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Abstract
Cells with osteogenic potential can be found in a variety of tissues. Here we show that circulating
osteogenic precursor (COP) cells, a bone marrow-derived type I collagen+/CD45+ subpopulation
of mononuclear adherent cells, are present in early pre-osseous fibroproliferative lesions in
patients with fibrodysplasia ossificans progressiva (FOP) and nucleate heterotopic ossification
(HO) in a murine in vivo implantation assay. Blood samples from FOP patients with active
episodes of HO contain significantly higher numbers of clonally-derived COP cell colonies than
patients with stable disease or unaffected individuals. The highest level of COP cells was found in
a patient just prior to the clinical onset of an HO exacerbation. Our studies show that even COP
cells derived from an unaffected individual can contribute to HO in genetically susceptible host
tissue. The possibility that circulating, hematopoietic-derived cells with osteogenic potential can
seed inflammatory sites has tremendous implications and, to our knowledge, represents the first
example of their involvement in clinical HO. Thus, bone formation is not limited to cells of the
mesenchymal lineage, and circulating cells of hematopoietic origin can also serve as osteogenic
precursors at remote sites of tissue inflammation.
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INTRODUCTION
Mesenchymal precursor cells in peripheral blood have been identified, but as yet, no
physiologic or pathophysiologic roles has been demonstrated [1–4]. Some circulating
mononuclear cells have been described as blood-derived mesenchymal precursor cells
(BMPCs), circulating skeletal stem cells, or circulating osteoblast-lineage cells that give rise
to cells with characteristics of adipocytes, osteoclasts, fibroblasts, or osteoblasts [5–7].
Blood-borne cells with osteogenic potential in in vivo transplantation assays have also been
reported [6–8]. Despite their varied designations, circulating osteogenic precursor or COP
cells thus far described share the common features of circulatory status, plastic adherence,
expression of osteoblastic markers, and the ability to form a mineralized matrix in vitro or
bone in vivo. Thus, COP cells, functionally defined in this paper as blood-borne cells
capable of giving rise to an osteoblast-like phenotype, may represent a type of migratory
progenitor cells whose lineage is restricted along mesenchymal fates.

Adherent mononuclear cells derived from whole blood can, depending on CD14 status,
differentiate into distinct cell lineages. CD14+ monocytes in the presence of macrophage
colony-stimulating factor (M-CSF) and specific growth/differentiation factors can be
induced to differentiate into macrophages, T-lymphocytes, hepatocytes, as well as
epithelial-, neuronal-, and endothelial-like cells [9]. By contrast, CD 14− monocytes can
spontaneously or in the presence of transforming growth factor-β1 become fibrocytes, type I
collagen-secreting cells that play a role in wound repair, granuloma formation, antigen
presentation, and various fibrosing disorders [10–16]. Circulating fibrocytes were first
identified as fibroblast-like cells that migrated into sites of wound repair [13]; however, the
term “fibrocyte” has also been used in unrelated contexts as a nonspecific histopathologic
designation for mature fibroblasts and as a cellular constituent of the inner ear [14]. Some
COP cells have been identified as CD14− mononuclear cells and include cells previously
identified as BMPCs and circulating skeletal stem cells.

The normal physiologic role of COP cells is unknown, although one possibility is that they
are involved in bone formation during development or fracture healing [7, 17]. COP cells
are rare across species except in the guinea pig where they form polyclonal cultures that
readily form bone in in vivo assays [6]. This observation is important because the guinea pig
is predisposed to form heterotopic bone [18, 19], implicating involvement of COP cells in
conditions of pathologic ossification. In humans, heterotopic ossification (HO) occurs
following hip arthroplasty [20], in end-stage aortic valvular disease [21], and in rare genetic
syndromes of extraskeletal bone formation [22].

Fibrodysplasia ossificans progressiva (FOP) is an autosomal dominant genetic disorder of
connective tissue defined by congenital malformation of the great toes and by progressive,
disabling, heterotopic skeletogenesis in predictable anatomic patterns [23]. Recently, the
genetic cause of FOP was identified as a recurrent missense mutation in the GS activation
domain of ACVR1, a bone morphogenetic protein (BMP) type I receptor, in all individuals
with classic FOP [24, 25]. Spontaneous and trauma-induced exacerbations or flare-ups of
FOP are characterized by inflammatory soft tissue swelling. Histopathologic studies of FOP
lesions reveal monocytic and lymphocytic infiltration into skeletal muscle followed by
widespread myocyte degeneration, fibroproliferation, chondrogenesis, and osteogenesis [26,
27]. Heterotopic ossification in FOP begins in childhood. By early adulthood, heterotopic
ossification typically leads to ankylosis of all of the major joints of the axial and
appendicular skeleton, rendering movement impossible. Most patients are confined to a
wheelchair by their early twenties and require lifelong assistance in performing activities of
daily living.
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FOP can serve as a model to identify circulating osteogenic precursor (COP) cells that may
contribute to extraskeletal bone formation. In this paper, we characterize human COP cells
as type I collagen+/CD45+ cells that form bone in in vivo transplantation assays, delineate
their tissue of origin, and confirm their presence in early inflammatory and pre-osseous
fibroproliferative FOP lesions of extraskeletal ossification.

MATERIALS AND METHODS
Isolation and Culture of COP Cells

Blood samples were obtained following informed consent in accordance with institutional
guidelines and institutional review board approval. Peripheral blood samples were collected
in 1–2 heparin-containing tubes per donor with at least 6–8 ml of whole blood per tube.
Mononuclear “buffy coat” cells were isolated by centrifugation over a Ficoll gradient by
standard methods [28]. Mononuclear cells were pelleted twice, washed in Hank’s balanced
salt solution, and resuspended in α-MEM supplemented with 15% fetal bovine serum (α-
MEM + 15% FBS). The cell suspension was seeded into tissue-culture flasks or plates at a
density of 5 × 105 to 1 × 106 cells/cm2, and in all comparisons equal numbers of cells were
used. After three days, non-adherent cells were removed, and the remaining adherent cells
were refed twice weekly for colony-forming assays [29] or establishment of primary
cultures. Colonies containing >50 cells were selected using a cloning ring and single-colony
derived strains were passaged in α-MEM + 15% FBS at confluency.

Cell Culture of Human Skin Fibroblasts and Osteoblasts—The normal human skin
fibroblast cell line AG04530 was cultured as previously described [30]. Two cell strains of
normal human osteoblasts (NHO), NHO-1 and NHO-2 (Clonetics, Cambrex), were cultured
as described above for skin fibroblasts except that cells were grown in alpha-Minimal
Essential Medium (α-MEM) with nucleosides plus 10% fetal bovine serum (FBS)
supplemented with 50 micrograms/ml of ascorbic acid.

Detection of Cell Surface and Matrix Markers by Immunofluorescence
Adherent cells were fixed with 0.2% paraformaldehyde and then placed in 1% bovine serum
albumin/PBS for 30 minutes. Primary antibodies (purchased from either Santa Cruz or
Abcam) were diluted 1:200 to 1:500, and incubated with cells at 4°C for at least 18 hours.
Unbound primary antibody was washed out before incubation of cells with DAPI alone or, if
the primary antibody lacked a fluorescent tag, DAPI and a fluorescently-tagged secondary
antibody. After rinsing cells with PBS, coverslips or chamber slides were air-dried before
mounting onto slides or removing the chambers, respectively. Preimmune serum was used
as a negative control at a dilution comparable to that of the primary antibody. Cells were
visualized using a Leica DMR fluorescence microscope. Emission times were standardized
to negative controls. Detailed methods for immunofluorescence staining and analysis of
lesional tissue can be found in the Supplementary Methods.

Flow Cytometry
Complete methods for flow cytometry analysis of COP cells can be found in the
Supplementary Methods.

Histochemistry
A specific alkaline phosphatase substrate 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) in
the presence of p-nitro blue tetrazolium chloride (NBT) was used to detect alkaline
phosphatase activity (cells are stained blue/purple).
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In Vitro Mineralization Assays
Osteogenic differentiation factors including bone-morphogenetic protein 2 (BMP2; 100–
300ng/ml), in the presence of ascorbic acid (50μg/ml) and β-glycerophosphate (10mM),
were used to induce mineralization. Cultures were seeded at 1 × 104 cell/cm2 in αMEM plus
15% FBS for 24 hours and then refed with the same medium in the presence or absence of
the above factors. Media was replaced twice weekly until mineralization was be detected,
usually within 2–4 weeks. Alizarin red S was used to detect a mineralized matrix.

In Vivo Bone Formation Assay
A modification of the technique described by Glaser et al was used for in vivo bone
formation assays [31]. Cells (0.5 ml of a 5 × 106 cell/ml suspension) were mixed with 40mg
of hydroxyapatite and tricalcium phosphate powder (20:80 ratio, particle size 0.1 to 0.5mm;
Berkeley Advanced Biomaterials) and 0.5ml of Matrigel™ at 4°C. Cells were transplanted
by subcutaneously injection above the ventral abdominal musculature of nude
(immunocompromised) mice. After 8 weeks, implants were recovered, fixed in formalin,
embedded in paraffin, and then sectioned for histological examination with hematoxylin and
eosin stains. Note that Matrigel™ is a collagen solution that remains a liquid at 4°C but
solidifies at 37°C. All procedures using laboratory animals were reviewed and approved by
the Institutional Animal Care and Use Committee at the University of Pennsylvania.

In Situ Hybridization Using Species-Specific DNA-repetitive Sequences
To identify human cells, decalcified implants were sectioned and hybridized with a
biotinylated human-Alu repetitive sequence DNA probe (Research Genetics/Invitrogen)
according to the manufacturer’s instructions. Sections were washed and incubated with
strepavidin-AP, developed using fast red as substrate and counterstained with methyl green.

Fluorescence In Situ Hybridization (FISH) of Sex Chromosome-specific Sequences
Blood-derived adherent cells were incubated with 0.1% colchicine for 3 hours at 37°C. A
solution containing 0.33M KCl and 10% FBS was added to cells for 15 minutes, followed
by the addition of fixative (3 parts methanol: 1 part glacial acetic acid). Slides were air-dried
completely and then baked at 95°C for 10 minutes. Ten microliters of fluorescent-labeled
DNA probe specific for the AT rich alpha satellite DNA sequence at the centromeric region
of chromosome X (Xp11.1-Xq11.1) and specific for the satellite III DNA at the Yq12 region
of chromosome Y (Vysis, Inc., Downers Grove, IL) was placed on each slide. Timing of
incubations, washing, and further processing were as described by the manufacturer’s
instructions. Detailed methods for FISH can be found in the Supplementary Methods.

Bone Marrow Transplantation and Donor Chimerism
Four female recipients of hematopoietic stem cell grafts from HLA-identical male donors (3
sibling, 1 unrelated) were studied. The median age at stem cell transplantation (SCT) was 47
years (range 34–55) and the indication for transplant was CML in 3 patients and AML in 1
patient. Standard myeloablative conditioning regimens were used in all cases and included
busulfan/cyclophosphamide (n=2), or cyclophosphamide/total body irradiation (n=2).
Standard prophylaxis for graft-vs-host disease was used in all cases and included a
calcineurin inhibitor (cyclosporine A or tacrolimus) with methotrexate (n=3) or cyclosporine
A with solumedrol (n=1) [32]. Three patients received bone marrow grafts and 1 patient
with advanced leukemia received a G-CSF mobilized peripheral blood stem cell graft. All
patients remain alive at last follow-up a median of 84 months (range 41–114 months) after
SCT. At various time points after SCT, peripheral blood specimens were used to assess for
donor chimerism by using informative short tandem repeat polymorphisms as previously
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described [33]. Sustained engraftment occurred in all patients and all patients achieved
100% donor chimerism.

One FOP patient was treated for severe aplastic anemia under a standard protocol [34]. He
was followed in an outpatient BMT clinic, where measurements of the hematologic
recovery, graft-versus-host disease (GVHD), opportunistic infection, and heterotopic
ossification were performed and recorded. Sustained engraftment was achieved at 100%
donor chimerism as previously described (26).

Statistics
The t test (Student’s t test; one-sided and unpaired) was used to determine whether the mean
value for the number of COP cell colonies (continuous variable) in the FOP group with or
without flare-ups differed significantly from that in the unaffected (control) group.
Statistical significance was set to p = 0.01 (Bonferroni adjustment). All statistics were
performed by Graphpad software (www.graphpad.com).

RESULTS
Increased Numbers of Mononuclear Blood-derived Adherent Cells Are Associated with
Active Heterotopic Bone Formation in Patients with FOP

We hypothesized that blood-derived adherent cells (BdACs) include cells with osteogenic
potential (i.e., circulating osteogenic precursor or COP cells) that are more abundant in
patients who are predisposed to heterotopic bone formation. To investigate this hypothesis,
we first quantified the number of BdACs in FOP patients with active and inactive disease as
well as in unaffected controls. Adherent mononuclear cells from peripheral blood were
isolated in a blinded fashion from 22 subjects, 11 of whom were later identified as
unaffected individuals and 11 individuals with FOP. Equal numbers of mononuclear cells
from each individual were introduced into culture. The presence of clonal outgrowths was
analyzed after 3 weeks by direct visualization using light microscopy. HO lesion formation
in FOP is episodic. FOP patients with stable disease had no exacerbations of HO for over
one year prior to blood collection (n = 6). Patients with active disease had recent
exacerbations (within 8 weeks prior to or 1 week following isolation of blood mononuclear
cells; n = 5). As shown in Fig. 1, subjects with active FOP had significantly higher levels of
BdAC colonies (avg. 19.4/10cm2 ± 8.1 S.D.; range, 10–30/10cm2) compared to patients
with stable disease (avg. 4.3/10cm2 ± 1.0 S.D.; range, 3–6/10cm2) or unaffected individuals
(avg. 4.2/10cm2 ± 0.98 S.D.; range, 3–6/10cm2) [*p< 0.005]. The patient who yielded the
greatest number of colonies isolated from any donor had an exacerbation that followed
within one week of BdAC isolation.

Circulating Osteogenic Cells Form Bone In Vivo in a Subcutaneous Mouse Implantation
Assay

To investigate whether BdACs include a sub-population of circulating osteogenic precursor
cells, we examined expression of osteogenic markers in BdACs that expanded into clonal
outgrowths. We found that all of these clonally expanded BdAC colonies were able to
express a variety of osteogenic markers, including alkaline phosphatase, osteocalcin,
osteonectin, and osteopontin (Table 1 and Fig. 2), and mineralize in vitro in response to
bone morphogenetic protein 2 (BMP2) in the presence of ascorbic acid and β-
glycerophosphate (Supplementary Fig. 1), demonstrating the presence of COP cells in
BdAC cultures. Alkaline phosphatase activity, but not mineralization, was detected with
COP cells in the absence of osteogenic factors (Supplementary Fig. 1).
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To determine if COP cells clonally isolated from BdAC cultures are osteogenic in vivo, cell
implant bone formation assays were performed. COP cells from FOP patients or unaffected
controls were implanted subcutaneously into immunocompromised mice and observed to
form heterotopic bone after 8 weeks. Implants containing COP cells derived from an FOP
patient (Fig. 3, A–C) or normal control (data not shown) as well as implants containing
normal human osteoblasts (Fig. 3, D–F) form bone tissue with characteristic lacunae,
osteocytes, and surface-lining cells. Implants containing normal human skin-derived
fibroblasts form fibrous tissue but no bone (Fig. 3, G–I). In situ hybridization using human-
specific Alu-repetitive sequences confirmed the human origin of tissues formed in the
mouse implants (Supplementary Fig. 2).

Circulating Osteogenic Precursor Cells Are Similar to Fibrocytes
To determine the identity of COP cells, we performed immunocytochemical assays for a
variety of cell surface markers. We determined that clonally-derived and expanded COP
cells are a type I collagen+/CD 45+ fibroblast-like population that expresses a variety of
markers consistent with an osteogenic phenotype (Fig. 2, Table 1, and Supplementary Fig.
1). No differences in the expression of phenotypic markers between COP cells derived from
individuals with FOP and unaffected individuals have been observed.

Analysis by immunofluorescence staining of cell surface and matrix markers expressed by
COP cells expanded in vitro also suggests similarity to fibrocytes, circulating cells that play
a role in diverse processes such as wound repair and fibrosis (Table 1). The hallmark of
circulating fibrocytes is type I collagen expression in the setting of a hematopoietic
background identified by markers such as CD13 (pan-myeloid antigen), CD 45 (leukocyte
common antigen), or CD34 (hematopoietic stem cell). Both fibrocytes and COP cells are
circulating cells that produce collagen, other matrix proteins, and surface markers that
suggest a hematopoietic origin (Table 1).

In support of COP cells being of hematopoietic origin, we found by flow cytometry analysis
that >95% of early passage cells highly expressed CD13 and CD45; CD14 was highly
expressed in about 82% of cells, and CD34 in about 47% of cells (Supplementary Fig. 3A).
These high levels of expression for diverse hematopoietic markers are comparable to levels
found in the characteristic fractions of hematopoietic cells that comprise human peripheral
blood mononuclear cells (hPBMCs) [Supplementary Fig. 3C]. The greater than expected
expression of CD14 by flow cytometry analysis compared to immunofluorescence staining
of expanded cultures suggested that CD14 is lost with extended time in culture. To test this
possibility, and to perhaps explain why studies on circulating osteogenic cells in vitro have
reported variable expression of hematopoietic markers, we performed repeat flow cytometry
on COP cells after continued maintenance in culture. After only an additional 10 days in
culture (with one additional in vitro passage), CD14 underwent the most dramatic loss of
expression, followed by CD45 and CD34; CD13 remained stably expressed (Supplementary
Fig. 3B).

Circulating Osteogenic Precursor (COP) Cells Are Derived from Bone Marrow and Are of
Hematopoietic Origin

A fundamental question in cell differentiation events is the source of progenitor cells
responsible for new tissue. In conditions that result in extraskeletal bone formation, the
identity and source of progenitor cells responsible for HO are unknown. The presence of an
increased number of COP cell colonies from a FOP patient prior to an episode of HO (Fig.
1) suggested that these cells are not derived from lesions containing ectopic bone but rather
have another tissue of origin.
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In order to investigate whether human COP cells are derived from bone marrow, we used
detection of Y-chromosome-specific DNA sequences in female patients who received sex-
mismatched bone marrow transplants (BMTs). COP cells were isolated from four female
sex-mismatched BMT recipients and examined for X and Y chromosomes by fluorescence
in situ hybridization [FISH] (Fig. 4, A–B), and for co-expressed pairs of COP cell-specific
markers (type I collagen/CD34, type I collagen/CD45, or type I collagen/CD13) by
immunofluorescence (Fig. 4, C–E). COP cells from female recipients of sex-mismatched
BMTs displayed both a detectable Y chromosome as well as co-expression of type I
collagen and a hematopoietic marker (Fig. 4F). As evidenced by Y chromosome detection,
virtually 100% of blood-derived adherent cells are derived from bone marrow (Fig. 4F); of
these cells, 83.0% (± 4.1 SD) to 87.6% (± 6.1 SD) display markers consistent with their
identity as COP cells.

Isogeneic COP Cells Are Not Required for Initiation of Lesion Formation in FOP
In an FOP patient who underwent allogenic bone marrow transplantation (BMT) for
treatment of intercurrent aplastic anemia 25 years earlier, replacement of hematopoietic cells
was not sufficient to prevent ectopic bone formation in FOP [35]. This study [35]
demonstrated that cells of hematopoietic origin, including monocytes, B cells, T cells, and
neutrophils, were all of donor origin; COP cells were not evaluated. We have now analyzed
the chimerism of COP cells from this patient 25 years post-BMT and determined that 100%
of these circulating cells were of donor origin (Supplementary Table 1). Thus, even wild-
type donor COP cells can contribute to HO in a genetically susceptible host.

COP Cells Are Present in Pre-osseous Fibroproliferative Lesions of FOP
Although FOP lesional tissue is difficult to obtain, owing to the devastating consequences of
aggressive HO triggered by surgical trauma, we obtained limited tissue from an FOP patient
whose bony lesions were mistakenly misdiagnosed as a neoplasm and subsequently
resected. COP cells in FOP lesional tissue can be identified by co-localization of
characteristic markers under fluorescence microscopy (Fig. 5, Supplementary Fig. 4). Cells
expressing both type I collagen and CD45 can be detected in early inflammatory and pre-
osseous fibroproliferative regions of FOP lesions but not in later stages of the pre-osseous
anlagen, thus supporting a role for COP cells in contributing to HO in susceptible host
tissue.

DISCUSSION
Human COP cells have been described previously [3–8]; however, their tissue origin,
destination(s), and specific functions remain incompletely characterized. Here we show that
COP cells are fibrocyte-like osteogenic type I collagen+/CD45+cells of bone marrow origin,
and are derived abundantly from the peripheral blood of FOP patients during, and even
prior, to the appearance of disease flare-ups. COP cells are of normal (non-mutant) donor
origin in a unique FOP chimera, contribute to inflammatory pre-osseous fibroproliferative
lesions in FOP patients, and can nucleate heterotopic bone in a mouse allotransplantation
model of heterotopic ossification.

Based on these findings, we postulate a specific role for COP cells in heterotopic
ossification and propose the model shown in Figure 6. Circulating osteogenic precursor cells
rarely become activated or expanded in normal or uninjured individuals but are abundant in
those predisposed toward heterotopic bone formation, such as those with FOP, and may be
primed toward an osteoblast-like fate when triggered or recruited by inflammatory soft
tissue signals (Fig. 6). Disease exacerbations causing ectopic skeletogenesis in FOP patients
are often precipitated by extraskeletal soft tissue injury, predominantly in skeletal muscle,

Suda et al. Page 7

Stem Cells. Author manuscript; available in PMC 2012 November 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



causing the presumptive release of inflammatory cytokines and migratory factors. Recent
studies using in vivo animal models of FOP from 3 independent laboratories have shown
that inflammatory signals are necessary to trigger heterotopic ossification in a bone
morphogenetic protein (BMP) conducive environment [36–38]. One study further showed,
using both a genetic and a pharmacologic approach, that cells of the monocyte lineage were
required for triggering the heterotopic ossification following injury in transgenic mice that
overexpressed BMP4 at the neuromuscular junction [36].

Stromal cell-derived factor-1 (SDF-1) and BMP4 are candidate signaling molecules in the
inflammatory soft tissue microenvironment, given their known roles in hypoxic tissue injury
and chemotaxis of fibrocytes (and/or their precursors) [39–42]. These factors may recruit
circulating mesenchymal precursors of hematopoietic origin, such as COP cells, from
remote bone marrow sites, and/or release them at the site of an inflammatory FOP lesion
from areas of neovascularization. It is unclear if these circulating precursors are committed
to their ultimate fate upon leaving the bone marrow or if their fate is determined once they
encounter the local tissue environment where they home to and are subsequently found in
early inflammatory and pre-osseous FOP lesions.

The preferential outgrowth of COP cells from blood-derived adherent cells in FOP patients
with recent exacerbations suggests that these cells are abundant in the circulation under
specific conditions. Our observation that the greatest number of COP cell colonies was
derived from a FOP patient whose blood collection immediately preceded a flare-up
suggests that levels of COP cells may predict exacerbations and have potential diagnostic
value. This observation also suggests that COP cells may be recruited from remote bone
marrow reservoirs by circulating inflammatory mediators. COP cells may further home to
sites of injury, perhaps through the expression of CXCR4 as occurs with fibrocyte
involvement in lesions of pulmonary fibrosis [41]. In a mouse model of BMP2 induced
ectopic bone formation, bone marrow-derived osteoblast progenitor cells expressed CXCR4
and migrated to regions of bone formation by SDF-1 chemoattraction [43, 44].

In early experiments on the origin of cells responsible for ectopic bone formation, parabiosis
was used as a tool to distinguish between cells of hematopoietic and soft tissue origin with
the finding that osteo-inductive cells were blood-borne monocytoid cells [45]. These early
findings are consistent with our results that circulating mononuclear osteogenic precursors
contribute to bony lesion formation in soft tissue. These early findings are also consistent
with the findings of Kan et al. [36] that monocytes are responsible for triggering heterotopic
ossification in a BMP-4 overexpressing transgenic animal model. In individuals not
genetically predisposed to form heterotopic bone, marrow-derived fibrocyte-like precursors
may contribute to tissue repair and minor scar formation (Fig. 6), whereas in other
predisposed individuals fibrosing disorders may result [46–50].

Blood-derived cells that show glass/plastic adherence and have characteristics of osteoblast-
like cells have been reported with variable expression of CD14, CD34, and CD45 [3, 5, 6].
A study by Deschaseaux et al. [51] demonstrated that at least a subset of bone marrow
MSCs may be derived from a CD45med,low population, suggesting that variable levels of
CD45 may be expressed on early mesenchymal precursors and that at least low levels of
CD45 expression may not be unique to hematopoietic cells. In contrast, we found that the
vast majority of COP cells at early passage in culture express high levels of CD45,
comparable to those expressed by the major hematopoietic lineages in hPBMCs. It remains
to be clarified how these distinctions are related to expression of osteogenic markers and,
more importantly, to in vivo bone formation. Eghbali-Fatourechi et al. have reported
osteocalcin-positive circulating osteoblast-lineage cells isolated by FACS that are more
abundant with pubertal growth and in patients post-fracture [7]; about 37% of these cells are
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also CD34 positive, suggesting that COP cells may be elevated in the circulation during
multiple processes involving bone formation [52].

COP cells share morphological characteristics, phenotypic markers, and common methods
of isolation with circulating fibrocytes. Numerous reports suggest that fibrocytes are likely
derived from monocytic precursors which subsequently lose expression of hematopoietic
markers with time in culture, after exposure to specific serum components, and under certain
conditions in vivo [13, 53–57]. In the current study, we confirm that hematopoietic markers
in COP cells are also lost with time in culture. Taken together, immunofluorescence staining
and flow cytometry analyses show that CD14 is preferentially lost with expansion of COP
cells in vitro, followed by CD45 and CD34. These results are consistent with reports that
circulating fibrocytes are derived from CD14+ precursors that subsequently loose CD14
expression in culture [10]. In addition, monocyte-derived mesenchymal progenitors
(MOMPs) have been reported as a CD14+/CD34+/CD45+ population that can be induced to
differentiate into osteoblast-like cells with concomitant loss of hematopoietic markers [3].

We are unaware of any studies which substantiate the nascent expression of hematopoietic
markers on cells with an otherwise mesenchymal phenotype. Although the consistent
presence of CD34 on adipose-derived stem cells (ASCs) with pericytic features has been
demonstrated, the absence of CD45 distinguishes ASCs from cells of the hematopoietic
lineages [58]. The identification of white adipocyte progenitor cells by selection of CD34+

cells after CD45 depletion also makes unlikely that ACSs with the potential for
mesenchymal differentiation are derived from hematopoietic lineages [59]. Thus our data
that COP cells can be isolated from sex-mismatched BMT recipients and retain
hematopoietic markers provides strong evidence that human COP are, in fact, of
hematopoietic origin.

Studies which have explored the possibility that BM-derived mesenchymal precursors can
form distant adipocytes, or that adipocytes can be generated by hematopoietic cell
populations, have yielded conflicting results [60, 61]. The report by Koh et al., using diverse
models and high precision single-cell image analysis, calls into question the contribution of
BM progenitors to distant adipogenesis and underscores the importance of complementary
approaches to the question of cell plasticity [61]. We have similarly undertaken in vitro and
in vivo approaches, using both confocal-based single-cell image analysis as well as
quantitative flow cytometry, to conclude that COP cells are BM-derived and participate in
extra-skeletal bone formation.

By virtue of COP cell similarity with fibrocytes and known histopathology of HO lesions,
there appears to be a putative relationship between these circulating cell types and
pathophysiologic processes associated with prior inflammatory states. In fact, circulating
fibrocytes have been reported to account for as much as ten percent of the inflammatory cell
infiltrate at sites of acute injury [13]. These observations suggest a cellular link between
injury and repair processes that in most cases resolve with subsequent replacement by
normal tissue in the correct place. However, in the case of extra-skeletal bone formation, the
same cellular link possibly mediates the metamorphosis of damaged tissue into another
(normal) tissue, but at the incorrect anatomic location [62].

The possibility that COP cells can seed sites of inflammation and tissue injury as well as
contribute to ectopic bone formation has tremendous clinical implications. The abundance of
COP cells in patients with FOP, especially during inflammatory soft tissue flare-ups (and
immediately preceding any obvious detection of such lesions) may underlie a possible
pathophysiologic role for these cells as osteoprecursor cells and, to our knowledge, would
represent the first example of their involvement in clinical heterotopic ossification. The
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identity of COP cells as donor in origin from an FOP chimeric patient who underwent
allogenic bone marrow transplantation from an HLA-identical sister strongly suggests that if
these cells are involved in HO, they are recruited from remote bone marrow sites by
inflammatory signals and subsequently nucleate heterotopic bone at local sites of
inflammation that are genetically programmed to form a heterotopic anlagen. Taken together
with recent studies showing that the heterotopic endochondral anlagen is derived from
progenitor cells in the local soft connective tissue [34, 35, 38], a definitive role of COP cells
is emerging as remotely recruited cells that nucleate heterotopic ossification at sites of local
inflammation in BMP conducive environments. While it is unclear how mutations in
ACVR1 lead to heterotopic ossification in FOP, one possible scenario is that the mutant
BMP receptor mediates changes in target tissues which promote formation of a cartilage
template on which circulating osteogenic cells form their bony matrix.

COP cells may also play a more general role in heterotopic bone formation caused by non-
genetic etiologies. Heterotopic bone formation is well established as a frequent complication
of total hip arthroplasties for age-related degenerative joint disease. Mild-to-moderate HO,
not just severe HO, can cause postoperative symptomatology and adversely influence
outcomes [20, 63–66]. Degenerative calcification (with ectopic bone formation in up to
15%) has become the most common cause of aortic valve stenosis owing to the decline in
rheumatic heart disease and increased longevity in industrialized countries (44). As in other
forms of HO, the osteogenic lesion in aortic valve stenosis develops in the setting of injury
and inflammation [21], suggesting that the formation of bone in severely diseased valves
may share similar precipitating events with FOP. Similarly, circulating endothelial
progenitor cells expressing an osteogenic phenotype were found to be significantly increased
in patients with coronary artherosclerosis, where abnormal endothelial function and
structural coronary artery disease may be associated with calcification [67]. The
demonstration that cells similar to COPs can be found in the inflammatory joint fluids and
synovium of patients with rheumatoid arthritis may also suggest a possible role for COP
cells in bone and joint deformities [68].

COP cells from autologous blood could be useful in the development of cell replacement
therapies for the treatment of osteoporotic and other fractures and serve as a target cell
population for gene therapy in the aforementioned conditions. Heterotopic bone formation
occurs in older individuals who may also have osteoporosis, a finding that suggests a life-
long potential for osteoblast-like differentiation which, if adequately understood, may offer
new insights into mechanisms of bone loss, arthritis, regeneration, and metamorphosis, as
well as treatment of conditions characterized by these underlying processes.

SUMMARY
This study demonstrates that COP cells are osteogenic cells of hematopoietic origin which
are abundant in the peripheral blood of FOP patients during and prior to the appearance of
disease flare-ups that result in HO. We conclude that normal COP cells are sufficient to seed
the inflammatory and fibroproliferative (pre-osseous) lesions in FOP patients, and given the
propensity of these cells to form heterotopic bone in a mouse allotransplantation model, may
likely be involved in nucleation of extraskeletal bone upon cartilage anlagen in target
tissues.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mononuclear blood-derived adherent cell (BdAC) colonies are abundant in FOP
patients with recent disease activity
Blood-derived adherent cells (BdACs) were isolated from unaffected individuals (n=11),
those with stable FOP (FOP – No flare, n=6), or those with active disease progression and
HO (FOP - Flare, n=5). Blood samples were derived from subjects in a blinded fashion prior
to isolation as a plastic-adherent, mononuclear fraction after Ficoll-gradient centrifugation.
Equal numbers of mononuclear cells from each group were cultured before analysis of
BdAC colonies. Shown is the number of BdAC colonies/10 cm2 derived from individuals
within each group. The arrow indicates the number of colonies derived from a patient whose
FOP exacerbation followed BdAC isolation by one week.
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Figure 2. Clonally-expanded blood-derived adherent cells (BdACs) express osteoblastic and
hematopoietic markers
Osteoblastic (top panels) and hematopoietic (bottom panels, left) markers detected by
immunofluorescence in clonally-expanded BdACs are shown. Nuclei were counterstained
with 4,6 diamidino-2-phenyindole (DAPI) and appear blue. Background
immunofluorescence using pre-immune serum is also shown. Type 1 col, type 1 collagen.
Original magnifcation is 200X.
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Figure 3. Circulating osteogenic precursor (COP) cells form bone in vivo
COP cells, normal human osteoblasts, and human skin fibroblasts were transplanted
subcutaneously into nude mice, and implants were excised after 8 weeks, fixed in formalin,
and processed for thin-sectioning and staining with hematoxylin and eosin. Tissue sections
of implants of COP cells (A–C), osteoblasts (D–F), and skin fibroblasts (G–I) are shown at
an original magnification of 25X (A, D, G), 100X (B, E, H), and 200X (C, F, I). Boxes
indicate regions magnified on next lower vertical panels. Thin arrows indicate osteocytes in
lacune and block arrows indicate surfaces of bone-lining cells.
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Figure 4. COP cells are derived from bone marrow
A–B, Detection of X (red/orange) and Y (green) chromosomes in COP cell interphase and
metaphase nuclei from two (A, B) female patients who underwent sex-mismatched bone
marrow transplants. Directly labeled fluorescent DNA probes were specific for the AT rich
alpha satellite DNA sequence at the centromeric region of chromosome X (Xp11.1-Xq11.1)
and for the satellite III DNA at the Yq12 region of chromosome Y. Original magnification
400X. (C–E) Identification of blood-derived adherent cells and COP cells in female sex-
mismatched BMT recipients. Positive cells were identified by double-labeling
immunofluorescence using specific antibodies against type I collagen and the indicated
hematopoietic marker [Green, hematopoietic marker; Red, type I collagen; Blue, DAPI;
Yellow/Orange, merged]. (F) Quantitation of COP cells in female sex-mismatched BMT
recipients by three different combinations of markers.
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Figure 5. COP cells are present in heterotopic bone
Lesional tissue from an FOP flare was obtained after removal from a patient’s back for
suspected malignancy. COP cells, expressing type I collagen and CD 45, can be detected in
pre-osseous regions of FOP lesions by in situ immunofluorescence. Original magnification
is 100X. Green, type I collagen; Red, CD45; Blue, DAPI
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Figure 6. Hypothetical mechanism of heterotopic ossification in FOP
1–3, Extraskeletal soft tissue, usually muscle, is injured causing the release of damaged
tissue, inflammatory cytokines and migratory factors. SDF-1 and BMP4 are potential
candidates given their roles in tissue injury and chemotaxis. 3–4, These factors may recruit
circulating mesenchymal precursors of hematopoietic origin, including fibroblastoid and
osteogenic precursors, which may be overexpressed or dysregulated in FOP (=▶).
Circulating osteogenic precursor (COP) cells abundant in FOP patients with recent flares
(=▶) home to sites of injury, perhaps through the expression of CXCR4. 5–6, Heterotopic
bone formation proceeds through an endochondral process. In unaffected individuals,
fibroblastoid precursors likely contribute to tissue repair and minor scar formation.
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Table 1

Comparison of phenotypic markers in circulating osteogenic precursor (COP) cells and circulating fibrocytes

MARKERa COP CELLS CIRCULATING FIBROCTYESb

FIBROBLASTIC

1B-10 + ?

Fibronectin + +

OSTEOBLASTIC

Alkaline phosphatase + ?

Osteocalcin + ?

Osteopontin + ?

Type I Collagen + +

HEMATOPOIETICc

CD13 + +

CD14 -- --

CD34 + +

CD45 + +

STEM CELL

Tie-2 + ?

c-kit/CD117 +/− ?

ENDOTHELIAL

VEGFR-2 (flk-1/kdr) -- ?

OTHER

βig-h3 + ?

Actin stress fibers + ?

BMPR1A/1B + ?

CXCR4 + +

Notes: Similarities are highlighted.

a
Detection of cell-surface and extracellular markers was by immunofluorescence. Detection of alkaline phosphatase was by the substrate 5-

bromo-4-chloro-3-indolyl-phosphate (BCIP) in the presence of p-nitro blue tetrazolium chloride (NBT).

Abbreviations: +, expressed; --, not expressed; ?, unknown; VEGFR-2, vascular endothelial growth factor receptor-2; βig-h3, TGF-β-inducible
gene-h3.

b
Based on Quan, T.E. et al., Int. J. Biochem. Cell Biol. 36:298–606 (2004).

c
Note that hematopoietic markers are lost with time in culture, with preferential loss of CD14.
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