have also been described previously (Gronthos

et al. 2003; Pittenger et al. 1999; Honczarenko et al.

2006).

In contrast to the relatively homogeneous results of

surface protein labelling, we found heterogeneous (i.e.

positive and negative) labelling for collagen-IV in

different cells of the same hMSC population. This extra-

cellular matrix component is expressed by hMSC and

early progenitors but not by later differentiation stages

(Chichester et al. 1993; Deschaseaux & Charbord, 2000).

Collagen-IV may therefore be useful in distinguishing

between differentiation stages of hMSC.
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Fig. 1 Multicolour immunofluorescence of human mesenchymal stem cells. (a–g) Six-colour immunofluorescence plus DAPI 
nuclear staining with spectral image acquisition. Spectral image after linear unmixing: (a) CD44/AMCA, (b) endoglin (CD105)/
TexasRed, (c) VCAM-1 (CD106)/FITC, (d) collagen-IV/Alexa546 (pseudo-coloured yellow), (e) fibronectin/Cy2 (pseudo-coloured 
brown), (f) f-actin/Alexa633 (pseudo-coloured violet), (g) DAPI nuclear staining. (a,g) Detection with filter #01 for blue spectra 
(Zeiss, Germany); (b–f) detection with triple band filter SKY for green, red and infrared spectra (ASI, Israel). (h) Digital overlay of 
a–g. (i) Conventional digital image (without spectral image acquisition) using a triple band filter F61002 for red, green and blue 
spectra (AHF, Germany). (j–o) Single-colour immunofluorescence plus DAPI nuclear staining of human mesenchymal stem cells 
with conventional digital image acquisition. (j) Labelling for AMCA/CD44 revealed a homogeneous membrane pattern. (k) Texas 
Red/endoglin (CD105) exhibited a membrane labelling with accentuation especially of phase-dense membrane regions. (l) FITC/
VCAM-1 showed a granular intracellular labelling as well as labelling of phase-dense membrane structures. (m) Labelling for 
collagen-IV revealed a granular intracellular pattern. (n) Cy2/fibronectin labelled in a granular intracellular and a fibrous 
extracellular pattern. Cy2 and FITC cannot be distinguished. (o) Alexa633/Phalliodin showed a fibrous actin staining, without DAPI 
staining. (j) Detection with filter #01 for blue spectra (Zeiss, Germany) and (k–o) triple band filter F61002 for red, green and blue 
spectra (AHF, Germany). All scale bars = 50 µm.
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While fibronectin, an extracellular matrix protein, is

expressed by a number of different cell types, hMSC

labelled particularly strongly (Vogel et al. 2004). Con-

firming these studies, our immunocytochemical results

showed intra- and extracellular staining for this protein.

Phalloidin labelling of the actin cytoskeleton was

particularly suitable for assessment of cell morphology.

Although each single marker investigated is not

exclusively expressed by hMSC, the simultaneous detec-

tion of all these markers by seven-colour fluorescence

is a suitable attempt to characterize hMSC on the single

cell level. In particular, this enables discrimination of

hMSC from other cell types in mixed cell pools as, for

example, primary bone marrow aspirates.

Fig. 2 Multicolour immunofluorescence of human osteoblasts. (a–g) Six-colour immunofluorescence plus DAPI nuclear staining 
with spectral image acquisition and (j–o) single-colour immunofluorescence plus DAPI nuclear staining with conventional digital 
image acquisition. For each picture (a–o) antibodies and filter sets were used as described in Fig. 1. No labelling could be detected 
for endoglin (CD105) and VCAM-1 (CD106). All scale bars = 50 µm.
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Simultaneous detection of several antigens is also

possible by flow cytometry on cells in suspension

(Tsurui et al. 2000; De Rosa et al. 2003; Mareschi et al.

2006). However, the advantage of immunofluores-

cence is that it allows the analysis of antigen distribu-

tion as well as the investigation of single cells attached

to a surface. The importance of the latter fact has been

highlighted by other studies: Lodie et al. (2002)

demonstrated that two fractions of bone marrow stem

cells immunoselected for endoglin showed indistin-

guishable expression profiles after re-attachment to a

surface. Reyes et al. (2001) showed that CD44 expression,

in particular, is dependent on the consistency of the

surface.

 

Concluding remarks

 

In summary, we conclude that a more sophisticated

characterization of human mesenchymal stem cells on

the single cell level is possible, when seven-colour

fluorescence is used. With this technique we were able

specifically to distinguish hMSC from osteoblasts.

Multicolour immunofluorescence would be especially

suitable to the further characterization of subtypes of

hMSC (Smith et al. 2004).
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