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Abstract

We recently identified circulating osteoblastic cells using antibodies to osteocalcin (OCN) or alkaline
phosphatase (AP). We now provide a more detailed characterization of these cells. Specifically, we
demonstrate that 46% of OCN positive (OCNPOS) cells express AP, and 37% also express the
hematopoietic/endothelial marker, CD34. Using two different anti-OCN antibodies and forward/side
light scatter characteristics by flow cytometry, we find that OCNPOS cells consist of two distinct
populations: one population exhibits low forward/side scatter, consistent with a small cell phenotype
with low granularity, and a second population has higher forward/side scatter (larger and more
granular cell). The smaller, low granularity population also co-expresses CD34, whereas the larger,
more granular cells are CD34 negative. Using samples from 26 male subjects aged 28 to 68 years,
we demonstrate that the concentration of circulating OCNPOS cells increases as a function of age (R
=0.59, P = 0.002). By contrast, CD34P0S cells tend to decrease with age (R =—-0.31, P = 0.18); as a
consequence, the ratio of OCNPCS:CD34P% cells also increases significantly with age (R = 0.54, P =
0.022). These findings suggest significant overlap between circulating cells expressing OCN and
those expressing the hematopoietic/endothelial marker, CD34. Further studies are needed to define
the precise role of circulating OCNP®S cells not only in bone remodeling but rather also potentially
in the response to vascular injury.
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Introduction

Pioneering studies by Friedenstein and colleagues [1] established almost 40 years ago that the
bone marrow stroma contains plastic adherent cells (colony forming unit-fibroblast) that can
give rise to a broad spectrum of fully differentiated connective tissues, including cartilage,
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bone, adipose tissue, fibrous tissue, and myelosupportive stroma. Since then, there has been
an extensive body of work (summarized in [2]) on the characterization of bone marrow stromal
cells with osteoblastic potential in rodent and in human systems. Concurrent with this work,
however, Long and colleagues identified, over a decade ago, a non-adherent population of cells
in bone marrow with osteogenic potential [3,4]. Rather than selection by adherence to plastic,
the primary assay used was cell sorting using antibodies to osteocalcin (OCN), osteonectin,
and bone alkaline phosphatase (AP). When cultured in the presence of TGF-f and accessory
bone marrow cells (the identity of which still remains unclear), OCN positive (OCNP) cells
proliferated and differentiated into mature osteoblastic cells expressing bone-related genes and
capable of mineral deposition [3,4]. Somewhat surprisingly, despite the fact that OCN is a
secreted protein, these investigators did not need to permeabilize the cells in order to detect
cells producing OCN. The reasons why this was possible are somewhat unclear, but may have
to do with the fact that OCN does possess Gla residues [5], which may allow for at least
temporary anchoring of the protein to the cell membrane as the protein is secreted, similar to
the mechanisms by which Gla residues on clotting factors allow attachment of these proteins
to cell membranes [6]. Alternatively, OCN producing cells may also possess an OCN receptor
[7,8], and as the protein is secreted, it may bind to this cell surface receptor.

The potential functional relevance of these non-adherent osteogenic bone marrow cells
remained largely unexplored until recent studies by Dominici and colleagues [9], who
compared hematopoietic vs. mesenchymal reconstitution of irradiated mice using either bone
marrow stromal or non-adherent fractions. Thus, they obtained plastic-adherent bone marrow
stromal cells from FVVB/N mice and labeled them with a green fluorescent protein (GFP) marker
using a retroviral vector. These cells were then infused into lethally irradiated host mice. As
expected, the labeled stromal cells did not contribute to the hematopoietic reconstitution of the
host mice, and 0-2% (median, 1.5%) of osteoblasts or osteocytes in the host were GFP positive,
indicating limited engraftment of infused bone marrow stromal cells into the host. By contrast,
when the identical experiment was repeated using bone marrow non-adherent cells, >90% of
blood leukocytes, erythrocytes, and platelets were GFP positive, and even more importantly,
up to 50% (median, 18%) of osteoblasts or osteocytes in the host were now GFP positive.
Moreover, molecular analysis demonstrated a common retroviral integration site in clonogenic
hematopoietic cells and osteoprogenitors from each of seven animals studied, establishing a
shared clonal origin for these cell types. These findings thus lent considerable credence to the
previous work of Long et al. [3,4] and established that, at least in the experimental paradigm
used by Dominici and colleagues [9], non-adherent bone marrow cells have a >10-fold more
robust bone-repopulating activity than do adherent bone marrow stromal cells. Moreover, the
findings were also consistent with previous work by Olmsted-Davis et al. [10] suggesting the
presence of a unique progenitor cell with both hematopoietic and osteoblastic differentiation
potential in the non-adherent subset of bone marrow cells.

The demonstration of potentially functional osteogenic cells in the bone marrow non-adherent
fraction raised the obvious question of whether these cells, by virtue of their non-adherent
properties, mightalso be present in the peripheral circulation. Osteoclast precursors had clearly
been shown to be present in peripheral blood [11]; while circulating osteoblast precursors,
identified on the basis of adherence to plastic, had also been found by several groups [12,13],
the concentration of these cells was extremely low (~1 in 108 mononuclear cells [MNCs] or
less in humans) [13]. We reasoned that plastic adherence may well have underestimated the
concentration of these cells in peripheral blood, and using flow cytometry following staining
with OCN or AP antibodies, recently demonstrated that OCNPOS or APPOS cells were indeed
present in the peripheral blood in humans, constituting ~1% of circulating MNCs [14].
Moreover, the concentration of OCNPOS cells was markedly increased (~5-fold) in peripheral
blood of adolescent males going through the growth spurt and possibly following fractures.
Circulating OCNPOS cells also expressed bone related genes (OCN, AP, and collagen 1) and
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formed mineral deposits in vitro and bone in vivo in immunodeficient mice [14], although the
relative proportions of the bone formed in vivo that was of donor versus host origin remains to
be defined. In the present study, we provide a further characterization of these cells using two
different anti-OCN antibodies, address the issue of possible co-expression by OCNPS cells of
AP as well as the more primitive endothelial/hematopoietic marker, CD34 [15,16], and
evaluate changes in circulating OCNPOS cells with age in adults.

Materials and Methods

Immunohistochemistry of normal human bone

Immunohistochemistry was performed on decalcified normal surgical waste human bone
samples using two different anti-OCN antibodies: a polyclonal goat anti-human OCN (SC
V-19, Santa Cruz Biotechnology, Santa Cruz, CA) and a monoclonal mouse anti-human OCN
(HT AON-5031, Haematologic Technologies, Essex Junction, VT). Sections were
deparaffinized and endogenous peroxides were inhibited by 3% H,0, treatment for 5 minutes.
The following procedures were performed on the DAKO autostainer at room temperature: the
sections were treated with proteinase K (S3020, Dako Corp., Carpinteria, CA) for 10 minutes
for epitope retrieval and than blocked for another 10 minutes in the appropriate serum.
Subsequently, slides were incubated for 2 h with either the polyclonal goat anti-human OCN
antibody (SC V-19), diluted 1:50 in the blocking solution, or for 30 minutes with the
monoclonal mouse anti-human OCN antibody (HT AON-5031), diluted 1:1000. Sections were
rinsed with TBST wash buffer and incubated with the appropriate secondary antibody (Zymed
Kit for the goat primary antibody, EnVision+ Dual Link System Peroxidase Kit, K4061,
DAKO, for the mouse monoclonal antibody). Slides were rinsed in TBST and incubated for
10 minutes with DAB substrate. Schmidts’ hematoxylin was used as a counterstain. To blue
the sections, they were rinsed with running tap water, dehydrated through graded alcohol
solutions, and cleared in 3 changes of xylene and mounted with a permanent mounting media.

Specimen collection and experimental protocol

For flow cytometry, we analyzed whole blood samples from 11 adult healthy males, aged 28
to 49 years, as well as 16 buffy coat samples from male volunteer donors aged 28 to 68 years
obtained from the Mayo Transfusion Center. All studies were approved by the Mayo Clinic
Institutional Review Board, and recruited donors of whole blood samples provided written,
informed consent. For the buffy coats, only information on age and gender was available on
the donors. Whole blood and buffy coat peripheral blood MNC samples were either analyzed
with flow cytometry or used for magnetic activated cell sorting (MACS) and/or fluorescent
activated cell sorting (FACS). Partial results from the analysis of 11 adult healthy males donors
of whole blood samples have been published previously [14].

Isolation of MNCs and immunostaining for flow cytometry

Whole blood or buffy coat samples were layered over Ficoll-Paque density gradients and
MNCs isolated and subsequently processed for immunostaining, as previously described
[17]. Briefly MNCs recovered from the interface between the blood and Ficoll-Paque were
washed three times with ice-cold phosphate buffered saline (pH 7.1) with 0.5% chicken
albumin (Sigma), which removed the majority of the platelets. MNCs were counted using a
hemocytometer and cell viability measured with trypan blue exclusion. Non-specific binding
sites were blocked by incubating MNCs with 10% normal donkey serum (Jackson
ImmunoResearch) and 10% human IgG (FcR Blocking Reagent, Miltenyi Biotec) at room
temperature for 30 minutes. The MNC density was then adjusted to a final concentration of
107 cells/ml. Aliquots of 100 pl (108 cells) were transferred into 5 ml polystyrene round tubes,
incubated for 60 minutes at room temperature with primary antibodies. Primary antibodies
consisted of a monoclonal anti-AP (B4-78, BAP Hybridoma Bank, University of lowa), a
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polyclonal goat anti-human OCN (SC V-19, Santa Cruz Biotechnology), a monoclonal mouse
anti-human OCN (HT AON-5031, Haematologic Technologies, Essex Junction, VT) and a
monoclonal mouse anti-CD34 (DAKO A/S DK-2600) antibody. Corresponding control
isotype antibodies at the same concentrations as the primary antibodies were used to measure
the background staining. After primary antibodies were washed, cell samples were again
blocked as described above and incubated with conjugated secondary antibodies at 4°C for 60
minutes. Secondary antibodies included phycoerythrin-conjugated AffinityPure F(ab’),
fragment donkey anti-mouse 1gG (H+L) and FITC-conjugated AffinityPure 1gG F(ab’),
fragment donkey anti-goat (Jackson immunoResearch, West Grove, PA). Cell samples were
protected from light, washed once with ice-cold buffer, centrifuged at 4°C at 100 x g and
transferred on ice to the flow cytometry Core Facility.

Flow cytometry and data analysis

Cells in suspension were analyzed using a Becton Dickinson FACScan cytometer (Becton
Dickinson Immunocytometry Systems) equipped with 488 nm argon laser capable of detecting
light scatter (forward and side). Data were analyzed with the WinMDI software and displayed
as two-color dot plots of a 530 + 15 nm bandpass filter (FL1) vs. 585 + 21 nm bandpass filter
(FL2). Electronic compensation was used in the fluorescence channels to remove residual
spectral overlap. For each sample, 20,000 events were counted with gates applied on forward/
side light scatter over the lymphocyte-monocyte-rich region, as previously described [17]. The
frequency of positive cells was measured as the percentile of gated cells in fluorescent channels
with activities above 99.5% of the corresponding isotype controls, thus including backgrounds
below 0.5%.

Isolation of OCNPOS cells using MACS

Following Ficoll extraction, samples of MNCs were blocked and incubated with the either the
SC V-19 OCN or the HT AON-5031 anti-OCN antibodies, as described above. Subsequently,
the cells were incubated with either the phycoerythrin -conjugated AffinityPure IgG F(ab’),
fragment donkey anti-goat or the phycoerythrin-conjugated AffinityPure F(ab’), fragment
donkey anti-mouse IgG (H+L) (Jackson immunoResearch, West Grove, PA) secondary
antibody at 4°C for 30 minutes. After an additional washing step, the cells were magnetically
labeled with Anti-PE Micro Beads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
The cell suspension was loaded onto an autoMACS™ cell sorter (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). For the cell separation, the possel_ds program, which is a
positive separation program in a sensitive mode and is recommended for isolating cells with
low antigen expression and a weak magnetic labeling, was used. The positively selected cells
were co-stained with a monoclonal FITC-conjugated mouse anti-CD34 (Clone QBENd10,
DAKO Cytomation, Carpinteria, CA) antibody at 4°C for 30 minutes. The cells were then used
in FACS analysis, as described above.

Confocal Microscopy

For confocal microscopy, PE-labelled OCNPOS cells isolated by MACS sorting were co-stained
with CD34-FITC and were fixed overnight in 4% paraformaldehyde. The following day, the
cells were washed with buffer and the cell pellet was resuspended in 50 pl of 1 x PBS with
0.5% BSA and mounted in ProLong® Gold antifade reagent with DAPI (Invitrogen, Eugene,
OR) to stain the nucleus. Samples were examined on an LSM510 confocal laser scanning
microscope (Carl Zeiss, Inc. Oberkochen, Germany) equipped with an Axiovert 100 M
microscope stand and a C-Apochromat 63x/1.2 n.a. water immersion objective lens. The FITC
signal was detected with 488 nm excitation from anargon ion laser and images captured through
a 505-550 nm bandpass filter. The PE signal was detected with 543 nm excitation from a
helium/neon laser and images captured through a 560-615 nm bandpass filter. The DAPI signal
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was detected with 364 nm excitation from an argon ion laser and images captured through a
385-470 nm bandpass filter.

Statistical Analyses

Results

Unless otherwise indicated, all data are presented as means + SEM. Statistical comparisons
were made using Student’s t-tests. A P value of less than 0.05 was considered significant and
all reported P values are two-sided. Linear regressions were used to evaluate correlations
between age and percentages of the various cell populations derived from the flow cytometry
analysis.

Immunohistochemistry of normal human bone with anti-OCN antibodies

Comparison

We initially used the anti-OCN antibody utilized in our previous study (SC V-19) [14] and the
antibody originally used by Long and colleagues in their work for identifying OCNPS cells in
bone marrow (HT AON-5031) [3,4] and verified that both antibodies stained only mineralized
matrix and the appropriate cells in normal human bone (Figure 1A and B). Adjacent muscle
or connective tissue of the same section did not stain with the two OCN antibodies (Figure 1C
and D) Human bone incubated just with the secondary antibody served as negative control
(Figure 1E and F).

of OCNPPOS cells isolated with the two anti-OCN antibodies

In order to compare characteristics of cells identified by the SC VV-19 versus the HT AON-5031
antibodies, we first isolated OCNPOS cells with each antibody using MACS, then co-stained
the cells with the anti-CD34 antibody, and subsequently performed flow cytometric analysis
on the cells. Using back-gating, we then compared the forward/side scatter characteristics of
OCNPOS/CD34"€3 and OCNPOS/CD34PS (higher forward scatter indicates larger cells and
higher side scatter indicates increased granularity), with the back-gating done only on the
population of cells actually expressing OCN and/or CD34 as defined by FACS (i.e., > 99%
positive cells). As is evident (Figure 2), regardless of which OCN antibody was used, the
OCNPOS/CD34"9 cells had higher forward and side scatter (larger size and more granularity)
than the majority of the OCNP9/CD34P0S cells; the latter consisted of two populations: the
predominant population had low forward/side scatter, and a minority of cells appeared similar
to the OCNPOS/CD34"9 cells, with higher forward/side scatter Moreover, the forward/side
scatter characteristics of the OCNPOS/CD34"€9 and OCNPOS/CD34POS cells were very similar
with the two antibodies. Additionally, we also used MACS and subsequent FACS (gating on
the positive cells, as above) to isolate the two different populations of OCNPS cells (small,
low granularity versus larger, more granular) and examined the cells in each population using
phase contrast microscopy (Figure 3), confirming the size and granularity characteristics
indicated by the flow back-gating. Note that the cells in Figure 3 were isolated regardless of
their CD34 status, although based on the findings noted above, the small, round cells in panel
A are likely CD34P0S, whereas the larger, more granular cells in panel B are likely CD34"€9,
Finally, since the issue has been raised that circulating OCNPOS cells may include osteoclastic
cells that express an OCN receptor and bind OCN fragments [18], we performed RT-PCR on
sorted OCNPOS cells and found that these cells did not express, by RT-PCR, the mRNA for the
osteoclast marker, TRAP (data not shown).

Confocal microscopy

To further characterize the cells stained with the OCN and CD34 antibodies, we performed
confocal microscopy following co-staining of cells with the anti-CD34 antibody and either the
SC V-19 antibody (Figure 4A-E) or the HT AON-5031 antibody (Figure 4F-J). As is evident,
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there was surface co-staining of cells with both OCN antibodies and the CD34 antibody. In
addition, we also performed confocal microscopy of cells co-stained with the SC V-19 anti-
OCN antibody and the anti-AP antibody (Figure 5), demonstrating directly co-staining of the
same cell with both antibodies.

Co-staining of OCN with other markers

For the subsequent flow studies, we used the SC VV-19 antibody that was utilized in our previous
study [14] and assessed co-staining of OCN with AP and CD34. Figure 6 shows representative
dot-plots of studies for OCNPOS cells expressing AP (Figure 6A) or CD34 (Figure 6B) and AP
cells expressing CD34 (Figure 6C). Overall results of the co-staining studies are shown in
Table 1. As is evident, 46% percent of OCNPOS cells were also APPYS, whereas a lower
percentage (31%) of APPYS cells were OCNPOS (P = 0.011). CD34 is generally considered a
marker for early hematopoietic/endothelial cells [15,16] and a somewhat higher percentage
(50%) of APPOS cells expressed CD34 as compared to OCNPOS cells (37%), although this
difference was not statistically significant (P = 0.236). Conversely, 30% of CD34P°S cells co-
stained for OCN, with a somewhat higher percentage (44%) co-staining for AP, but this
difference was also not statistically significant (P = 0.115).

Effects of age on the various cell populations

As shown in Figure 7, in the overall group of subjects, the percentage of OCNPS cells clearly
increased with age (R = 0.59, P = 0.002). By contrast, APP%S cells did not vary with age (R =
0.08, P =0.70). There was a weak trend for CD34PS cells to decrease with age (R =—0.31, P
=0.18). As a consequence, the ratio of OCNP:CD34P% cells also increased significantly with
age (R =0.54, P =0.022).

Discussion

In the present study, we sought to further characterize circulating cells expressing osteogenic
markers. We found that OCNPOS cells isolated using either the antibody we used in our previous
work (SC V-19) [14] or the antibody used by Long and colleagues (HT AON-5031) [3,4]
identified very similar populations of cells, at least as assessed by flow cytometry and confocal
microscopy. While additional studies need to be done further characterizing the cells isolated
with the two antibodies, these data do provide some reassurance that the cells identified in our
previous work using the SC V-19 antibody are not some type of spurious population staining
only with this particular antibody.

Coexpression of CD34 by a substantial percentage of OCNPS and APPOS cells suggests some
degree of overlap between cells staining for osteoblastic markers and hematopoietic/
endothelial lineage cells. These findings are consistent with recent work by Pignolo and
colleagues [19], who demonstrated the presence of circulating CD34P% cells that expressed
bone-related genes and formed bone in an in vivo transplantation assay. These investigators
also found that the concentration of these CD34P% osteogenic cells in peripheral blood were
increased in patients with recent flares of fibrodysplasia ossifican progressive (FOP) [19]. Of
note, recent studies have demonstrated that FOP is caused by an activating mutation in ACVR1,
a BMP type | receptor [20]. This mutation may cause activation of an osteogenic program by
circulating osteogenic cells and/or result in local tissue cells releasing factors that lead to
recruitment and osteogenic differentiation of these circulating cells. However, further studies
are needed to address the role of circulating versus local tissue cells in the pathogenesis of
FOP.

We also found that, based on forward/side light scatter by flow cytometry, OCNPS cells
appeared to consist of two distinct cell populations: a smaller cell population that exhibited
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low granularity and was CD34 positive and a larger, more granular cell population that was
CD34 negative. Of interest, Chen et al. [21] have previously demonstrated that bone marrow
CD34P5s cells are capable of differentiating into osteoblastic cells in vitro and forming
mineralized nodules, although the ability of these cells to form bone in vivo was not tested in
that study. These investigators also found that CD34 expression was rapidly lost by these cells
in vitro under osteoblast differentiating conditions, suggesting the possibility that the CD34
positive fraction of OCN positive cells may represent a more primitive population, although
further work is needed to test this hypothesis.

Our finding that approximately 30% of circulating CD34P% cells were also positive for OCN
staining by flow cytometry has recently been independently confirmed by Matsumoto and
colleagues [22] who found, using single cell RT-PCR, that 20% of circulating CD34P°S cells
expressed the OCN mRNA. These investigators also tested the ability of isolated (using MACS)
human CD34P°S cells to aid in fracture healing in a rat model. Thus, they induced femoral
fractures in nude rats and created a fracture non-union model by cauterizing the periosteum
around the fracture site. They then infused the rats either with vehicle, unsorted MNCs, or
sorted CD34POS cells and demonstrated marked recruitment of CD34P0S cells (but not unsorted
MNCs) around the fracture site at 7 days following fracture. RT-PCR and
immunohistochemical staining at the peri-fracture site demonstrated molecular and
histological expression of human-specific markers for endothelial cells (CD31, VE-cadherin)
and osteoblasts (OCN, col I) at 14 days following the CD34PS cell infusion. Most remarkably,
none of the rats infused with vehicle or with unsorted MNCs healed their fractures, whereas
100% of the rats infused with sorted human CD34P% cells demonstrated healing of the
fractures. Based on these findings, these investigators concluded that circulating human
CD34P0s cells were capable of localizing to a fracture site and contributing both to
vasculogenesis and osteogenesis, at least in this particular model.

Our data also demonstrate that the concentration of OCNPOS cells in peripheral blood increases
with age in men, although the mechanism(s) for this remain unclear. We previously
demonstrated a marked increase in circulating concentrations of OCNPOS cells in adolescent
males going through the growth spurt [14], suggesting that there likely are multiple factors
regulating the concentration of these cells in peripheral blood that require further study.
Moreover, we focused our present work in males in order to avoid confounding effects of
differences in sex steroids between men and women, and studies need to be done to assess the
effects of gender on these cell populations and also to evaluate whether there is a similar, age-
related increase in circulating OCNPOS cells in women.

While the concentration of OCNPOS cells increased with age, levels of CD34PS cells tended to
decrease, leading to a significant increase in the ratio of OCNPS:CD34P% cells in peripheral
blood. Since CD34P% cells include endothelial precursor cells that may be important in the
response to vascular injury [16,23], this increase in the OCNPOS:CD34PS ratio in circulating
cells raises the possibility that with aging, the response to vascular injury may potentially result
in vascular calcification, rather than repair. This possibility, as well as the more general issue
of the potential role of circulating osteogenic cells in the response to vascular injury clearly
warrants further study.

While a subset of OCNPOS cells co-expressed AP (and vice versa), the functions of these two
proteins in bone formation may not be required for the same steps in differentiation or at the
same sequential step in the process of bone mineralization. Thus, cells staining with either
antibody alone or with both antibodies may well be at different stages of osteoblastic
maturation, although further studies are needed to characterize these stages.
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The origin of these circulating osteoblastic cells remains unclear and also needs to be evaluated.
However, recent evidence from Hauge and colleagues that bone remodeling in cortical and in
trabecular bone largely occurs in highly vascular bone remodeling compartments (BRCs) that
are covered by a layer of bone lining cells [24] (Figure 8) does suggest the possibility that the
BRCs may contribute to these circulating cells. In this model, cells destined to become
osteoblasts on bone surfaces likely enter the BRC not directly from the bone marrow (which
is also simply not possible for BRCs in cortical bone distant from the marrow), but rather via
the capillaries that penetrate the BRCs. In addition to the classical bone marrow stromal cells
[2], it is possible that bone marrow non-adherent cells, as previously identified by Long et al.
[3,4] access the BRC via this mechanism, or that circulating osteoblastic cells contribute to the
pool of osteoblastic cells entering the BRC. On the other hand, given the potential overlap
between osteoblastic and endothelial cells noted in the present and previous work [21,22,25],
and the evidence that vascular pericytes can differentiate into osteoblasts [26], as well as recent
work demonstrating the pericytes, themselves, may arise from a CD34P% progenitor in the
vessel wall [27], it is also possible that precursor cells in the vasculature (i.e., within the
capillary wall penetrating the BRC) give rise to osteoblastic progenitors. Clearly, additional
studies are needed to test these hypotheses and to further identify the source of the circulating
OCN and AP expressing cells as well as their possible role in bone remodeling. Moreover, the
question of whether these circulating cells are the principal cells forming bone either in normal
bone remodeling, fracture healing, or vascular calcification, or are recruiting local cells (for
example, via the production of BMPSs) to form bone (or both) remain unresolved issues and
the focus of ongoing work in our laboratory.

In conclusion, the present study provides a further characterization of circulating cells
expressing osteogenic markers. We find evidence for overlap between these cells and cells
expressing the hematopoeitic/endothelial marker, CD34. OCNPOS cells also appear to increase
with age, at least in men. The issue of the origin of these cells and their precise role in bone
formation or possibly in vascular calcification remain potentially fruitful areas of further
investigation.
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Figure 1.
Detection of OCN by immunohistochemistry in normal human bone using the SC V-19 anti-

OCN (A, x 40) or the HT AON-5031 anti-OCN (B, x 40) antibodies. Note the brown staining
of the matrix and cells with both antibodies. The inserts in A and B show a high power image
(% 100) of a positively stained osteocyte in the human bone section. In the same sections, neither
antibody stained cells or matrix in the adjacent muscle or connective tissue (C, SC V-19; D,
HT AON-5031). Serial sections were also stained with secondary antibody only (E, F). Note
the absence of any brown staining in panels C—F; the blue staining is from the Schmidt’s
hematoxylin, used to visualize the cells.
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Figure 2.

Analysis of cell phenotypes using the SC V-19 anti-OCN and anti-CD34 antibodies. OCNP%S
cells were first isolated using MACS, then stained with the anti-CD34 antibody, and
subsequently analyzed by FACS. OCNPSS/CD34"d and OCNP/CD34P0S cells were then
back-gated to analyze their forward/side scatter characteristics, with higher forward scatter
indicating larger size and higher side scatter indicating more granularity. Shown are density
plots, with darker color representing more cells.
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A

Figure 3.
Phase contrast microscopy of cells (x 63) sorted first using MACS and the SC V-19 anti-OCN

antibody and then separated by FACS based gating for positive cells and on low forward/side
scatter (A) or higher forward/side scatter (B). Consistent with the forward/side scatter
characteristics, cells in panel A are smaller and exhibit less granularity than the cells in panel

B.
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(A-E), confocal microscopy (% 63) using the SC VV-19 anti-OCN labeled with a PE-conjugated
secondary antibody (red, panel A), the anti-CD34 FITC-conjugated antibody (green, panel B),
nuclear stain (DAPI, panel C), the merged image (panel D), and the merged image at higher
power (panel E). (F-J), confocal microscopy (x 63) using the HT AON-5031 anti-OCN labeled
with a PE-conjugated secondary antibody (red, panel A), the anti-CD34 FITC-conjugated
antibody (green, panel B), nuclear stain (DAPI, panel C), the merged image (panel D), and the
merged image at higher power (panel E).
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Nuclei

Figure 5.

Confocal microscopy (% 63) using the anti-AP antibody labeled with a PE-conjugated
secondary antibody (red, panel A), the SC V-19 anti-OCN labeled with a FITC-conjugated
secondary antibody (green, panel B), nuclear stain (DAPI, panel C), the merged image (panel
D).
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Figure 6.
Representative dot plots showing co-staining of (A) OCN with AP; (B) OCN with CD34; and
(C) AP with CD34. Percentages refer to the percent of gated cells in each quadrant.
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Figure 7.

Percent OCNPOS cells as a function of age. R = 0.59, P = 0.002.
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Figure 8.
Model of the bone remodeling compartment (BRC) as described by Hauge and colleagues

[24]. In this model, osteoblastic cells enter the BRC principally via the afferent capillary and
could include non-adherent (or adherent) bone marrow (BM) cells, circulating cells, or
osteoblastic cells originating from precursor cells in the vasculature. MSC, marrow stromal
cell.
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Table 1
Summary of co-staining data (mean = SEM). (N) indicates number of independent samples analyzed for each
parameter or set of co-staining analyses.

Percent pos cells in the gated Percent of cells in the respective row co-staining for the corresponding marker in the column|
region
OCN AP CD34
OCN 1.2+0.1(26) - 46 +4 (23) 37+8(11)
AP 2.5+0.2 (24) 31+4(23) - 50+7(11)
CD34 1.7+0.4(21) 30+6(11) 44 +6 (11) -
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