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ABSTRACT

Postnatal tissue-specific stem/progenitor cells hold great promise to enhance repair of damaged tis-
sues. Many of these cells are retrieved from bone marrow or adipose tissue via invasive procedures.
Peripheral blood is an ideal alternative source for the stem/progenitor cells because of its ease of re-
trieval. We present a coculture system that routinely produces a group of cells from adult peripheral
blood. Treatment with these cells enhanced healing of critical-size bone defects in the mouse calvar-
ium, a proof of principle that peripheral blood-derived cells can be used to heal bone defects. From
these cells, we isolated a subset of CD452 cells with a fibroblastic morphology. The CD452 cells were
responsible formost of the differentiation-induced calcification activity andweremost likely respon-
sible for theenhancedhealing process. TheseCD452 fibroblastic cells are plastic-adherent andexhibit
a surface marker profile negative for CD34, CD19, CD11b, lineage, and c-kit and positive for stem cell
antigen 1, CD73, CD44, CD90.1, CD29, CD105, CD106, and CD140a. Furthermore, these cells exhibited
osteogenesis, chondrogenesis, and adipogenesis capabilities. The CD452 fibroblastic cells are the first
peripheral blood-derived cells that fulfill the criteria of mesenchymal stem cells as defined by the In-
ternational Society for Cellular Therapy. We have named these cells “blood-derived mesenchymal
stem cells.” STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1–10

INTRODUCTION

A key theme in regenerative medicine is repair of
damaged tissue with treatment using stem/
progenitor cells. For example, bone defects can
be treated with stem/progenitor cells isolated
from bone marrow [1] and adipose tissue [2].
However, the processes of isolating these stem/
progenitor cells, such as bone marrow aspiration
and liposuction, are invasive. Cells that have sim-
ilar regenerative functionandcanbe isolatedwith
minimal or no invasive procedurewill greatly sim-
plify the bone healing process. Peripheral blood is
an ideal alternative source for these cells owing to
the ease of cell retrieval and blood bank storage.
Peripheral blood is also known to host many
stem/progenitor cells, such as peripheral blood
stem cells, which are used in bone marrow trans-
plantation therapy [3], and endothelial progeni-
tor cells, which have long been recognized to
participate in new blood vessel formation [4]. A
frequently discussed cell is the mesenchymal
stem cell (MSC), which is a multipotent stromal
cell with prominent regenerative functions. The
MSC is an ideal candidate for many cell-based
therapies, including enhanced healing of bone
defects [1, 5, 6]. MSCs have been isolated from

various tissues [7, 8], including bone marrow,
fat, and muscle. However, the existence of MSCs
in the peripheral blood has not been confirmed
(as described in the Discussion) [9–11].

Cells cultured fromperipheral bloodhavebeen
hypothesized to be able to enhance bone healing.
For example, fibrocytes [12] andmonocyte-derived
mesenchymalprogenitor cells [13] are capableof in
vitro calcification in response to differentiation sig-
nals. Moreover, circulating skeletal stem cells [14]
and circulatingosteoblasts [15] are capableof bone
formationwhenplaced in subcutaneous pockets of
animals. Only one study has shown circulating cells
to have enhancement of bone healing in vivo. In
that study, an undefined MSC-like population
was shown to improve healing in the rabbit ulna
[16]. However, the identity of the MSC-like cells
was not clear (discussed further in the Discussion).

In the present study, we define a population
of cells derived from the peripheral blood that
can heal critical-sized bone defects. Unlike previ-
ous studies investigating cell-based therapy toen-
hance long bone healing through endochondral
ossification [16], we investigated and defined
a cell population that can enhance healing of cal-
varial bone defects through intramembranous
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ossification. In isolating the cells responsible for the healing pro-
cess, we discovered a population of nonhematopoietic cells that
fulfill theMSC criteria, as defined by the International Society for
Cellular Therapy (ISCT). We have named these cells “blood-
derived mesenchymal stem cells” (BD-MSCs).

MATERIALS AND METHODS

Peripheral Blood Collection and Heavy Fraction
Cellular Isolation

All experiments were performed in accordance with the Stanford
University Animal Care and Use Committee guidelines (protocol
identification [ID] no. 11048). The peripheral blood was collected
from male FVB-L2G, FVB-luciferase (Luc)-green fluorescent pro-
tein (GFP), or FVB mice (Jackson Laboratory, Sacramento, CA,
http://www/jax.org) or CD-1 mice (Charles River Laboratories In-
ternational, Inc.,Wilmington,MA, http://www.criver.com) at the
age of 7 to 8 weeks, depending on the experimental design.
Among them, only cells from FVB-L2G mice exhibit strong green
fluorescence that can be detected with fluorescencemicroscopy.
To collect peripheral blood, the mice were anesthetized with iso-
flurane (Butler Schein Animal Health, Encinitas, CA, https://www.
henryscheinvet.com) and injected with 4 U of heparin (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) through
retro-orbital veins. After 5 minutes, the mice were bled from the
retro-orbital vein, and the bloodwas collected into a 1.5-mlmicro-
centrifuge tube containing 1 U of heparin in 100ml of phosphate-
buffered saline (PBS; Life Technologies, Carlsbad, CA, http://
www.lifetechnologies.com). The blood collected from each
mouse was 1 to 1.3 ml routinely. To lyse red blood cells, 3 ml
of bloodwasmixedwith 30ml of red blood cell lysis buffer (NH4Cl
8.3 g/liter, KHCO3 1 g/liter, EDTA 3.7 g/liter). Themixture was im-
mediately subjected to centrifugation at 400g for 15 minutes at
20°C, and the pelletswere collected. The pellets, which contained
the remaining nucleated cells and debris, were resuspended in
3 ml of PBS, laid on top of a density barrier (density is 1.063), and
subjected to centrifugation (360g for 15 minutes at 20°C), as dia-
gramed in Figure 1A. This barrier was prepared bymixing 1ml Opti-
Prep (Sigma-Aldrich) with 4.4 ml of PBS. The resulting pellet,
a collection of nucleated cells with density greater than 1.063,
was resuspended in complete medium (a-minimal essential me-
dium [MEM] with 20% fetal bovine serum [FBS], 13 antibiotic-
antimycotic, 20 mg/liter gentamicin; all from Life Technologies)
to produce the heavy fraction (HF) (Fig. 1).

Coculture System

The HF suspension was seeded on a Transwell insert (Corning,
Corning, NY, http://www.corning.com) at a density of 1–1.5 3
105 cells per cm2 in 1 ml of complete medium. The feeder cells
were immortalized mouse hepatic, AML12 cells [17] that had
been treatedwithmitomycin C (MMC) (Sigma-Aldrich), following
the manufacturer’s instructions. In brief, monolayers of AML12
cells were incubated with the complete medium containing
MMC at a final concentration of 30 mg/ml. After 2 hours of incu-
bation, the AML12 cells were washed twice with PBS, detached
with trypsin-EDTA (0.5%), and resuspended in the complete me-
dium. MMC-treated AML12 cells were then seeded on the poly-
styrene surface underneath the Transwell insert at a density of
53 104 cells per cm2 in 2 ml of complete medium. The HF cells
and MMC-treated AML12 cells were separated by a polyester

membrane (0.4 mm diameter pore size). No mixing of cells was
observed during the course of our experiment. The coculture sys-
tem was incubated at 37°C in a humidified CO2 (5%) incubator.
The medium was changed every 3 days, and the resultant cells
on the Transwell inserts were harvested in 3–5 weeks. The cells
produced in the Transwell membrane without further passage
on tissue culture dishes were defined as at passage 0.

Flow Cytometry

To analyze the surface markers on the cells on the Transwell
inserts, the cells were detached from the membrane using Accu-
tase (Innovative Cell Technologies, San Diego, CA, http://www.
accutase.com), resuspended in the complete medium, stained
with fluorophore-conjugated monoclonal antibodies, and sub-
jected to analysis using the BD LSRII analyzer (BD Biosciences,
San Jose, CA, http://www.bdbiosciences.com). The antibodies
used were anti-CD45/APC, anti-stem cell antigen 1 (Sca-1)/APC-
Cy7, anti-lineage (Lin)/Pacific Blue, anti-c-kit/Pacific Blue, anti-
c-kit/phycoerythrin (PE)-Cy7, anti-CD73/PE, anti-CD44/Alexa
Fluor 700, anti-CD105/Pacific Blue, anti-CD105/Alexa Fluor 488,
anti-CD140a/PE, anti-CD29/Pacific Blue, anti-CD90.1/PE, anti-
CD90.1/PerCp-cy5.5, anti-CD19/Alexa Fluor 700, anti-CD14/PE-
Cy7, anti-CD34/PE/Cy5 (purchased from BioLegend, San Diego,
CA, http://www.biolegend.com), and anti-CD34/Alexa Fluor 700
(eBioscience Inc., San Diego, CA, http://www.ebioscience.com).

Purification of CD452 Cells Grown in the
Coculture System

The CD452 subset of cellswas purified by successive cell passages
and magnetic-activated cell sorting (MACS). CD452 cells were
found to detach relatively quickly from the Transwell membranes
and culture dishes compared with CD45+ cells. Highly enriched
(up to 80% purity, as judged using flow cytometry) CD452 cells
were obtained with a single passage. The resultant population
of enriched CD452 cells was further subjected to depletion of
CD45+ cells using MACS MicroBead Technology (Miltenyi Biotec,
SanDiego, CA, http://www.miltenyibiotec.com). In brief, the cells
were mixed with rat anti-mouse anti-CD45 (500 mg/ml) at a vol-
ume ratio of 1:100 in complete medium. After 40 minutes of in-
cubation at 4°C with gentle rotation, the unbound anti-CD45 was
removed by centrifugation, and goat anti-rat IgG MicroBeads
were applied and incubated for another 40minutes. The resultant
cultures were passed through an LS column to deplete the CD45+

cells, in accordance with the manufacturer’s instructions, except
that complete medium was used throughout. The flow through
was cycled back to the column 5 times before obtaining the final
flow through, which contained the CD452 cells. This process led
to a high cell survival rate and near homogeneity of CD452 cells, de-
termined using a live cell immunofluorescence assay. This cell popu-
lation of purified CD452 cells was used for additional experiments.

Live Cell Immunofluorescence

To investigate the cell surface marker expression of living purified
CD452 cells, 5,000 cells in 100ml of completemediumwere seeded
per well in a 96-well plate (Corning) and incubated in a humid-
ified CO2 incubator. After 48 hours, the mediumwas replacedwith
50 ml of fresh culture medium containing the primary antibody at
the concentration of 5 mg/ml, and the culture plate was returned
to the incubator. All primary antibodies were purchased from
BioLegend. Except for anti-CD29 and anti-CD90.1, all antibodies
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were rat-produced. Anti-CD29 was produced from the Armenian
hamster and was conjugated with biotin. Anti-CD90.1 was pro-
duced from themouse. After 40minutes, themedium containing
the primary antibody was removed. The cells were washed twice
with fresh medium and were further incubated in 50 ml of fresh
medium containing 4 mg/ml goat anti-rat IgG conjugated with
Alexa Fluor 594 (Life Technologies), 0.2 mM Calcein AM (BD
Biosciences, San Jose, CA), and 10 mg/ml Hoechst 33342 (Life
Technologies). The detection of anti-CD29 was by streptavidin
conjugated with Alexa Fluor 594 (Life Technologies). The detec-
tion of anti-CD90.1 was by goat anti-mouse IgG conjugated with
Alexa Fluor 594 (Life Technologies). The cells were incubated
for another 40 minutes, washed once with the normal medium,
and incubated in 50 ml of the fresh medium without phenol
red for microscopy (DMI 4000Bmicroscope, Leica, Buffalo Grove,
IL, http://www.leica.com). Normal rat IgG, biotin-conjugated
Armenian hamster IgG, and normal mouse IgG were used as neg-
ative controls. Photomicrographs were taken, adjusted for their
brightness and contrast, and merged using Adobe Photoshop
CS5 (Adobe, San Jose, CA, http://www.adobe.com).

Osteogenic Differentiation Assay

Cells at 2–7 3 104 per well were seeded to a 2-cm2 polystyrene
well (Corning). After 48 hours, the cells were subjected to osteo-
blast differentiationmedium (ODM;a-MEM containing 10% FBS,
13 penicillin-streptomycin, 0.1 mM dexamethasone, 10 mM
b-glycerol phosphate, and 50mMascorbic acid) [18, 19]. The cells
were cultured in ODM for 14 days, with medium changes every
2 days. Alizarin red S (Sigma-Aldrich)was used to stain the accumu-
lated calcium deposits. In brief, the cells were fixed with 10% neu-
tral buffered formalin, stained with alizarin red staining solution

(0.2% alizarin red in deionized H2O with pH adjusted by 15 N am-
monium hydroxide to 6.4) for 30 minutes at room temperature,
and washed 3 times with PBS before microscopy. For quantitative
measurement of calcium deposition, duplicate experiments were
performed, in which alizarin red S was extracted with 1 ml of solu-
tion containing 20% methanol and 10% acetic acid. The resulting
clear yellow solution was quantitated by optical density (OD)405
measured using a UV-visible spectrometer (Pharmacia Ultrospec
2100 pro).

Adipogenic Differentiation Assay

Purified CD452 cells (passage 2) were seeded at 23 104 cells per
2-cm2 polystyrene well. After 48 hours, the cells were subjected
to adipocyte differentiation medium (ADM): a-MEM containing
10% FBS, 13 penicillin-streptomycin, 0.5 mM dexamethasone,
0.5 mM 3-isobutyl-1-methylxanthine, and 50 mM indomethacin
[20]. The cells were cultured in ADM for 14 days, with medium
changes every 2 days, and subjected to detection of lipid droplets
accumulation by Oil Red O (Sigma-Aldrich) staining. In brief, the
cells were fixed with 10% neutral buffered formalin, washed in
PBS, stained with Oil Red O staining solution (3 parts Oil Red O
stock solution and 2 parts PBS) for 10 minutes at room tempera-
ture, followed by washing twice with PBS.

Chondrogenic Differentiation Assay

Purified CD452 cells (passage 2) were induced toward chondro-
genesis using the Completed StemXVivo Chondrogenic Differen-
tiation Medium (R&D Systems, Minneapolis, MN, http://www.
rndsystems.com). In brief, 1.25 3 105 cells were washed once
with the basemedium, resuspended in 0.5ml of the differentiation

Figure1. The coculture systemandcells cultured fromperipheral blood. (A):Designof thecoculture system.Wholebloodwas subjected toRBC
lysis and applied toanOptiPrepdensity barrier of buoyantdensity 1.063 (r =1.063) for centrifugation. The resultant pellet, termed the “HF,”was
suspended in culture medium and seeded onto a 24-mm Transwell insert (polyester membrane, 0.4-mm pore size) at a density of 1–1.53 105

cells per cm2 in 1ml ofmedium.MMC-treated AML12 cells were seeded onto the polystyrene surface underneath the Transwell insert at a den-
sity of 53 104 cells per cm2 in 2 ml of medium. (B): Cells on the Transwell inserts after 17 days of incubation. Cells appeared on the Transwell
inserts in theabsence (B1, B19)andpresence (B2,B29, B3,B39)of the feeder cellsAML12. Scale bar =90mm. (B4,B49):MMC-treatedAML-12 cells
attached onto the polystyrene culture dish underneath the Transwell insert. The cells on the Transwell inserts were recorded by photomicrog-
raphy through the green fluorescent protein channel (B1–B4) and by phase-contrast microscopy (B19–B49). The cells from B2, a population of
cells that included fibroblastic cells, among the other cell types, were termed population 1 cells. The cells from B3, a population of cells that do
not have fibroblastic cells were termed population 2 cells. Abbreviations: HF, heavy fraction; MMC, mitomycin C; RBC, red blood cell.
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medium in a 15-ml conical centrifugation tube (BD Falcon, San
Jose, CA), and subjected to centrifugation at 200g for 5 minutes
at room temperature. The resultant cell pellets, togetherwith the
centrifugation tube and differentiation medium, were moved to
a humidified CO2 incubator for 3 weeks, with medium changes
every 3 days. The micromass formed was fixed with 4% parafor-
maldehyde, embeddedwith Tissue-Tek OCT (Sakura Finetek USA,
Inc., Torrance, CA, http://www.sakura-americas.com), sectioned
with microtone, and stained with Alcian blue (Sigma-Aldrich),
which stains glycosaminoglycans in cartilage. Nuclear fast red
staining (Vector Laboratory, Burlingame, CA, http://www.
vectorlabs.com) was also performed to stain the nucleus.

Transplantation of Population 1 Cells to Calvarial
Bone Defects

All experiments were performed in accordance with the Stanford
University Animal Care and Use Committee guidelines (protocol
ID no. 9999). Female athymic CD-1 nude mice (Charles River Lab-
oratories), aged 8 to 10 weeks, were housed 5 per cage in auto-
claved cages with a 12-hour light/dark cycle and provided
standard food and water ad libitum. One week before calvarial
defect creation, their food was changed to a diet that included
Uniprim antibiotic (Harlan Laboratories, Indianapolis, IN, http://
www.harlan.com). The calvarial defect procedurewas performed
as previously described by Gupta et al. [21]. The population 1
(pop1) cells (from CD-1mice), which had been cultured in our co-
culture system for 5 weeks without further passage (passage 0),
were seeded onto hydroxyapatite-poly(lactic-coglycolic acid)
(HA-PLGA) scaffolds in the completemedium as described and in-
cubated at 5% CO2 at 37°C for 24 hours. After creation of 4-mm
(critical size) calvarial defects on the right parietal bone, the pop1
cell-seeded HA-PLGA scaffolds or control unseeded HA-PLGA
scaffolds were gently washed in PBS and placed into the defect.
The scalp was immediately closed with interrupted 7-0 Vicryl
sutures (Ethicon, Somerville, NJ, http://www.ethicon.com), and
the mice were allowed to recover, as previously described [21].
Quantitative bone analysis was performed immediately after sur-
gery and at weeks 2, 4, 6, and 8 by microcomputed tomography
(micro-CT) using the eXplore RSMicro-CT system (GE Healthcare,
Little Chalfont, U.K., http://www.gehealthcare.com) at 45 mm
resolution. The Student t test was used for statistical analysis,
and p values , .05 were considered statistically significant.
Three-dimensional micro-CT images were reconstructed using
native software, and the defect size was quantified using Adobe
Photoshop CS6 (Adobe).

RESULTS

Production of Putative Stem Cells and Progenitor Cells
From the Coculture System

We designed a coculture system (Fig. 1A) based on AML12 cells,
a mouse hepatic cell line [17]. AML12 cells were chosen because
of their ability to function as feeder cells for stem cellmaintenance
in vitro [22–24]. Using a 1.063 density barrier, the nucleated cell
fraction, termed the “heavy fraction” (HF), was isolated from the
peripheral blood of FVB-L2G mice. These mice expressed a fusion
protein of luciferase and GFP in all cells. The HF was seeded on
Transwell insertsatadensityof1–1.53105cellspercm2andcocul-
tured with mitomycin C-treated AML12 cells in a system in which
both groups were separated (Fig. 1A). When no AML12 cells were

seeded as a control, very fewor no cells appeared on the Transwell
inserts (Fig. 1B1) during the course of the experiment. However, in
the presence of AML12 cells, many cells appeared on every Trans-
well insert after 1–2weeks of incubation, indicating the supportive
effect from the AML12 cells. The cells on the Transwell inserts in-
cluded small star-shaped cells and round cells (Fig. 1B2, 1B3). Unex-
pectedly, relatively large fibroblast-like cells were found on some of
theTranswell inserts in thepresenceofAML12cells (Fig.1B2).Trans-
well insertswith these fibroblastic cells, among theother cells,were
termedthepopulation1grouporpop1group.Transwell inserts that
did not have fibroblastic cells (Fig. 1B3)were termed thepopulation
2 group or pop2 group. The green fluorescence of these cells dem-
onstrated that they were all derived from the peripheral blood of
FVB-L2G mice rather than from the AML12 cells, which do not ex-
press GFP (Fig. 1B4). The fibroblastic cells of the pop1 group (Fig.
1B2)quicklyproliferated, resulting inconfluence inanother2weeks.
Themorphology andhighly proliferative nature of these fibroblastic
cells are reminiscent of the properties of stromal stem cells.

Repair of Calvarial Bone Defects

To evaluate the regenerative capability of the cells in the pop1
group, the highly reproducible in vivo critical-sized calvarial bone
defect model was used [2, 21, 25]. One half of 1million cells were
seeded onto a HA-PLGA scaffold. The cell-seeded scaffolds were
transplanted into a 4-mm diameter (critical-sized) defect in pari-
etal calvarial bone. Untreated, calvarial bone defects of this size
will not heal. Bone regeneration was quantified using micro-CT
over the course of 8 weeks (Fig. 2A). As shown in Figure 2B,
defects treated with pop1 cell-seeded scaffolds healed at a faster
rate than those treated with unseeded control scaffolds. This

Figure 2. Peripheralblood-derivedcellsheal critical-sizedcalvarial bone
defects.Onehalfof1millionpopulation1 (pop1) cells, derived fromCD-
1 mouse peripheral blood, were seeded onto a hydroxyapatite-poly
(lactic-coglycolic acid) scaffold and transplanted onto a critical-sized
calvarial defect created in athymic CD-1 nudemice. (A):Healing of cal-
varial defects was monitored using microcomputed tomography. (B):
Quantitation of the healing process monitored in (A). The filled circles
represent transplantation with scaffold seeded with cells, and the
open circles represent transplantation with scaffold alone. The p value
is, .05 indicating statistical significance.Thedefectsonlyhealedwhen
treated with pop1 cells.

4 Blood-Derived MSCs in Calvarial Bone Healing
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was evident as early as 4 weeks, with 33.76% healing with the
pop1 cell-treated calvarial defects versus 9.47% in the controls
(p , .05). At 6 weeks, defects treated with pop1 cells had
59.41% osteogenesis compared with 14.68% in those treatedwith
scaffold alone (p , .05). This trend continued through week 8,
when healing was found to be 69.65% in pop1 cell-seeded scaf-
folds and 14.94% in unseeded control scaffolds (p, .05). There-
fore, treatment with pop1 cells significantly increased
osteogenesis and bone regeneration in critical-sized calvarial
defects.

Osteogenic Differentiation Potential of CD452 Cells

Knowing thatmultiple cell typesexist inpop1,wenextquestioned
which subset is responsible for repairing the calvarial bone
defects. We first determined the surface marker profile of the
pop1 cells with flow cytometry. As shown in Figure 3A, a popula-
tion of CD45+ cells was identified. This finding was expected, be-
cause CD45 is a surface marker associated with all hematopoietic
cells, except red blood cells and platelets. Importantly, a popula-
tion of potentially nonhematopoietic cells that were negative or
weakly positive for CD45 expression was also found (Fig. 3A). To
determine which population of cells was responsible for healing
the calvarial defects, we tested the in vitro osteogenic differenti-
ation activity of CD452 and CD45+ cells. This activity represents
a unique property of osteoblasts (committed bone precursor
cells): cellular mineralization (mostly calcification) in response
to differentiation signals such as b-glycerol phosphate [18]. The
calcium deposit can be stained with alizarin red S and quantified
at OD405, which has a linear range between 0 and 2.5 [26].

CD452 cells were purified to near homogeneity from pop1 at
passage 2 and subjected to differentiation induction by ODM. As
shown in Figure 4A1, a high level of matrix calcification with pu-
rified CD452 cells was observed. Therefore, the CD452 cells have
the intrinsic capability of osteogenic differentiation. We next de-
termined the contribution of CD452 cells to the overall calcifica-
tion activity of the pop1 cells. Pop1 cells were fractionated by
MACS into 2 groups of cells containing different proportions of
CD452 cells. One group contained 19% CD452 cells (Fig. 4B2,
4B3) and the other contained 60% CD452 cells (Fig. 4B5, 4B6).
Equal amounts (6.73 104) of cells from each group were seeded,
and an in vitro osteogenic differentiation assay was performed
(Fig. 4B1,4B4).As shown inFigure4C,ODMinductionof thegroup
with 19% CD452 cells resulted in an average of 0.65 U of OD405.
Induction of the group with 60% CD452 cells resulted in an aver-
age of 1.7 U of OD405. Therefore, an increase in the proportion of
CD452 cells,with adecrease inCD45+ cells, resulted in an increase
in calcification activity (i.e., threefold increase of CD452 cells
resulted in an approximately 2.6-fold increase of OD405). These
data indicate that CD452 cells are the primary cells responsible
for the calcification activity in the pop1 group. CD45+ cells only
contributed very minor calcification activity. The intrinsic minor
osteogenic differentiation activity of CD45+ cells is presented in
supplemental online Figure 1. We therefore hypothesized that
CD452 cells are most likely responsible for healing the calvarial
bone defects.

Surface Marker Profile of CD452 Cells

Toestablish the identity of theCD452 cells isolated frompop1,we
examined theirmorphology and surfacemarker profile. As shown
in Figure 5A, the purified CD452 cells displayed a multipole

fibroblastic morphology, implicating a stromal cell phenotype.
The CD452 fibroblastic cells were all positive for Sca-1, a surface
marker frequently associatedwith stemand progenitor cells [27].
The CD452 cells were further analyzed using flow cytometry for
the expression of surface markers Lin (major hematopoietic cell

Figure 3. Flow cytometry analysis of CD45 expression on population
1 (pop1) cells. Peripheral blood fromFVB luciferase-green fluorescent
proteinmicewasprocessed and cultured in the coculture system for5
weeks. Cells on the Transwell insertsweredetached and stained (gray
area) or not stained (light area) with anti-CD45/APC followed by flow
cytometry. (A): Staining result of pop1 cells, a cell population from
Transwell inserts that have fibroblastic cells among other cells. The
subset of cells that were negative or weakly positive for CD45 expres-
sion is shown with an arrowhead. (B): Staining result of population 2
cells, cells from the Transwell inserts without fibroblastic cells.

Li, Huang, Wu et al. 5
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lineages markers, including CD11b, CD3e, CD45R/B220, TER-119
and Ly-6G/Ly-6c), CD19, c-kit, CD34, CD90.1, CD73, CD105, CD44,
CD29,CD140a, andCD106.As shown inFigure5B, theCD452 cells
were negative for Lin and CD19. They were also negative for c-kit
and CD34, markers associated with hematopoietic stem cells.
However, the CD452 cells were positive for CD90.1, CD73,
CD105, CD44, CD29, CD140a, and CD106. Taken together, the
CD452 cells are a population of nonhematopoietic cells. The ex-
pression of CD105, CD73, and CD90 and the lack of expression of
CD45, CD34, CD11b, and CD19 are among theminimal criteria for
multipotent MSCs, as defined by the ISCT [28]. Moreover, the ex-
pression of CD44, CD106, and CD140a was previously reported
for bone marrow-derived MSCs [29–32] (Table 1). Therefore,
these CD452 fibroblast-like cells have the surface marker profile
of MSCs and are very likely a type of mesenchymal stem cell.

Trilineage Differentiation

According to the ISCT, cells defined as MSCs are capable of trili-
neage differentiation (i.e., osteogenic, adipogenic, and chondro-
genic). We first demonstrated the osteogenic differentiation
capability of our CD452 cells (Fig. 4). We next examined their
capabilities for chondrogenic and adipogenic differentiation. As
shown inFigure 6A,when thepurifiedCD452 cellswere subjected
to chondrocyte differentiation medium, a micromass was found
that stainedpositivelywithAlcianblue,which stains glycosamino-
glycans, indicating chondrogenic differentiation [20]. When the
cells were subjected to adipocyte differentiation medium, oil
droplets inside the cells were observed that stained positively

with Oil Red O (Fig. 6B), indicating adipogenic differentiation
[20]. Therefore, together with the osteogenic differentiation ca-
pability shown in Figure 4, these CD452 fibroblastic cells possess
the capability of trilineage differentiation. These data support
the conclusion that the fibroblastic CD452 cells fulfill theminimal
criteria of MSC definition proposed by the ISCT. In view of their
peripheral blood origin, we named the cells, blood-derived mes-
enchymal stem cells or BD-MSCs.

DISCUSSION

Stomal cells capable of repairing critical-sized bone defects have
previously been isolated from bone marrow [1] and adipose tis-
sue [2]. These cells are isolated using invasive procedures, such
as bone marrow aspiration and liposuction. Cells with similar po-
tential, but retrieved from peripheral blood, will provide an ad-
vantageous alternative source owing to their ease of retrieval.
Circulating cells with intrinsic osteogenic function have been de-
scribed in othermodels. Kuznetsov et al. [14] reported that trans-
plantation of circulating skeletal stem cells to the subcutaneous
pockets of mice resulted in bone formation, indicating intrinsic
osteogenic differentiation potential.Wanet al. [16] reported that
a group of undefined allogeneic peripheral blood-derived MSC-
like cells improved healing of critical-sized ulna bone defects in
rabbits. We have extended these previous findings and demon-
strated that a population ofmouse peripheral blood-derived cells
isolated and expanded by our coculture system, termed pop1
cells, can enhance healing of mouse calvarial bone defects. Ulna
bone formation and calvarial bone formation represent the two

Figure 4. In vitro osteogenic differentiation activity of the CD452 subset of cells from population 1 (pop1). (A): Purified CD452 cells (pop1,
passage 2, derived from FVB luciferase-green fluorescent protein mice) were cultured in osteogenic differentiation medium (A1) or in normal
growthmedium (A2) for 2weeks. The red color represents calcium deposits stained by alizarin red S. Scale bars = 200mm. (B):Determination of
the CD452 cell proportion in two populations of cells fractionated from pop1 cells by anti-CD45 coupled with magnetic beads. (B2): Cells from
one population were stained with rat anti-mouse CD45 (coupled with goat anti-rat Alexa Fluor 594) to determine the number of CD45+ cells (in
red). Scale bar = 50 mm. (B3): The same cells shown in (B2)were also stained with calcein AM to determine the total number of metabolically
active cells (in green). The endogenous green fluorescence intensity in each cell was tooweak to be visible. The proportion of CD452 cells of this
population was calculated to be 19% (i.e., 81% of CD45+ cells). Likewise, an aliquot of cells from another population was stainedwith anti-CD45
(scale bar = 50mm) (B5) and calcein AM (B6) and was calculated to contain 60% of CD452 cells (i.e., 40% of CD45+ cells). (C): In vitro osteogenic
differentiation activity of the populations of 19% and 60%of CD452 cells. The results were derived fromduplicated experiments, inwhich 6.73
104 cells fromeach populationwere seeded for an in vitro osteogenic differentiation assay. A representative result for each population is shown
in B1 (19% of CD452 cells) and B4 (60% of CD452 cells). The measurement of osteogenic differentiation activity at OD405 was performed as
described in Materials andMethods. The amount of osteogenic activity of each population correlated with the amount of CD452 cells in each.
Abbreviation: OD405, optical density 405.
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major bone formation modes: endochondral ossification and
intramembranous ossification, respectively [33, 34]. The present
study has thus provided a proof of principle of treating bone
defects with peripheral blood-derived cells. We have further dis-
covered that, among pop1 cells, themost plausible candidate cell
responsible for healing the critical-sized calvarial defects is
a group of CD452 fibroblastic cells. These are the cells predomi-
nantly responsible for the calcification activity of pop1 cells. Cal-
cification activity is unique to osteoblasts and also is an essential
process during bone formation [18].We eventually identified the
CD452 fibroblastic cells as a type of MSCs, named BD-MSCs, on
the basis of their surfacemarker profile and their trilineage differ-
entiation potential, as defined by the ISCT. BD-MSCs differ from
the circulating skeletal stem cells described by Kuznetsov et al.
[14] because the latter do not express CD105, a critical surface
marker for MSC determination. In contrast, Wan et al. [16] de-
scribed a group of peripheral blood-derived cells capable of heal-
ing rabbit critical-sized ulna bone defects as MSCs. However,
BD-MSCs cannot be compared with those cells because the sur-
face marker profile for the latter is not available.

Many reports and reviews have discussedMSCs in peripheral
blood using various animal models [7, 9–11, 35]. However, be-
cause of the lack of a standard set of criteria for MSC definition
in most reports, a conclusive comparison between BD-MSCs
and previously described cells is impractical. The ISCT has defined
a set ofminimal criteria toaddress this issue forhumanMSCs [28].
According to the ISCT, humanMSCsmust fulfill theseminimal cri-
teria: they must be plastic adherent, express surface markers
CD105, CD73, and CD90 and lack expression of CD45, CD34,
CD14 or CD11b, CD79a or CD19, and human leukocyte antigen-
DR (for human cells), and be capable of differentiation toward
osteoblasts, adipocytes, and chondrocytes. BD-MSCs, although
derived frommouse peripheral blood, fulfill these criteria defined
for human MSCs. However, the surface marker profiles or differ-
entiation phenotypes of previously described peripheral blood
MSCs only partially fulfilled [14, 16, 36–43] or, in some studies,
deviated from the ISCT criteria [44]. Therefore, determining
whether BD-MSCs and these previously reported cells are related
is not possible. Because of reproducibility issues [45–47], the ex-
istence of MSCs in the peripheral blood is still questioned. From

Figure 5. Surfacemarker analysis of the CD452 cells frompopulation 1 (pop1). (A): Live cell immunofluorescence assay of CD452 cells (passage
2) that were purified to near homogeneity from pop1 (derived from FVB luciferase-green fluorescent protein mice). The red color indicates
surfacemarkers specified for investigation. Theblue color represents nuclei stainedbyHoechst 33342. Thegreen color represents the cytoplasm
of metabolically active cells stained by calcein AM. Rat IgG was used as a negative control for all primary antibodies. Scale bars = 20 mm. (B):
Multicolor flowcytometrywasperformed to analyze the surfacemarkers of CD452 cells enrichedby the cell passageprocedure. TheCD452 cells
were gated andanalyzed for theexpressionof Sca-1, Lin, CD19, c-kit, CD34, CD90.1, CD73, CD105, CD44, CD29, CD140, andCD106. Cells analyzed
for CD19 and CD105were from pop1 at passage 1. Cells for remainder of the experiments were from pop1 at passage 2. The light areas indicate
unstained cells and the gray areas represent cells stained by antibody against specified antigens. The X-axis represents intensity of the signal
while the Y-axis represents percentage of maximum cell number. Abbreviations: Lin, lineage; Sca-1, stem cell antigen 1.
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this perspective, BD-MSCs provide new evidence that MSCs, as
defined by the ISCT, can be cultured and expanded from the pe-
ripheral blood.

The question of whether BD-MSCs exist in the circulation or
are a result of our unique coculture condition is important. In or-
der to answer this question, freshly isolatedperipheral blood cells
were subjected to flow cytometry to examine cells that simulta-
neously express the characteristic BD-MSC surface markers
(CD452/weak, CD192, CD342, lin2, Sca-1+, CD105+, CD73+, and
CD90.1+). Our analysis indicated the nonexistence or a very small
number (0.0019% or 20 cells per 106 nucleated cells) of circulating
BD-MSCs (supplemental online Fig. 2),which is too rare toprove ex-
istence. Thus, the existence of circulating BD-MSCs cannot be fully
demonstrated. The BD-MSCs might exist in the circulation in very
low numbers or be the result of cultivation of origin cells of BD-
MSCs, which do not express all the characteristic BD-MSC surface
markers, in the circulation with our unique culture conditions.

A key to the successful culture of BD-MSCs from the periph-
eral blood is our coculture system, in which nonreplicating he-
patic lineage (AML12) cells were present as feeder cells. AML12
cells were used because hepatic cells are known to produce the
cytokines frequently used for stem cell culture [22–24]. Without
the presence of AML12 cells, few or no cells appeared on the
Transwell inserts (Fig. 1B1). In the presence of AML12 cells, vigor-
ous cell proliferation on the Transwell inserts was observed
(Fig. 1B2, 1B3), indicating that the factors secreted from AML12
cells facilitated proliferation of the peripheral blood-derived cells.
However, even with the support of AML12 cells, our current cocul-
ture system produces BD-MSCs in 1–4 of the Transwell inserts in
a 6-well format seeded with 2.93 106 nucleated HF cells. This fre-
quency is low but comparable to MSCs obtained from the bone
marrow (1 from 106 nucleated bonemarrow cells) [35]. Neverthe-
less, this frequency might not reflect their in vivo abundance, be-
cause it is condition dependent. For example, we have observed
that serum starvation of AML12 cells can increase BD-MSC culture

frequency more than four times from age- and sex-matched mice
(data not shown). Therefore, our current coculture system is likely
not themost optimized growth condition. Identification of AML12-
released factors that facilitate cell proliferationmight be the key to
enhancingBD-MSCisolation.Transforminggrowthfactor-a, insulin-
like growth factor 1, hepatocyte growth factor, and vascular endo-
thelial growth factor, four well-recognized cytokines produced by
hepatocytes, were individually tested andwere insufficient to stim-
ulate proliferation of peripheral blood cells (data not shown). Inter-
estingly, although the heavy fraction cells can be stimulated to
produce BD-MSCs in our coculture system, freshly isolated
CD452/CD192/CD11b2cells fromthecirculationcouldnotbe stim-
ulated toproduceBD-MSCs in the samecoculture system. This pop-
ulation of cells exhibits a subset of the BD-MSC surface marker
profile and contains origin cells of BD-MSCs or circulating MSCs.
AcombinationofAML12cellsandall cell types intheHFarerequired
for BD-MSC production (supplemental online Fig. 3) from this

Table 1. Surface markers of BD-MSCs, MSCs defined by ISCT, and
MSCs isolated from mouse bone marrow

Marker BD-MSC ISCT MSC [28] Mouse BM-MSC

CD45 2 2 2/+ [30]

CD34 2 2 2/+ [30]

CD11b 2 2 2 [31]

CD19 2 2 2 [31]

Lin 2

c-Kit 2 2/+ [30]

CD105 + + + [30]

CD73 + + 2/+ [30]

CD90.1 + + 2/+ [30]

Sca-1 + + [29, 30]

CD44 + + [30]

CD29 + + [30]

CD106 + + [32]

CD140 + + [29]

Abbreviations: +, expression; 2, no expression;2/+, reports of both
expression and no expression; BD-MSC, blood-derived mesenchymal
stem cells; ISCT, International Society for Cellular Therapy; Mouse
BM-MSC, bone marrow mesenchymal stem cells isolated from mouse;
MSCs, human mesenchymal stem cells; Sca-1, stem cell antigen 1.

Figure 6. Chondrogenic and adipogenic differentiation of CD452

cells derived from peripheral blood. (A): Purified CD452 cells (popu-
lation 1 [pop1], passage 2) were subjected to chondrogenic differen-
tiation. The blue color represents glycosaminoglycans stained by
Alcian blue, indicating chondrogenic differentiation. The red color
represents nuclei stained red by nuclear fast red. Scale bar = 30 mm.
(B): Purified CD452 cells (pop1, passage 2) were subjected to adipo-
genic differentiation. The red color represents staining of lipid drop-
lets by Oil Red O, indicating adipogenic differentiation. Scale bar =
20 mm. The peripheral blood-derived CD452 cells exhibited both
chondrogenic differentiation and adipogenic differentiation.
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population of cells. The stimulation by AML12 cells could there-
fore be indirect and act through non-BD-MSC cells.

Recently Guihard et al. [48] reported that activated
monocytes/macrophages (isolated as CD14+ cells) greatly stimu-
lated the calcification activity of bone marrow-derived MSCs
through oncostatin M signaling. Nicolaidou et al. [49] also
reported that monocytes promote MSC osteoblast formation
throughactivating signal transducer andactivator of transcription
3, a positive feedback regulator for oncostatinM signaling. These
findings suggest that during the bone healing process, the oste-
ogenic differentiation activity of MSCs is regulated by other cells.
We have demonstrated that cells from pop1, a mixture of BD-
MSCs and CD45+ cells, can heal critical-sized calvarial defects.
BD-MSCs are the predominant cells responsible for pop1 cells’
calcification activity. However, the roles of the CD45+ cells, which
are mostly CD14+ (data not shown), remain to be determined.
Moreover, greater analysis ofpop1cells andBD-MSCcells inother
MSC functional assays, suchasectopic boneorgan formation [50],
will be important to determine the specific functions of distinct
MSC cell populations. Future studies on the interactions between
BD-MSCs and cells in the bone wound will also provide valuable
insights into themechanisms underlying enhanced bone healing.
An understanding of thesemechanismsmight result in the devel-
opment of BD-MSC-based cell therapy to enhance bone repair.

CONCLUSION

We present a novel technique to isolate a population of cells de-
rived from peripheral blood that enhance healing of calvarial

bone defects. The BD-MSC is themost probable candidate cell re-
sponsible for the improved healing owing to its high cell calcifica-
tion activity in response to osteogenic differentiation. BD-MSCs,
which fulfill the MSC criteria as defined by the ISCT, provide new
evidence that MSCs can be isolated and expanded from periph-
eral blood. The BD-MSC is an ideal cell type for the development
of cell-based therapy to enhance bone repair.
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7 Hass R, Kasper C, Böhm S et al. Different

populations and sources of human mesenchy-
mal stem cells (MSC): A comparison of adult
and neonatal tissue-derivedMSC. Cell Commun
Signal 2011;9:12.
8 da SilvaMeirelles L, Chagastelles PC, Nardi

NB. Mesenchymal stem cells reside in virtually
all post-natal organs and tissues. J Cell Sci
2006;119:2204–2213.
9 Zhang Y, Huang B. Peripheral blood stem

cells: Phenotypic diversity and potential clinical
applications. Stem Cell Rev 2012;8:917–925.

10 He Q,Wan C, Li G. Concise review:Multi-
potent mesenchymal stromal cells in blood.
STEM CELLS 2007;25:69–77.
11 Roufosse CA, Direkze NC, Otto WR et al.

Circulating mesenchymal stem cells. Int J Bio-
chem Cell Biol 2004;36:585–597.
12 Choi YH, Burdick MD, Strieter RM. Hu-

man circulating fibrocytes have the capacity
to differentiate osteoblasts and chondrocytes.
Int J Biochem Cell Biol 2010;42:662–671.
13 Kuwana M, Okazaki Y, Kodama H et al.

Human circulating CD14+ monocytes as a
sourceof progenitors thatexhibitmesenchymal
cell differentiation. J Leukoc Biol 2003;74:
833–845.
14 Kuznetsov SA, Mankani MH, Gronthos S

et al. Circulating skeletal stem cells. J Cell Biol
2001;153:1133–1140.
15 Eghbali-Fatourechi GZ, Lamsam J, Fraser

D et al. Circulating osteoblast-lineage cells in
humans. N Engl J Med 2005;352:1959–1966.
16 Wan C, He Q, Li G. Allogenic peripheral

blood derived mesenchymal stem cells (MSCs)
enhance bone regeneration in rabbit ulna
critical-sized bone defect model. J Orthop Res
2006;24:610–618.
17 Wu JC,MerlinoG, FaustoN. Establishment

and characterization of differentiated, nontrans-
formed hepatocyte cell lines derived from mice
transgenic for transforming growth factor alpha.
Proc Natl Acad Sci USA 1994;91:674–678.
18 Ecarot-Charrier B, Glorieux FH, van der

Rest M et al. Osteoblasts isolated from mouse
calvaria initiatematrixmineralization in culture.
J Cell Biol 1983;96:639–643.
19 Li S, Quarto N, Longaker MT. Activation

of FGF signaling mediates proliferative and

osteogenic differences between neural crest
derived frontal and mesoderm parietal derived
bone. PLoS One 2010;5:e14033.
20 Pittenger MF, Mackay AM, Beck SC et al.

Multilineage potential of adult human mesen-
chymal stem cells. Science 1999;284:143–147.
21 Gupta DM, Kwan MD, Slater BJ et al.

Applications of an athymic nude mouse model
of nonhealing critical-sized calvarial defects. J
Craniofac Surg 2008;19:192–197.
22 Hepatocytes. Available at: http://www.

copewithcytokines.de/cope.cgi?key=hepatocytes.
Accessed December 16, 2014.
23 Growth Factors and Cytokines for

Stem Cell Biology. Available at: http://www.
sigmaaldrich.com/content/dam/sigma-aldrich/
docs/Sigma-Aldrich/Brochure/1/growth_factors_
and_cytokines.pdf. Accessed December 16,
2014.
24 Soto-Gutiérrez A, Navarro-Alvarez N,

Zhao D et al. Differentiation of mouse embry-
onic stem cells to hepatocyte-like cells by co-
culture with human liver nonparenchymal cell
lines. Nat Protoc 2007;2:347–356.
25 Lo DD, Hyun JS, ChungMT et al. Repair of

a critical-sized calvarial defect model using
adipose-derived stromal cells harvested from
lipoaspirate. J Vis Exp 2012;(68):e4221.
26 Gregory CA, GunnWG, Peister A et al. An

alizarin red-basedassay ofmineralizationby ad-
herent cells in culture: Comparison with cetyl-
pyridinium chloride extraction. Anal Biochem
2004;329:77–84.
27 Batts TD, Machado HL, Zhang Y et al.

Stem cell antigen-1 (sca-1) regulates mammary
tumor development and cell migration. PLoS
One 2011;6:e27841.

Li, Huang, Wu et al. 9

www.StemCellsTM.com ©AlphaMed Press 2015

 by M
R

IN
M

O
Y

 SA
N

Y
A

L
 on M

arch 5, 2015
http://stem

cellstm
.alpham

edpress.org/
D

ow
nloaded from

 

http://www.copewithcytokines.de/cope.cgi?key=hepatocytes
http://www.copewithcytokines.de/cope.cgi?key=hepatocytes
http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-Aldrich/Brochure/1/growth_factors_and_cytokines.pdf
http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-Aldrich/Brochure/1/growth_factors_and_cytokines.pdf
http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-Aldrich/Brochure/1/growth_factors_and_cytokines.pdf
http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-Aldrich/Brochure/1/growth_factors_and_cytokines.pdf
http://stemcellstm.alphamedpress.org/


28 Dominici M, Le Blanc K, Mueller I et al.
Minimal criteria for defining multipotent mes-
enchymal stromal cells. The International Soci-
ety for Cellular Therapy position statement.
Cytotherapy 2006;8:315–317.
29 Houlihan DD, Mabuchi Y, Morikawa S

et al. Isolation of mouse mesenchymal stem
cells on the basis of expression of Sca-1 and
PDGFR-a Nat Protoc 2012;7:2103–2111.
30 Boxall SA, Jones E.Markers for character-

ization of bone marrow multipotential stromal
cells. Stem Cells Int 2012;2012:975871.
31 Sung JH, Yang HM, Park JB et al. Isolation

and characterization of mouse mesenchymal
stem cells. Transplant Proc 2008;40:2649–2654.
32 Qian H, Le Blanc K, Sigvardsson M. Pri-

mary mesenchymal stem and progenitor cells
frombonemarrow lack expression of CD44pro-
tein. J Biol Chem 2012;287:25795–25807.
33 BradleyEW,McGee-LawrenceME,West-

endorf JJ. Hdac-mediated control of endochon-
dral and intramembranous ossification. Crit Rev
Eukaryot Gene Expr 2011;21:101–113.
34 Mackie EJ, Tatarczuch L, Mirams M. The

skeleton: A multi-functional complex organ:
The growth plate chondrocyte and endochon-
dral ossification. J Endocrinol 2011;211:109–
121.
35 Coutu DL, FrancoisM, Galipeau J. Regen-

erative Therapy Using Blood-Derived Stem
Cells. In: Allan DS Strunk D, eds. Stem Cell Biol-
ogy and Regenerative Medicine. Totowa, NJ:
Humana Press, 2012:35–51.
36 ChongP-P, SelvaratnamL,AbbasAAet al.

Human peripheral blood derived mesenchymal

stem cells demonstrate similar characteristics
and chondrogenic differentiation potential to
bone marrow derived mesenchymal stem cells.
J Orthop Res 2012;30:634–642.
37 CarrerasA,Almendros I, Acerbi I et al.Ob-

structive apneas induce early release of mesen-
chymal stem cells into circulating blood. Sleep
2009;32:117–119.
38 Ukai R, Honmou O, Harada K et al. Mes-

enchymal stem cells derived from peripheral
bloodprotects against ischemia. JNeurotrauma
2007;24:508–520.
39 Rochefort GY, Delorme B, Lopez A et al.

Multipotentialmesenchymal stemcells aremo-
bilized into peripheral blood by hypoxia. STEM
CELLS 2006;24:2202–2208.
40 Wang Y, Johnsen HE, Mortensen S et al.

Changes in circulating mesenchymal stem cells,
stem cell homing factor, and vascular growth
factors in patients with acute ST elevationmyo-
cardial infarction treated with primary percuta-
neous coronary intervention. Heart 2006;92:
768–774.
41 Wu GD, Nolta JA, Jin Y-S et al. Migration

of mesenchymal stem cells to heart allografts
during chronic rejection. Transplantation 2003;
75:679–685.
42 Zvaifler NJ, Marinova-Mutafchieva L,

Adams G et al. Mesenchymal precursor cells
in the blood of normal individuals. Arthritis
Res 2000;2:477–488.
43 Mansilla E, Marı́n GH, Drago H et al.

Bloodstream cells phenotypically identical to
human mesenchymal bone marrow stem cells
circulate in large amounts under the influence

of acute large skin damage: New evidence for
their use in regenerative medicine. Transplant
Proc 2006;38:967–969.
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Supplemental Figures and Legends – Lorenz et al. 

 

 

 

Figure S1.  CD45+ cells exhibit minor calcification activity in an in vitro osteogenic assay.  A 

homogeneous population of CD45+ cells (passage 0) from pop2 were seeded to tissue culture 

dishes and subjected to in vitro osteogenic induction followed by staining of calcification 

deposition by Alizarin Red S.  As a positive control for the assay, a population of 20% CD45- /80% 

CD45+ cells (passage 0) from pop1, determined by FACS, were also subjected to the same assay.  

The homogeneous population of CD45+ cells (A1, A2) only displayed minor Alizarin Red S staining 

indicative of very weak osteogenic activity.  The population of 20% CD45-/80% CD45+ cells (B1, 

B2) displayed much stronger Alizarin Red S staining indicative of osteogenic activity contributed 

by CD45- cells.  The scale bar on each panel represents 50 micrometers. 

 



 

Figure S2.  Investigation of freshly isolated peripheral blood for the existence of cells with BD-

MSC surface markers.  Nucleated cells from peripheral blood were stained with a mixture of 

fluorophore-conjugated monoclonal antibodies (anti-CD45/APC, anti-CD19/ Alexa Flour®700, 

anti-Lineage/Pacific Blue, anti-CD34/ PE/Cy5, anti-CD105/ Alexa Flour®488, anti-Sca-1/APC-Cy7, 

anti-CD73/PE, and anti-CD90.1/PerCp-cy5.5) and subjected to flow cytometry analysis.  The 

CD45-/CD19- population (red rectangle in panel A) was gated to analyze expression of CD34 and 

Lin.  The resulting CD34-/Lin- population (red rectangle in panel B) was gated to analyze 

expression of CD105 and Sca-1.  The resulting CD105+/Sca-1+ population (red rectangle in panel 

C) was gated to analyze expression of CD73 and CD90.1.  The final CD73+/CD90.1+ population 

(red rectangle in panel D) represents the population of CD45-/CD19-/CD34-/Lin-/CD105+/Sca-1+ / 

CD73+/CD90.1+, which represent approximately 0.0019% (3.31% x 99.8% x 6.33% x 0.89%) of 

nucleated peripheral blood cells.  

 



 
 

 

Figure S3.  Cultivation of BD-MSCs requires heavy fraction cells.  Diagram on the left: Heavy 

fraction cells (green round dots) from GFP+ FVB-L2G mice were isolated (see Figure 1A) and 

subjected to MACS MicroBead sorting, in which, anti-CD45, anti-CD19, and anti-CD11b were 

used to deplete cells expressing corresponding surface markers.  The resultant flow-through 

represented an enriched population of CD45-/ CD19-/CD11b- cells, which possibly contains the 

circulating cells of origin of the BD-MSC population.  The flow-through was seeded on transwell 

inserts in the presence (A) or absence (B) of GFP- HF cells (empty circles) in our AML12 co-

culture system.  GFP- HF cells were prepared from FVB mice.  Panels on the right: GFP+ BD-MSCs 

appeared only on the transwell inserts that also contained GFP- HF cells (A1 and A2).  The scale 

bar on each panel represents 25 micrometers.  GFP+ cells that appeared in the absence of HF (B1 

and B2) were round shaped and did not have the fibroblastic BD-MSC phenotype.  The scale bar 

on each panel represents 25 micrometers.  Thus, BD-MSC production is dependent on the 

presence of other cells within the heavy fraction (see Figure 1A). 
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