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Kang Ting, DMD, DMedSc,1,2 Bruno Péault, PhD,2 and Chia Soo, MD, FACS2

An ideal mesenchymal stem cell (MSC) source for bone tissue engineering has yet to be identified. Such an MSC
population would be easily harvested in abundance, with minimal morbidity and with high purity. Our labo-
ratories have identified perivascular stem cells (PSCs) as a candidate cell source. PSCs are readily isolatable
through fluorescent-activated cell sorting from adipose tissue and have been previously shown to be indistin-
guishable from MSCs in the phenotype and differentiation potential. PSCs consist of two distinct cell popula-
tions: (1) pericytes (CD146 + , CD34 - , and CD45 - ), which surround capillaries and microvessels, and (2)
adventitial cells (CD146 - , CD34 + , and CD45 - ), found within the tunica adventitia of large arteries and veins.
We previously demonstrated the osteogenic potential of pericytes by examining pericytes derived from the
human fetal pancreas, and illustrated their in vivo trophic and angiogenic effects. In the present study, we used
an intramuscular ectopic bone model to develop the translational potential of our original findings using PSCs
(as a combination of pericytes and adventitial cells) from human white adipose tissue. We evaluated human PSC
(hPSC)-mediated bone formation and vascularization in vivo. We also examined the effects of hPSCs when
combined with the novel craniosynostosis-associated protein, Nel-like molecule I (NELL-1). Implants consisting
of the demineralized bone matrix putty combined with NELL-1 (3 mg/mL), hPSC (2.5 · 105 cells), or hPSC +
NELL-1, were inserted in the bicep femoris of SCID mice. Bone growth was evaluated using microcomputed
tomography, histology, and immunohistochemistry over 4 weeks. Results demonstrated the osteogenic potential
of hPSCs and the additive effect of hPSC + NELL-1 on bone formation and vasculogenesis. Comparable osteo-
genesis was observed with NELL-1 as compared to the more commonly used bone morphogenetic protein-2.
Next, hPSCs induced greater implant vascularization than the unsorted stromal vascular fraction from patient-
matched samples. Finally, we observed an additive effect on implant vascularization with hPSC + NELL-1 by
histomorphometry and immunohistochemistry, accompanied by in vitro elaboration of vasculogenic growth
factors. These findings hold significant implications for the cell/protein combination therapy hPSC + NELL-1 in
the development of strategies for vascularized bone regeneration.

Introduction

Bone grafts are the current standard for treating non-
healing skeletal defects.1 However, the disadvantages

associated with bone graft harvests are significant, including
limited endogenous supply, prolonged surgical times, and
harvest complications.1–4 Cell sources such as bone marrow

mesenchymal stem cells (BMSCs) and adipose-derived stem
cells (ASCs) have generated significant interest for their tis-
sue engineering potential.5–7 However, the limitations asso-
ciated with these conventional stem cell sources are also
significant. BMSCs, for example, are difficult to harvest, are
also in limited supply, and show reduced stem cell activity in
aged and osteoporotic patients.8,9 Further, BMSCs and ASCs
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require in vitro expansion, which precludes the use of au-
tologous cells in an emergency situation, and also introduces
the risk of immunogenicity, infection, and genetic instabili-
ty.10 To avoid these shortcomings, studies have also inves-
tigated the use of an uncultured stromal vascular fraction
(SVF) of adipose tissue. However, a side-by-side comparison
reported lower bone formation among the uncultured SVF
relative to cultured ASCs.11 Moreover, SVF is a heteroge-
neous cell population that contains numerous nonstem cell
types, such as inflammatory cells, hematopoietic cells, and
endothelial cells, among others.12–14 Heterogeneity compli-
cates characterization of cell composition and introduces
variability across samples. Such inconsistencies hamper ef-
forts toward a reliable and standardized cell-based thera-
peutic for bone regeneration.

As an alternative stem cell source, our laboratories first
identified and then prospectively isolated a perivascular
mesenchymal stem cell (MSC)-like population. This MSC
population, termed perivascular stem cells (PSCs), is found
in all vascularized tissue15,16 and consists of (1) CD146 +
CD34 - CD45 - pericytes,15,17 which line capillaries and mi-
crovessels, and (2) CD146 - CD34 + CD45 - adventitial cells,18

found in the tunica adventitia of large arteries and veins.
Pericytes were the first perivascular population studied, and
were recognized for their expression of characteristic MSC
markers (including CD10, CD13, CD44, CD73, CD90, and
CD105).15 The similarity of pericytes to MSCs was confirmed
by demonstrating their ability to differentiate into multiple
mesodermal lineages in vitro.15 Clonal analysis of pericytes
also showed expression of MSC markers and trilineage po-
tential (differentiation into osteoblasts, chondrocytes, and
adipocytes).15 Likewise, subsequent studies demonstrated
that adventitial cells, although located in a different location
with respect to blood vessels, also expressed MSC markers
and also displayed clonal multilineage potential in culture.18

Further, pericytes and adventitial cells each comprise a sig-
nificant portion of SVF of human adipose tissue (17.1% and
22.5%, respectively), with a combined average of 39.6%.19

From a tissue engineering perspective, the isolation of the
maximum MSC number per unit autologous tissue would be
highly advantageous. To this end, in the present study, we
combined the two PSC subpopulations (which constitute
nearly 40% total SVF) and characterized their bone-forming
potential. This approach maximizes the total number of
MSCs collected per harvest, thus reducing the harvest
morbidity.

There exist significant advantages to using fluorescence-
activated cell sorting (FACS)-purified PSCs for tissue en-
gineering purposes. First, purity ensures the specific and
consistent use of only those cells known to participate in
bone differentiation. This eliminates extraneous components
of SVF, such as osteogenic differentiation-inhibiting endo-
thelial cells, which may interfere with bone formation.14

Recently, we reported that hPSCs form significantly more
bone in vivo in comparison to an equal number of unpurified
SVF cells of human adipose tissue.19 To verify that this sig-
nificant difference was due to the superior bone formation of
purified hPSCs and not to a dilution effect resulting from the
fewer number of MSCs found within the heterogeneous
population of SVF cells, we also added the human SVF
(hSVF) cells at a ratio of 10:1 to hPSCs in an intramuscular
ectopic bone model. More bone was still observed with hPSC

than with hSVF treatment, confirming the robust osteogenic
potential of PSCs.19 Further, in terms of a future cell-based
therapeutic, a purified stem cell source also guarantees pre-
cise product characterization. This is important for any
treatment seeking the Food and Drug Administration ap-
proval, as variability may raise concerns regarding consis-
tency, safety, and efficacy. Finally, because PSCs are found in
virtually all vascularized tissue, they are abundant and easily
harvestable.15 Given its superficial location and relative
abundance, adipose tissue is an ideal tissue source for PSCs.

While purity, availability, and abundance make hPSCs an
attractive stem cell source, their potential trophic effects on
vascularization are also significant. Bone receives nutrients,
oxygen, osteoinductive factors, and stem cells through the
blood.20 Therefore, an appropriate stem cell population for
bone regeneration would also have proangiogenic ef-
fects.20,21 Pericytes are known to maintain endothelial cell
function,22,23 and available studies have also shown that
these cells secrete more angiogenic factors, such as vascular
endothelial growth factor (VEGF) and fibroblast growth
factor-2 (FGF-2), than do ASCs.24,25 In our previous publi-
cation,24 our laboratory examined pericytes derived from the
human fetal pancreas, finding significant pro-osteogenic and
provasculogenic effects. In the present study, we used an
intramuscular ectopic bone model to develop the transla-
tional potential of our original findings now using PSCs from
adult, human white adipose tissue. Therefore, our objectives
were to (1) demonstrate the osteogenic and (2) vasculogenic
potential of hPSCs (as a combination of pericytes and ad-
ventitial cells) and (3) pursue Nel-like Molecule I (NELL-1) as
a growth factor capable of enhancing hPSC osteogenesis and
vascularization.

Methods

Isolation of SVF from human lipoaspirate

Human lipoaspirate donated from n = 2 healthy 31- and
40-year-old female patients was obtained after standard li-
posuction procedures. Lipoaspirate was collected from back,
hip, flanks, and medial thigh. The hSVF was prepared by
digesting the lipoaspirate with collagenase as previously
described.18 Briefly, the lipoaspirate was washed in an equal
volume of phosphate-buffered saline (PBS) and centrifuged.
The tissue layer was removed and mixed with a digestion
solution (RPMI, 3.5% bovine serum albumin [BSA], 10 ng/
mL DNAse, and 1 mg/mL Collagenase II) and incubated for
70 min at 37�C. The filtered solution was then centrifuged.
The pellet was removed and washed twice in PBS 5 mM
ethylenediaminetetraacetic acid (EDTA) before a red blood
cell lysis buffer (155 mM NH4Cl, 10 mM KHCO3, and 0.1 mM
EDTA) was added. After three additional PBS washes and
centrifugations, trypan blue staining was used to count the
number of viable hSVF cells. These hSVF cells were then
either implanted or processed for hPSC purification. Cells
isolated from different donors were not pooled, but rather
used individually in the study.

Purification of PSCs from SVF

hPSCs were isolated from each donor’s hSVF by FACS,
per a previously published protocol.18 A portion of the iso-
lated hSVF was centrifuged, and the resulting pellet was
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incubated with a solution of PBS, anti-CD146, fluorescein
isothiocyanate (Abd Serotec; 1:100), anti-CD45 APC-cy7 (BD
Bioscience; 1:100), and anti-CD34 APC (BD Bioscience;
1:100). After 15 min of incubation at 4�C and a wash in PBS,
the pellet was suspended in RPMI (1 mL/106) and 4¢,6-dia-
midino-2-phenylindole (DAPI, 1:1000; Invitrogen) to identify
and then eliminate dead cells before cell sorting. The solution
was then filtered using a 70-mM cell filter and then run on the
FACSAria cell sorter to first selectively isolate and to then
combine the pericytes (CD146 + , CD34 - , and CD45 - ), and
adventitial cells (CD146 - , CD34 + , and CD45 - ) that make-
up the population of PSCs. A portion of these cells was either
immediately used in vivo or plated for in vitro studies. In
select experiments, cells were labeled with a red fluorescent
dye for cell-tracking purposes (PKH26 fluorescent cell linker;
Sigma-Aldrich).

Cell culture

Cells were expanded in Dulbecco’s modified Eagle’s me-
dium, 20% fetal bovine serum, and 1% penicillin/strepto-
mycin. Osteogenic differentiation of cells followed a
previously published protocol.26,27 The medium was sup-
plemented with 300–600 ng/mL of NELL-1, as previously
described.28 Osteogenic differentiation was assessed using
alkaline phosphatase (ALP) and alizarin red (AR) staining at
5 and 10 days of osteogenic differentiation, respectively (with
or without 300 ng/mL NELL-1). The representative 38.4 ·
ALP and AR staining (n = 3) images were semiquantitatively
analyzed using the magic wand tool of Adobe Photoshop
CS5. RNA isolation and quantitative real time–polymerase
chain reaction (RT-PCR) for osteogenic genes were performed
as previously described after 7 days osteogenic of differenti-
ation with or without NELL-1 (300 ng/mL), including Os-
teopontin (Opn) and Osteocalcin (Oc).24 Next, growth factor
secretion was quantified using PSCs with or without NELL-1
(300–600 ng/mL). Briefly, the cells were seeded at 80% con-
fluency in 1% serum conditions, after an attachment medium
was supplemented with NELL-1, and supernatant was har-
vested after 48-h treatment. Enzyme-linked immunosorbent
assays for VEGF and FGF-2 were performed per the
manufacturer’s instructions (Invitrogen; Cat No. KHG0111,
HKG0021). The groups were initially unlabeled for photo-
graphic documentation and later revealed for quantification.

Implant preparation

Ovine demineralized bone matrix (DBX) putty was used
(100mL; Musculoskeletal Transplant Foundation) and com-
bined with either 0 or 300mg of NELL-1 lyophilized onto
15 mg b-tricalcium phosphate (TCP) particles to ensure pro-
longed NELL-1 release.29 In selected experiments, 2.5 · 105 of
either hPSCs or hSVF cells, suspended in 20mL of PBS, were
added. In addition, as a comparison group, select implants
were treated with bone morphogenetic protein (BMP)-2
(3.75mg) and was likewise lyophilized onto b-TCP. The com-
ponents of the implant were mechanically mixed before use. A
detailed summary of each of the implant constituents is pre-
sented in Supplementary Table S1 (Supplementary Data
are available online at www.liebertpub.com/tea). The DBX/
b-TCP implant was chosen, as it is moldable putty with os-
teoinductive properties and reliable protein release kinetics,
making it readily translatable to bone-defect models.

Surgical procedures

Eight-week-old male SCID mice were anesthetized by
isoflurane inhalation (5% induction; 2% maintenance) and
medicated with 0.05 mg/kg buprenorphine. As previously
shown, bilateral incisions were made in the hind limbs, and
pockets were created in the biceps femoris along the long
axis of the muscle fiber, so that one implant may be inserted
in each limb with ease and without lying in contiguity with
the femoral bone (so as to not induce an osteoblastic re-
sponse in the host femoral periosteum).30 5-0 Vicryl sutures
were used to suture the overlying fasciae and skin. Post-
operative care included buprenorphine for 48 h to manage
pain and trimethoprim/sulfamethoxazole for 10 days to
prevent infection. All surgical procedures were consistent
with the regulations put forth by the UCLA Chancellor’s
Animal Research Committee.

Radiographic analysis

Muscle pouch samples were harvested 4 weeks after sur-
gery, fixed in formalin, and imaged using high-resolution
microcomputed tomography (microCT, Skyscan 1172F;
Skyscan). Images were analyzed in CTAn to determine the
bone volume (n = 8) and bone mineral density (BMD, n = 8).
Specific threshold values are included in figure legends.

Histology and immunohistochemistry analysis

Samples were decalcified in 19% EDTA, embedded in
paraffin, sectioned, and stained with hematoxylin and eosin
(H&E). the representative 200 · H&E images were semi-
quantitatively analyzed using the magic wand tool in Adobe
Photoshop to evaluate the level of osteogenesis by such pa-
rameters as percent bone area (% B. Ar., n = 10), relative bone
area (n = 10), osteocyte lacunar density (n = 15), and percent-
age of filled lacunae (n = 15).31 Immunohistochemistry was
performed for BMP-2 (Santa Cruz Biotechnology, Inc.), bone
morphogenetic protein 7 (BMP-7; Santa Cruz Biotechnology,
Inc.), Osteocalcin (OCN; Santa Cruz Biotechnology, Inc.),
VEGF (Santa Cruz Biotechnology), von Willebrand Factor
(vWF; US Biological), human b-2 microglobulin (Abcam), and
proliferating cell nuclear antigen (PCNA; Dako). For immu-
nohistochemistry, staining without a primary antibody was
performed as a negative control throughout. Briefly, the par-
affin slices were deparaffinized, dehydrated, rinsed, and in-
cubated with 3% H2O2 for 20 min and then blocked with 0.1%
BSA in PBS for 1 h. Primary antibodies at a dilution of 1:100
were added to each section and incubated at 37�C for 1 h and at
4�C overnight. The ABC complex (Vector Laboratories) was
applied to the sections after the incubation with a biotinylated
secondary antibody (Dako Corporation). 3-Amino-9-ethylcar-
bazole plus substrate in red color (Dako) was used as a chro-
magen, and the sections were counterstained with light
hematoxylin. Immunofluorescent staining was performed on
frozen sections for CD31 (Santa Cruz) and PCNA (Dako), using
Alexa-488 streptavidin as a secondary antibody and a Hoechst
33324 counterstain (Sigma-Aldrich). The respective 400 · im-
ages (OCN, n = 5; BMP-2, n = 8; BMP-7, n = 8; PCNA, n = 10) were
analyzed by histomorphometric semiquantitative analysis using
the magic wand tool in Adobe Photoshop to quantify the relative
stain intensity across groups. To eliminate bias, slides were ini-
tially unlabeled for photographic documentation and later
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revealed for quantification. Specific tolerance levels for Photo-
shop quantification are listed in the figure legends.

Statistics

A one-way analysis of variance was used when more than
two groups compared. This was followed by a post hoc Tukey
test to specifically compare the difference between two spe-
cific groups (as in Figs. 1J, K, 2B, 3B–E, 4D–F, and 6B–D). In
addition, a Student t-test was used to test significance when
only two groups were tested (as in Figs. 1F–I and 5C–E;
Supplementary Fig. S1C). *p values £ 0.05 were significant.

Results

Isolation and in vitro differentiation of hPSC

FACS was used to isolate hPSCs from the SVF of adipose
tissue according to our previously published protocol.18 This
MSC population consists of pericytes (CD146 + , CD34 - , and
CD45 - )15 and adventitial cells (CD146 - , CD34 + , and
CD45 - ).18 After exclusion of DAPI + dead cells and CD45 +
hematopoietic cells (Fig. 1A, B), adventitial cells and peri-
cytes were detected based on the differential expression of
CD34 and CD146. CD34 + CD146 - adventitial cells and
CD146 + CD34 - pericytes were then collected together as
hPSCs for further in vitro and in vivo studies.

First, we evaluated hPSCs for in vitro osteogenic differenti-
ation. hPSCs showed robust ALP staining after 5 days in an
osteogenic differentiation medium (Fig. 1D) and robust AR
staining at 10 days of osteogenic differentiation (Fig. 1E).
Consistent with published reports in other cell types,28,32

hPSCs treated with NELL-1 protein (300 ng/mL) showed an
increase in both ALP and AR staining at 5 and 10 days of
osteogenic differentiation, respectively (Fig. 1D, E). Semi-
quantitative analysis of the representative images confirmed a
significant increase in ALP and AR staining when hPSCs were
treated with NELL-1 (Fig. 1F, G). Next, osteogenic gene ex-
pression was evaluated in hPSCs, with or without NELL-1
treatment for 7 days of differentiation, including Osteopontin
(Opn) and Osteocalcin (Oc) (Fig. 1H, I). NELL-1 resulted in an
*62–88% increase in Opn and Oc expression, respectively. Fi-
nally, we have previously shown that NELL-1 induces Vegf
expression in human pericytes.24 We sought to examine whe-
ther NELL-1 could likewise induce secretion of vasculogenic
growth factors in hPSCs, including VEGF and FGF (FGF-2)
(Fig. 1J, K). Results showed a striking dose-dependent increase
in VEGF protein secretion in hPSCs with NELL-1 treatment
(Fig. 1J). Likewise, NELL-1 induced FGF-2 protein secretion in
hPSC across concentrations examined (300–600 ng/mL, Fig.
1K). These data demonstrate the osteogenic potential of hPSCs
in vitro and the ability of NELL-1 to promote hPSC osteogenic
differentiation and trophic factor production.

hPSCs form significantly more bone in vivo
when combined with NELL-1

Next, an intramuscular ectopic bone model was used to
evaluate the in vivo osteogenic potential of hPSCs in combi-
nation with NELL-1. DBX Putty� was selected as the os-
teoinductive carrier. Implants consisted of DBX alone or DBX
with hPSCs, NELL-1 protein, or hPSCs + NELL-1 in combi-
nation. In addition, a BMP-2 comparison group was used
(hPSCs + BMP-2). Implants were inserted intramuscularly in

SCID mice to assess ectopic bone formation (see Supple-
mentary Table S1 for treatment group specifics). Mice were
harvested 4 weeks after surgery for evaluation of bone
growth. Three-dimensional microCT showed an increase in
bone formation in NELL-1-treated and PSC-treated samples
(Fig. 2A). Notably, the combined hPSCs + NELL-1 treatment
showed more bone formation than either cell or cytokine
treatment alone. This trend was reflected in the microCT
quantification of BMD (Fig. 2B). NELL-1 was also compared
to the more commonly studied cytokine BMP-2. Results
showed that BMP-2 induced significant ossification among
PSC-treated samples, and induced a significantly higher
BMD as compared to other treatment groups.

After microCT imaging and analysis, samples were evalu-
ated histologically by routine H&E staining. Representative
images of H&E-stained slides for hPSC-treated samples
showed larger bone chips and reduced spacing between bone
chips, as compared with the DBX control samples (Fig. 3A).
These qualities were more apparent in samples with combined
hPSCs and NELL-1 treatment, suggesting an additive effect of
hPSC and NELL-1 on ectopic bone formation (Fig. 3A). In ad-
dition, hPSC + NELL-1-treated samples also showed evidence
of endochondral ossification (see black arrow, Fig. 3A). In
comparison, hPSC + BMP-2-treated samples showed robust
new bone formation, but the spaces between bone chips were
filled with notable lipid accumulation (see asterisks, Fig. 3A).

These H&E observations were next semiquantitatively con-
firmed with histomorphometric analysis of serial sections.
Histomorphometric quantification of bone area (Fig. 3B) and %
B. Ar. (Fig. 3C) per random high-powered field confirmed our
initial observations. Both hPSC-treated samples and NELL-1-
treated samples were observed to have significantly more bone
than the DBX control, whereas samples treated with the com-
bination hPSCs + NELL-1 showed significantly more bone than
those treated with either cells or protein alone (Fig. 3B, C). This
finding demonstrated the osteoinductive property of NELL-1,
especially when combined with hPSCs. Notably, the bone area
in the hPSC + NELL-1 samples was observed to rival that of
hPSC + BMP-2 samples. Next, the osteocyte lacunar density
was assessed, which measures the number of osteocytes per
unit of bone area.33 In this situation, the osteocyte lacunar
density indicated both new bone formation and/or repopula-
tion of the DBX particle lacunae. To calculate the osteocyte
lacunar density, random high-powered images of H&E-stained
slides for each group were used to determine the number of
osteocytes per mm2 of bone area. Again, a significant additive
effect was observed with combined hPSC and NELL-1 treat-
ment (Fig. 3D). Further, the percentage of filled lacunae was
calculated to determine the percentage of DBX particle lacunae
filled with osteocytes. Again, the combined hPSC and NELL-1
treatment had a significant additive effect (Fig. 3E). In sum-
mary, these data suggested that NELL-1 had a positive effect
on hPSC osteoblastogenesis.

Immunohistochemical analysis of ectopic
bone formation

Immunohistochemistry was next performed on the same
experimental samples as in Figures 2 and 3. Specific stains
included the bone matrix protein, OCN (Fig. 4A), and the
bone cytokines of BMP-2 (Fig. 4B) and BMP-7 (Fig. 4C). OCN
staining across all groups was located primarily within DBX
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chips and the newly formed bone. The hPSC-treated groups
showed greater staining relative to the NELL-1-treated
groups, while the combination hPSC and NELL-1-treatment
showed the highest staining intensity (Fig. 4A). This obser-
vation was confirmed by a semiquantitative assessment by
three blinded reviewers using Adobe Photoshop (Fig. 4D).
Next, BMP-2 immunohistochemistry and semiquantification
were performed (Fig. 4B, E). Across all samples, BMP-2
staining was primarily observed among the cells surround-
ing bone particles. As with OCN, the combined treatment of
hPSCs and NELL-1 resulted in significantly higher staining
of BMP-2 than either cells or cytokine alone. Finally, BMP-7
immunohistochemistry and quantification were performed
(Fig. 4C, F). A similar overall distribution of BMP-7 was

noted in comparison to BMP-2. Again, the hPSC and NELL-1
combination treatment induced significantly higher expres-
sion of BMP-7 when compared to either cell or cytokine
treatment alone. Thus, the immunohistochemistry for the
bone matrix protein OCN and bone cytokines, BMP-2 and
BMP-7, revealed an additive effect of hPSCs and NELL-1 on
the markers of bone formation.

Persistence and proliferation of hPSCs

To confirm that those cells within the implant site were in
fact the implanted human cells, immunohistochemistry was
performed for human b-2 microglobulin and PCNA. Both
hPSC-treated and hPSC + NELL-1-treated samples showed

FIG. 1. Human perivascular stem cell (hPSC) isolation and in vitro osteogenic differentiation. (A–C) Fluorescence-activated
cell sorting (FACS) isolation method for hPSCs. (A) 4¢,6-Diamidino-2-phenylindole (DAPI) + dead cells and (B) CD45 +
hematopoietic cells were excluded before hPSC isolation. (C) Purified hPSCs consist of distinct CD34 - and CD146 + peri-
cytes and CD34 + and CD146 - adventitial cells. (D–G) hPSCs were cultured under osteogenic conditions, treated with or
without 300 ng/mL Nel-like Molecule I (NELL-1) protein. (D) Alkaline phosphatase (ALP) staining at 5 days of osteogenic
differentiation. (E) Alizarin Red (AR) staining at 10 days of osteogenic differentiation. (F) Photographic semiquantitative
analysis of ALP staining and (G) AR staining based on random n = 3 (38.4 · ) images, using the Adobe Photoshop magic wand
tool (tolerance of 32). (H) Osteopontin (Opn) expression by quantitative real time (RT)–polymerase chain reaction (qRT-PCR)
at 7 days of differentiation. (I) Osteocalcin (Oc) expression by qRT-PCR at 7 days of differentiation. ( J) Secreted vascular
endothelial growth factor (VEGF) protein in the supernatant as assessed by enzyme-linked immunosorbent assay (ELISA) at
48-h treatment with NELL-1 (300–600 ng/mL). (K) Secreted FGF-2 protein in the supernatant as assessed by ELISA at 48-h
treatment with NELL-1 (300–600 ng/mL). *p < 0.05. Color images available online at www.liebertpub.com/tea
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FIG. 2. hPSCs form signifi-
cantly more bone in vivo
when combined with NELL-
1. Implants consisting of the
demineralized bone matrix
(DBX) or DBX treated with
hPSCs (2.5 · 105 cells), NELL-
1 (3mg/mL), or both hPSC
and NELL-1 were inserted
intramuscularly in SCID
mice. Bone morphogenetic
protein-2 (BMP-2) protein
was used as a comparison to
NELL-1 (see Supplementary
Table S1 for treatment group
specifics). Mice were har-
vested 4 weeks post-
implantation and evaluated
for bone formation. (A)
Representative three-
dimensional microcomputed
tomography images at Th120,
and corresponding analysis
of (B) mean bone mineral
density (BMD, n = 8) (Th50–
120 used for analysis).
*p < 0.05; **p < 0.01. Color
images available online at
www.liebertpub.com/tea

FIG. 3. Histological evi-
dence of enhanced osteogenic
potential of combined hPSC-
NELL-1-treatment. Hematox-
ylin and eosin (H&E) staining
was performed on the five
previously mentioned exper-
imental groups (DBX, DBX +
NELL-1, DBX + hPSC, DBX +
hPSC + NELL-1, and DBX +
hPSC + BMP2). (A) Re-
presentative H&E images.
(B–E) Histomorphometric
semiquantitative analysis of
random 200 · H&E images:
(B) Bone area (B. Ar), n = 10
images per group, toler-
ance = 50, (C) percent bone
area (% B. Ar.), n = 10 images
per group, tolerance = 50, (D)
number osteocyte/bone area,
(N. Oc/B. Ar.), n = 15 images
per group, tolerance = 20, and
(E) % filled lacunae, n = 15
images per group, toler-
ance = 20. *p < 0.05; **p < 0.01.
Black arrow indicates endo-
chondral ossification. Black
asterisk indicated lipid accu-
mulation. Color images
available online at www
.liebertpub.com/tea
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distinct b-2 microglobulin staining between DBX chips at 4
weeks postimplantation, indicating the persistence of human
cells (Supplementary Fig. S1A). In addition, PCNA im-
munostaining showed active cell proliferation within the
implant site (Supplementary Fig. S1B). Moreover, semi-
quantification of PCNA staining using Adobe Photoshop
showed a significant increase in the samples treated with
hPSC + NELL-1, in comparison to hPSCs alone (Supplemen-
tary Fig. S1C). To test whether the PCNA + cells were of
human (PSC) or mouse (host) origin, we next performed
immunofluorescent staining (Supplementary Fig. S1D). Here,
PCNA + cells appear green, while implanted cells were
prelabeled with a red fluorochrome. A significant number of
PCNA + cells were found to be implanted cells. Overall, this
reflects the proliferative effect of NELL-1 on PSCs, in
agreement with previous reports by our research group.24

hPSC-treated implants show an increase
in vascularization

As mentioned, new bone formation and neovasculariza-
tion are intimately connected. We next turned our attention

to the effects of hPSC on blood vessel formation. For this
comparison, an equal number of patient-matched unsorted
hSVF cells or purified hPSCs were implanted. To visualize
and quantify the size and number of blood vessels, the slides
were first stained with H&E. Representative H&E images of
hSVF-treated and hPSC-treated samples showed a notable
difference in the size and number of blood vessels (Fig. 5A,
B). Semiquantitative histomorphometric analysis of H&E-
stained images showed a significant increase in both the
blood vessel size (Fig. 5C) and number (Fig. 5D) in hPSC-
treated samples. To further confirm these differences, im-
munohistochemistry was performed for VEGF. VEGF is a
major angiogenic factor that promotes vascularization by
regulating endothelial cell proliferation and migration.20

Samples treated with hPSCs showed greater VEGF staining
in comparison to those treated with hSVF (Fig. 5A, B). This
was quantified, showing a significant increase in VEGF ex-
pression in the hPSC-treated samples in comparison to hSVF
(Fig. 5E). Next, the hSVF-treated and hPSC-treated implants
were examined for vWF immunohistochemistry. Re-
presentative images showed greater vWF staining in the
hPSC-treated samples than in the hSVF-treated samples (Fig.

FIG. 4. Immunohisto-
chemical analysis of ectopic
bone formation. (A–C) Im-
munohistochemistry was
performed on the four previ-
ously mentioned experi-
mental groups (DBX, DBX +
NELL-1, DBX + hPSC, and
DBX + hPSC + NELL-1).
Semiquantitative analysis of
the relative stain intensity
was determined, using the
magic wand tool of Adobe
Photoshop on random 400 ·
fields. (A) Representative im-
ages of Osteocalcin (OCN)
immunohistochemistry and
corresponding relative stain
quantification (D), based on
n = 5 images per group and
tolerance of 30. (B) Re-
presentative images of BMP-2
immunohistochemistry and
corresponding relative stain
quantification (E), based on
n = 8 images per group and
tolerance of 30. (C) Re-
presentative images of bone
morphogenetic protein-7
(BMP-7) immunohistochem-
istry and corresponding rela-
tive stain quantification (F),
based on n = 8 images per
group and tolerance of 30.
**p < 0.01. Color images
available online at www
.liebertpub.com/tea
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5A). Finally, CD31 immunofluorescent staining (a marker of
endothelial cells) was performed in samples implanted with
red fluorescent-tagged cells (Fig. 5F). We found that red-
labeled PSCs frequently were found in a close association
with CD31 + endothelial cells within the vasculature. In con-
trast, the red-labeled SVF cells showed are more sporadic and
less close association with blood vessels. These studies col-
lectively confirmed the significantly larger effect that hPSCs
have on vascularization in comparison to unsorted hSVF.

NELL-1 enhances the hPSC-mediated
effect on vascularization

Finally, the effect of NELL-1 on hPSC-mediated vascu-
larization was examined. NELL-1 has previously been re-

ported to have proangiogenic effects.24 We returned to the
intramuscular samples from Figures 2 and 3, examining the
effects of NELL-1 on hPSC-mediated vascularization. Sam-
ples were first stained with H&E (Fig. 6A). H&E-stained
images and corresponding semiquantitative histomorpho-
metric analysis revealed an increase in the blood vessel
number (Fig. 6B) and size (Fig. 6C) in the NELL-1-treated
and hPSC-treated samples relative to the DBX control. The
hPSC + NELL-1-treated samples showed the highest blood
vessel number and greatest blood vessel size relative to ei-
ther cell or cytokine treatment alone. This finding is reflected
in VEGF staining and quantification (Fig. 6D, E). Semi-
quantification of staining images showed a significant in-
crease in VEGF staining in groups treated with both hPSCs
and NELL-1 as compared to the groups with each treatment

FIG. 5. hPSC-treated im-
plants show increased vascu-
larization as compared to the
human stromal vascular
fraction (hSVF). Equal num-
bers (2.5 · 105) of either
hPSCs or hSVF cells loaded
onto DBX putty were im-
planted intramuscularly.
Samples were harvested 4
weeks postimplantation.
Specimens were stained with
H&E and for VEGF and von
Willebrand Factor (vWF).
Histomorphometric semi-
quantitative analysis of re-
spective 400 · images
followed using the Adobe
Photoshop magic wand tool.
(A) H&E, VEGF, and vWF
staining among hSVF-treated
implants. (B) H&E, VEGF,
and vWF staining among
hPSC-treated implants. (C)
Blood vessel number, based
on n = 10 H&E images per
group. (D) Mean blood vessel
area, based on n = 10 H&E
images per group at a toler-
ance of 30. (E) VEGF quanti-
fication, based on n = 5
images per group and toler-
ance of 30. (F) CD31 immu-
nofluorescent staining,
appearing green with red
fluorescent-labeled cells.
DAPI is used as a nuclear
counterstain, appearing blue.
White arrow indicates close
association of PSCs with a
blood vessel. *p < 0.05. Color
images available online at
www.liebertpub.com/tea
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alone, consistent with our previous in vitro observations (see
again Fig. 1J). These studies demonstrated the ability of
NELL-1 to enhance hPSC-mediated vascularization.

Discussion

In summary, PSCs consist of two distinct cell populations
known to exhibit characteristic MSC properties, and to share
similar proliferation and bone-forming potential.19 These
include pericytes, which surround capillaries and micro-
vessels, and adventitial cells, found in the tunica adventitia
of large arteries and veins. As mentioned, PSCs can be iso-
lated based on their differential expression of CD34 and
CD146. In the present study, we expanded upon our original
findings to explore the translational potential of PSCs as a
population of pericytes and adventitial cells by examining
both their osteogenic and vasculogenic properties. We
demonstrated that PSCs undergo both in vitro and in vivo
osteogenic differentiation, and that treatment with the cra-

niosynostosis-associated osteoinductive protein, NELL-1,
significantly augmented hPSC-mediated bone formation and
vascularization.

hPSCs offer many advantages over conventional stem cell
sources. PSCs are an abundant and purified osteoprogenitor
cell population, and can be used immediately after sorting,
bypassing culture expansion. This allows for direct implan-
tation of cells from the FACS sorter to the patient, eliminat-
ing both the extra time and possible risks associated with ex
vivo expansion. Further, hPSCs demonstrated a positive ef-
fect on vascularization, secreting significantly more VEGF
than an equal number of SVF cells. hPSC treatment also re-
sulted in significant increases in the blood vessel size and
number. Interestingly, we found that implanted PSCs were
often intimately associated with CD31 + endothelial cells,
and in effect recapitulate their native perivascular origins.
However, PSCs did not transdifferentiate into CD31 + en-
dothelial cells, suggesting that their provasculogenic effect
was primarily a supportive/trophic one. In summary, these

FIG. 6. NELL-1 enhances
hPSC-mediated vasculariza-
tion in vivo. H&E staining
and VEGF immunohisto-
chemistry were performed on
the four previously men-
tioned experimental groups
(DBX, DBX + NELL-1, DBX +
hPSC, and DBX + hPSC +
NELL-1). Histomorphometric
semiquantitative analysis of
respective 200 · images fol-
lowed using the Adobe Pho-
toshop magic wand tool. (A)
Representative H&E images.
(B) Blood vessel number,
based on n = 10 H&E images
per group. (C) Mean blood
vessel area, based on n = 10
H&E images per group. (D)
VEGF stain quantification,
based on n = 7 images per
group at a tolerance of 30. (E)
Representative image of
VEGF immunohistochemis-
try. *p < 0.05. Color images
available online at www
.liebertpub.com/tea
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results suggest that hPSC-mediated vascularization holds
potential in treating defects with poor blood flow, such as
diabetic wounds and chronic bone defects.34,35

On the other hand, NELL-1 has a promising role in future
bone regeneration therapies, owing to its osteoinductive and
vasculogenic properties. A detailed review of NELL-1 sig-
naling and its known effects can be found in a recent review
article.36 NELL-1 was first identified as osteoinductive via its
overexpression in cranial sutures.37 Studies involving over-
and under-expression of NELL-1 in mice have yielded cra-
niosynostotic and craniodysplastic defects, respectively.38,39

Significant steps have already been made toward the use of
recombinant NELL-1 for bone tissue engineering purposes.
For example, prior studies in the rat intertransverse lumbar
spine fusion29 and sheep intrabody lumbar spine fusion40

have shown a significant efficacy in the rate of fusion and
degree of bone formation. Although NELL-1 is still in its
clinical infancy and a human study has yet to be performed,
its success in multiple small- and large-animal models sug-
gests its promise as a candidate growth factor for future re-
generative efforts.19,29,32,40–42,* In fact, unlike the commonly
used BMPs, NELL-1 is highly specific to the osteochondral
lineage and does not carry with it the undesirable pleiotropic
effects observed with BMP-2.19,36 For example, BMP-2 has
been observed to induce a significant adipogenic response in
various models, whereas NELL-1-treatment represses adi-
pogenesis.19,28,* In the current study we directly compared
the effect so BMP-2 and NELL-1 in PSC-mediated ectopic
bone formation. Significantly, different qualities in bone re-
generate were found: while BMP-2 induced a higher density
of bone, this was also intermixed with lipid accumulation.
NELL-1’s specificity to bone was confirmed in previous
studies comparing the nonskeletal abnormalities observed in
BMP-2-deficient mice to the restricted skeletal defects present
in NELL-1-deficient mice.36,37,39,43 From a bone tissue engi-
neering standpoint, osteogenic specificity is essential for re-
ducing the potential for adverse clinical effects of a
differentiation factor.36,44 This is a significant concern, as the
dose of BMP-2 required for successful osteogenesis in hu-
mans is associated with life-threatening cervical swelling,
severe inflammation, increased adipogenesis, osseous over-
growth, and other complications.36,45–48

In addition, NELL-1 has significant effects on vasculari-
zation.24 NELL-1’s essential role in vascularization was
confirmed with the observation that NELL-1-deficient em-
bryos show reduced vasculogenesis during mid-gestation.24

NELL-1’s proangiogenic effect appears to be related to VEGF
expression and function. Previous in vitro studies have
demonstrated an increase in VEGF expression among human
pericytes grown in a NELL-1-supplemented osteogenic me-
dium.24 Here, we demonstrate that the combined population
of hPSCs treated with NELL-1 also showed significantly
enhanced VEGF expression in vivo. Interestingly, VEGF
shares additional similarities with NELL-1 and also partici-
pates in bone formation. Just as with NELL-1, for example,
osteoblasts also secrete and respond to VEGF,20 suggesting a
role for VEGF in regulating the migration and differentiation
of osteoblasts.20,49,50 Little is known, however, about the

degree to which NELL-1’s provasculogenic effects are me-
diated by VEGF signaling.

In summary, the combination hPSC + NELL-1 product
holds promise as a future cell- and growth-factor-based
therapeutic. PSCs are easily harvestable by FACS and rep-
resent a ready-to-use purified osteoprogenitor cell popula-
tion. Meanwhile, NELL-1 selectively induces osteogenic
differentiation and enhances vascularization. Future studies
will aim to further develop the translational potential of the
hPSC + NELL-1 combination product by extending these
findings to the skeletal defect-healing models for bone re-
generation.
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