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Abstract

Poor angiogenesis is a major road block for tissue repair. The regeneration of virtually all tissues is limited by angiogenesis,
given the diffusion of nutrients, oxygen, and waste products is limited to a few hundred micrometers. We postulated that
co-transplantation of hematopoietic and mesenchymal stem/progenitor cells improves angiogenesis of tissue repair and
hence the outcome of regeneration. In this study, we tested this hypothesis by using bone as a model whose regeneration
is impaired unless it is vascularized. Hematopoietic stem/progenitor cells (HSCs) and mesenchymal stem/progenitor cells
(MSCs) were isolated from each of three healthy human bone marrow samples and reconstituted in a porous scaffold. MSCs
were seeded in micropores of 3D calcium phosphate (CP) scaffolds, followed by infusion of gel-suspended CD34*
hematopoietic cells. Co-transplantation of CD34" HSCs and CD34~ MSCs in microporous CP scaffolds subcutaneously in the
dorsum of immunocompromized mice yielded vascularized tissue. The average vascular number of co-transplanted CD34*
and MSC scaffolds was substantially greater than MSC transplantation alone. Human osteocalcin was expressed in the
micropores of CP scaffolds and was significantly increased upon co-transplantation of MSCs and CD34" cells. Human nuclear
staining revealed the engraftment of transplanted human cells in vascular endothelium upon co-transplantation of MSCs
and CD34" cells. Based on additional in vitro results of endothelial differentiation of CD34" cells by vascular endothelial
growth factor (VEGF), we adsorbed VEGF with co-transplanted CD34" and MSCs in the microporous CP scaffolds in vivo, and
discovered that vascular number and diameter further increased, likely owing to the promotion of endothelial
differentiation of CD34" cells by VEGF. Together, co-transplantation of hematopoietic and mesenchymal stem/progenitor
cells may improve the regeneration of vascular dependent tissues such as bone, adipose, muscle and dermal grafts, and
may have implications in the regeneration of internal organs.
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progenitor cells, has led to the formation of blood vessels with
suboptimal life span [15]. Short of sustained survival of transplanted
endothelial cells, neovasculature fails to recruit the obligatory
perivascular cells including mural cells, and does not resemble

Introduction

Poor angiogenesis is a common and critical barrier in tissue
regeneration. Regenerating tissue over 100-200 um exceeds the

capacity of nutrient supply and waste removal by diffusion, and thus
requires an intimate supply of vascular networks [1,2]. Previous
attempts in engineered angiogenesis have relied on the delivery of
angiogenic growth factors, transplantation of proangiogenic cells or
the fabrication of blood vessel analogs [3—6]. In a number of
meritorious studies, angiogenesis in scaffolding materials has been
induced by a number of angiogenic cytokines such as vascular
endothelial growth factor (VEGF), platelet derived growth factors
(PDGY), and basic fibroblast growth factor (bFGF) [7-14]. Despite
promising results, there are continuing concerns over the cost of
multiple cytokines and delivery, potential toxicity, and suboptimal
endothelial migration in large tissue grafts. The transplantation of
proangiogenic cells, such as endothelial cells or endothelial
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native, multilayered mature microvessels. Despite tremendous
progress, the field of angiogenesis is viewed as top priority in tissue
regeneration and tissue engineering, and also the area of least
progress in the past decade [16].

Bone marrow is populated by heterogeneous cell types including
end-lineage cells, committed tissue progenitors, and multipotent
stem/progenitor cells [17,18]. Two multipotent stem/progenitor
cells can be readily isolated from a single bone marrow aspirate:
mesenchymal stem/progenitor cells (MSCs) and hematopoietic
stem/progenitor cells (HSCs) [17,18]. Previous work has well
explored the regeneration of mesenchymal phenotypes such as
bone, adipose and cartilage tissues, by MSCs [19]. During
development, mesenchymal progenitor cells co-localize in hema-
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topoietic sites and act as stromal support for tissue homeostasis
[20]. During endochondral bone development, invasion of the
primary ossification center artery precedes bone formation [21].
Hypertrophic chondrocytes express several critical transcriptional
factors and cytokines, including the pivotal vascular endothelial
growth factor (VEGF), and elaborate angiogenesis, which in turn
promotes bone formation [22]. During bone fracture healing,
some of the mobilized repair cells are vascular derived and migrate
into the fracture site to participate in the healing process [23-25].
The rate of fracture healing is related to angiogenesis [26,27]. For
instance, poor bone healing after irradiation is largely attributed to
a compromised vascular bed; conversely, enhancement of vascular
supply promotes the regeneration of irradiated bone [28].
Whereas it is logical to exploit the full potential of MSCs on bone
regeneration, suboptimal vascularization, a commonly recognized
barrier of bone tissue engineering, has not been addressed by
taking advantage of the capacity for neovascularization and
hematopoiesis by HSCs.

Recently, a great deal of interest has focused on the interactions
between HSCs and MSCs [29]. For example, HSCs promote
osteogenic differentiation of MSCs via niche-initiated pathways in
vitro [30]. The mechanism of this interplay between HSCs and
MSCs is believed to follow the expression of bone morphogenetic
protein 2 (BMP-2) and BMP-6. Conversely, osteoblasts facilitate
the mobilization of hematopoietic stem cells [31]. Interestingly,
peripheral blood CD34" cells differentiate into cells that express
osteogenic markers such as osteocalcin and may participate
directly in bone healing [32]. During early development, CD34"
haemagioblasts have been manipulated for their potential to
differentiate into vascular progenitor cells [30]. However, little is
known whether co-transplantation of HSCs and MSCs regener-
ates vascularized tissues including bone. CD34" hematopoietic
and CD34  mesenchymal stem/progenitor cells are co-inhabi-
tants of bone marrow, but have rarely been applied in conjunction
to heal tissue defects. In the present study, we co-transplanted
bone marrow derived human MSCs and HSCs in the micropores
of 3D calcium phosphate (CP) scaffolds. Following the delivery of
MSCs to the micropores of CP scaffolds, HSC-seeded Matrigel
was infused into MSC-residing micropores. Four weeks after
ectopic implantation in immunodeficient mice, human HSC and
MSC' co-seeded grafts yielded marked vascular number and
diameter, and increased human osteocalcin expression, in
comparison to MSC transplantation alone. We then observed
that VEGF stimulated HSCs to differentiate into endothelial-like
cells, which expressed von Willebrand factor and formed
intercellular tubular structures i vitro. We subsequently delivered
VEGF to MSC- and HSC-co-transplanted microporous CP
scaffolds i vive. The average vessel number and diameter upon
VEGF delivery in MSC- and HSC-seeded microporous CP
scaffolds further increased. Due to their co-localization in bone
marrow and therefore isolation by a single aspiration procedure,
hematopoietic and mesenchymal stem/progenitor cells may be co-
transplanted, and improve the regeneration of vascular dependent
tissues such as bone, muscle, adipose, dermal, nerve grafts, and
may have implications in the regeneration of internal organs.

Materials and Methods

Isolation of hematopoietic and mesenchymal stem/
progenitor cells from the same human bone marrow
sample

Bone marrow cells were isolated from whole marrow aspirates
of the iliac crest of each of three healthy male donors (AllCells,
Berkeley, CA) and plated as in Fig. 1A. Human mesenchymal
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stem cells (MSC) were isolated per our previous methods using
RosetteSep mesenchymal enrichment cocktail (StemCell Tech-
nologies, Vancouver, Canada) [33] (Fig. 1B) as mononucleated
and adherent cells. In a separate experiment, MSCs were found
not to express CD34 (data not shown). MSC were culture-
expanded in Dulbecco’s Modified Eagle’s Medium (DMEM-c;
Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum
(FBS; Atlanta Biologicals, Norcross, GA), and 1% antibiotic and
antimycotic (10,000 U/mL penicillin (base), 10,000 pg/mL strep-
tomycin (base), 25 (lg/mL amphotericin B) (Atlanta Biologicals) at
37°C, 95% humidity, and 5% CO, [34,35].

A subset of the whole marrow was used to isolate CD34" cells
using EasySep magnetic nanoparticles (StemCell Technologies,
Vancouver, Canada). The whole marrow was mixed with the
CD34" selection cocktail and magnetic nanoparticles per manufac-
turers protocol. Additional experiments also utilized commercially
available human bone marrow derived CD34" cells for verification
(AllCells, Berkeley, CA). The isolated CD34" cells (Fig. 1D) were
removed from solution using a magnet (StemCell Technologies,
Vancouver, Canada) and culture-expanded in IMDM (Iscoves
Modified Dulbeccos Medium), supplemented with 20% FBS,
100 ng/mL SCF (stem cell factor), 100 ng/mL Flt-3 ligand,
20 ng/mL IL-3 (interleukin-3), and 20 ng/mL IL-6 in a non-tissue
culture treated dish. Note that fibroblast-like MSCis (Fig. 1B) exhibit
drastically different morphology from HSCs (Fig. 1D) that are
rounded and smaller, when both stem/progenitor cell types were
cultured in witro. Isolated CD34" cells were culture expanded
(Fig. 1E) and a subset of these cells were differentiated into
endothelial-like cells, with details described below.

Osteogenic differentiation of mesenchymal stem cell-

seeded bone grafts

Culture expanded bone marrow-derived MSCs were detached
from culture plates using trypsin-EDTA and formed a 5x10° cells/
mL suspension. Ethylene oxide gas sterilized 3D-calcium phosphate
(CP) scaffolds (BD Biosciences, Bedford, MA) were pre-wetted in
DMEM with 10% FBS, and submerged into MSC suspension in
polypropylene round bottom test tubes with snap-caps. Mineralized
CP scaffolds were non-compressible sponges with hydration capacity
of 30 uL, 60*=10 wm porosity, and 200-400 wm pore size. The
rationale for selecting CP scaffolds is primarily due to its widespread
use in bone regeneration. Tubes were snap-sealed and vacuum was
applied using a 20 cc syringe and incubated at 37°C for 3 hrs. MSC-
seeded 3D scaffolds were cultured overnight in expansion medium
and then transferred to osteogenic culture for 21 days consisting of
DMEM-c supplemented with 100 nM dexamethasone, 0.05 mM
ascorbic acid-2-phosphate and 10 mM B-glycerophosphate, per our
previous work [34—36,37]. Human MSCis cultured under osteogenic
condition underwent osteogenic differentiation and mineral depo-
sition Fig. 1C.

Co-transplantation of HSCs and MSCs

Culture expanded CD34" cells were suspended in Matrigel (BD
Biosciences) at a density of 1x10° cells/mL. Microporous CP
scaffolds with MSCs seeded on pore surfaces were dried with
sterile gauze, immediately submerged in the CD34" cell suspended
gel and subjected to mild vacuum to induce infusion of cell/gel
suspension into the pores (200400 wm) of the CP scaffold
(5x3 mm?; dia. xheight) (Fig. 1F,1G). Scaffolds were maintained
in DMEM-c overnight prior to implantation. A total of four
groups were created: 1) MSC transplantation alone, 2) VEGF-
adsorbed MSC transplantation, 3) co-transplantation of MSCs
and CD34" cells, and 4) VEGF-adsorbed co-transplantation of
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Figure 1. Isolation of hematopoietic stem/progenitor cells and mesenchymal stem/progenitor cells from a single bone marrow
aspiration. A. Human bone marrow is aspirated from the iliac crest of donor patients. B. Mesenchymal stem/progenitor cells (MSC) isolated from
human bone marrow attach to tissue culture plates and assume typical spindle, fibroblast-like shape. C. Von Kossa stained MSC-derived osteoblasts
in osteogenic differentiation medium. Black stained mineralized nodules are observed as well as pericellular staining throughout the plate. D.
Hematopoietic stem/progenitor cells (HSCs) are isolated from the same human bone marrow sample. E. HSCs are expanded in suspension culture,
smaller than MSCs, and non-adherent, in addition to maintaining spherical shape. F. MSCs are seeded on the surfaces of the micropores of the 3D
cylindrical calcium phosphate (CP) scaffold. Culture expanded HSCs with or without VEGF are then seeded in Matrigel and infused into the
micropores of the 3D CP scaffolds to complete implant fabrication (controls included Matrigel with no HSCs, or with VEGF alone). G.
Carboxyfluoroscein diacetate (CFDA) labeled MSC and HSCs labeled with red CM-Dil are visualized in the micropores of the 3D graft. Green MSC are
on the surface of the micropores of the CP scaffold, whereas red HSCs are suspended in Matrigel that is infused into MSC-occupied pore surface. H.
Scaffolds are implanted subcutaneously in the dorsum of immunocompromized mice.

doi:10.1371/journal.pone.0003922.g001

MSCs and CD34" cells. Microporous CP scaffolds with cytokine-
free and cell-free Matrigel served as controls.

Ectopic implantation of tissue grafts in vivo

All tissue grafts, including controls, were implanted following
local IACUC approval. Nude mice were weighed and anesthetized
with 3% isoflurane inhalation in an induction chamber, with
anesthesia maintained with a nose cone (isoflurane 1-3%). A
2 cm-long linear incision was made along the midsagittal line of
the dorsum. Tissue grafts were implanted in the subcutaneous
pocket superior to dorsal muscles (Fig. 1H). All grafts were
harvested after 4 wks by removing the fibrous capsule, and cut into
two halves. One half was lysed in 1x triton-X solution, crushed,
sonicated on ice for 20 s, and stored at —20°C until further
analysis for ELISA, etc. The second half was fixed in 10%
formalin and either embedded in GMA or paraffin for histological
and immunohistochemical analyses as described below.

Histology, immunohistochemistry, histomorphometry,
and biochemical analyses

Specimens were demineralized in equal volumes of 20% sodium
citrate and 50% formic acid, subsequently embedded in paraffin,
sectioned in the transverse plane at 5 um thickness and stained with
hematoxylin and eosin (H&E) or Massons Trichrome stain
[35,39,41]. Undemineralized specimens were embedded in GMA,
sectioned at 20 um and stained with H&E [42]. Sequential sections
were immunostained for human osteocalcin (Cambridge, MA) and
human nuclei (Millipore, Billerica, MA) for visualizing the extent of
osteogenesis and the contribution of transplanted cell to neovascu-
larization, respectively. Computerized histomorphometric analysis
was performed to quantify blood vessel number and blood vessel
diameter using grid analysis [43]. All biochemical assays were
evaluated using thawed, lysed samples. DNA content was determined
using fluorescent DNA quantification kit (BioRad Labs, Hercules,
CA) and expressed as ng DNA per mL of sample. Osteocalcin was
detected using a human osteocalcin ELISA kit (R&D Systems,
Minneapolis, MN) and von Willebrand factor (vVWF) using human
vWF-specific ELISA (Helena Laboratories, Beaumont, TX).

Endothelial differentiation of hematopoietic stem/

progenitor cells in vitro

Culture expanded HSCs were induced to differentiate into
endothelial-like cells by plating onto fibronectin coated plates with
endothelial differentiation medium containing IMDM supple-
mented with 10% FBS, 1% Antibiotics/Antimycotics, 10 ng/mL
VEGTF (vascular endothelial growth factor), 1 ng/mL bFGF (basic
fibroblast growth factor), and 2 ng/mL IGF-1 (insulin-like growth
factor-1).

Statistical analysis. ANOVA and post-hoc Bonfferroni tests
were used to compare all quantitative data between the control
group and each experimental group at an o level of 0.05.
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Results

In vivo vascularization of tissue grafts generated from
CD34" hematopoietic stem/progenitor cells and CD34~
mesenchymal stem/progenitor cells

Microporous, 3D calcium phosphate scaffolds co-transplanted
with HSCs and mesenchymal stem/progenitor cells implanted
subcutaneously in the dorsum of athymic nude mice were
evaluated for both angiogenesis and osteogenesis. Four weeks
after i vivo implantation, bone grafts with co-transplanted HSCs
and MSCs demonstrated notably visible vascular ingrowth into the
micropores of CP scaffolds (black arrows in Fig. 2B1, B2). In
comparison, only limited vascular ingrowth was observed in MSC
transplantation alone (Fig. 2A1, A2). Neovascularization was
apparently anastomosed with host vasculature, given the presence
of red blood cells within vessel walls formed by endothelial cells.

Endothelial differentiation of hematopoietic stem/
progenitor cells

We further examined whether CD34+ cells isolated in the
present study can be differentiated into endothelial progenitor cells
or endothelial cells by VEGF, a growth factor with potency on
endothelial differentiation [15]. We first isolated CD34" cells from
donated human bone marrow samples by positive selection
(Fig. 3A). When grown in suspension culture, CD34" cells
remained spherical and non-attached (Fig. 3A). Upon seeding on
fibronectin-coated plates in endothelial differentiation medium
including VEGF, CD34" cells attached to the plate and formed
colonies (Fig. 3B). When seeded on 3D Matrigel and exposed to
endothelial differentiation medium, CD34" cells formed intercon-
necting tubular networks that are reminiscent of early angiogenesis
and characteristic of endothelial progenitor cells (Fig. 3C).
Endothelially differentiated CGD34" cells on fibronectin-coated
plates showed positive immunofluorescent staining for acetylated
LDLs (Fig. 3D) and von Willebrand factor (vWF) (Fig. 3E), both
typical for endothelial progenitor cells. Quantitatively, endotheli-
ally differentiated CD34" cells (HSC-ECs) expressed substantial
vWF normalized to DNA content, in comparison to dermal
fibroblasts that were used as controls (Fig. 3F).

Enhanced angiogenesis of VEGF-stimulated, co-
transplanted HSC and MSC co-seeded grafts in vivo
Four weeks after in vivo implantation, bone grafts with VEGF-
stimulated, co-transplanted HSCs and MSCs showed substantial
vascular ingrowth into the micropores of CP scaffolds (Fig. 4A,
4B). In comparison with VEGF-delivered MSC' transplantation
alone (Fig. 4C, 4D) or co-transplanted HSCs and MSCs but
without VEGF delivery (Fig. 2B1, 2B2), VEG)-stimulated HSC
and MSC co-transplantation yielded not only more, but also larger
blood vessels that were populated by red blood cells and lined by
endothelial cells (Fig. 4A, 4B). This is especially true when
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Figure 2. Vascularization of /n vivo implanted tissue grafts. H&E staining. A. Microporous calcium phosphate (CP) scaffolds seeded with
mesenchymal stem/progenitor cells (MSCs) alone showed minimal vascularization of the micropores of the implant. B. Co-transplantation of
hematopoietic stem/progenitor cells (HSCs) and MSCs resulted in substantial numbers of blood vessels (black arrows) in the micropores of the CP

scaffolds.
doi:10.1371/journal.pone.0003922.g002

contrasted with VEGF-MSC sample in Fig. 4C, 4D, consistent
with previous findings that VEGF delivery alone fails to elaborate
mature blood vessels [44,45]. Quantitatively, the average number
of blood vessels markedly increased for VEGF-stimulated co-
transplantation of HSCs and MSCis, in comparison with MSC
transplantation alone, VEGF delivery alone and co-transplanta-
tion of HSCs and MSCs but without VEGF delivery (Fig. 4E).
VEGTF delivery with HSC and MSC: co-transplantation yielded an
~240% increase in vessel number over MSC transplantation
group (p<<0.05) (Fig. 4E). VEGF delivery along with co-
transplantation of HSCs and MSCs also yielded large blood
vessels, in comparison with MSC transplantation alone, VEGF
delivery alone or co-transplantation of HSCs and MSCs but
without VEGF (Fig. 4F).

Contribution of transplanted human HSCs and MSCs to
endothelium

Transplanted HSCs and MSCs were engrafted into the
endothelium of host-derived blood vessels. Upon immunohisto-
chemical wvisualization of human-specific nuclear antibody,
transplanted human HSCs and MSCs were found broadly in
tissue grafts and in some cases, formed vascular endothelium with
or without VEGF delivery (red arrows in Fig. 5C,5D). Engraft-
ment of transplanted human cells and co-localized host (mouse)
cells participated in the formation of endothelium (Fig. 5C,5D).
Red blood cells populated blood vessel lumen (L in Fig. 5C,5D)
that was lined by human-host (mouse) derived endothelium,
suggesting that blood vessels in tissue grafts anastomosed with host
vasculature. In contrast, blood vessels formed by MSC transplan-
tation alone with or without VEGF, but in the absence of
transplanted HSCs, had broad engraftment of human cells, but
rarely within the endothelium (Fig. 5A, 5B).
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Ectopic mineralization in vascularized grafts generated
from CD34" and mesenchymal stem/progenitor cells
Ectopic mineral apposition was observed in the micropores of
the CP grafts. Massons Trichrome staining showed areas of
collagen fiber accumulation within the micropores of the CP
scaffold (Fig. 6). While MSC transplantation with or without
VEGF delivery resulted in mild areas of Masson’s trichrome
staining (Fig. 6A1, A2 and Fig. 6B1, B2), moderate collagen
apposition was found in association with co-transplanted HSCs
and MSCs but without VEGF (Fig. 6C1, C2). Importantly,
substantial Masson’s trichrome staining was present along the
interface of tissue formation and microporous CP scaffolds
(Fig. 6D1). High magnification of VEGF-delivered, HSC and
MSC co-transplantation sample showed robust collagen deposi-
tion and areas of apparent bone trabecula-like structures
(Fig. 6D2). Immunohistochemical analysis showed the presence
of human-specific osteocalcin in the micropores of CP scaffolds
implanted subcutanecously in SCID mice (Fig. 7A-E), indicating
that transplanted human cells synthesized osteocalcin. Isolated
areas of human-specific osteocalcin staining were found in MSC
transplantation with or without VEGF delivery (Fig. 7A,B). In
contrast, representative samples of co-transplantation of MSCs
and HSCs with or without VEGF showed substantial areas of
human-specific osteocalcin staining (Fig. 7C,D). Osteoblast-like
cells are observed on the surface of calcium phosphate scaffolds
(CP) (black arrow in Fig. 7D). Quantitatively, the expression of
human-specific osteocalcin was significantly more robust upon co-
transplantation of MSCs and HSCs, interestingly, without VEGF
delivery, than MSC: transplantation alone, presenting an ~220%
increase (p<<0.05) (Fig. 7E). Mineral apposition is verified on
undecalcified sections (yellow arrows in Fig. 7F-T). Isolated brown
areas at the interface of newly formed tissue and CP scaffold were
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HSCECs  FBs

Figure 3. Endothelial differentiation of HSCs in vitro. A. Hematopoietic stem/progenitor cells (HSCs) propagated in suspension culture,
assuming spherical shape. B. HSCs form endothelial-like colonies in fibronectin-coated plates. C. Formation of tubular intercellular structures in 3D
Matrigel culture. Uptake of acetylated-LDLs (red) (blue: DAPI) (D) and vWF (von Willebrand Factor) immunofluorescent stain (green) (E). F.
Quantification of VWF measured by ELISA showing substantial expression of vVWF in HSC-derived endothelial-like cells, in comparison with dermal

fibroblasts as controls.
doi:10.1371/journal.pone.0003922.g003

found in MSC transplantation with or without VEGF delivery
(Fig. 7F,G). In contrast, extensive brown areas were present in the
co-transplantation sample seeded with HSCs and MSCs (yellow
arrows in Fig. 7H). Similarly, the representative sample of co-
transplantation of HSCs and MSCs with VEGF delivery also
showed extensive areas of mineral apposition (yellow arrows in

Fig. 7I).
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Discussion

The present results constitute an original discovery that tissue
vascularization and regeneration is enhanced by co-transplanta-
tion of mesenchymal stem/progenitor cells and hematopoietic
stem/progenitor cells. Given that HSCs and MSCs can be readily
isolated from a single bone marrow aspiration procedure [46—48],
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Figure 4. VEGF enhances neovascularization of HSC and MSC co-transplanted scaffolds. A. VEGF delivered with transplanted HSCs
promoted increased neovascularization of large diameter, indicative of increasingly mature blood vessels. Red blood cells are observed in
neovasculature indicating anastomosis to host and functionality (A-D:H&E stain). B. Higher magnification of A. C. VEGF delivered MSC
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transplantation group (no transplanted HSCs) fails to show substantial neovascularization as demonstrated by few sparse and small blood vessels. D
High magnification of C. CP: calcium phosphate. E. Quantification of the average number of vessels showing significantly increased vasculature in
VEGF-stimulated HSC and MSC co-transplantation group (n=5, p<0.05). F. Histogram presentation of the average vessel diameters show that VEGF
delivery resulted in larger, and likely more mature, blood vessels towards the right tail of the histogram.

doi:10.1371/journal.pone.0003922.g004

the significance of our data is to promote a translational approach
to combine the delivery of HSCs and MSCs towards generating
vascularized tissues. Given that suboptimal angiogenesis is the
common roadblock in tissue regeneration, the present co-
transplantation of HSCs and MSCs offers an alternative to other
angiogenic approaches that have been previously investigated,
such as delivery of growth factors or the fabrication of blood vessel
analogs [3-6]. MSCs and HSCs have rarely been delivered in
combination for the healing of defects or the treatment of diseases,
partially due to separate communities in which HSCs and MSCs
are studied. If the present approach is extendable to the promotion
of vascularization of other tissues such as adipose, cardiac,
muscular, nerve and dermal grafts, then a single bone marrow
aspirate may provide threshold numbers of expandable multi/
pluri-potent stem/progenitor cells including MSCs and HSCs for
vascularized tissue regeneration [37,38,40,49-52]. An additional
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advantage of combined delivery of HSCs and MSCis appears to be
the disadvantages in association with the cost of multiple
angiogenic growth factors, transplantation of endothelial cells that
are difficult to isolate from patients and difficult to expand in vitro,
and challenges associated with microsurgery for connecting
bioengineered blood vessels.

The clear advantage of increased vascular number and vascular
diameter by co-transplantation of MSCs and HSCs, over MSC
transplantation alone, appears to indicate several putative
pathways via which HSCs may participate in synergistic actions
with  MSCs. First, transplanted HSCs in the present work
differentiate into endothelial cells i vitro, and engraft into host-
derived vasculature i vivo. These findings suggest that HSCs not
only possess the critical signaling potential during tissue repair, but
also may directly participate as repair cells. HSCs may
differentiate into various hematopoietic elements, and anastomose
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Figure 5. Transplanted human HSCs and MSCs engraft /in vivo and into vascular endothelium of host vasculature. Inmunostaining
(brown) of human specific nuclei of tissue grafts by MSC transplantation alone (without HSCs) (A), MSC transplantation with exogenous VEGF (B), co-
transplantation of MSCs and HSCs without VEGF delivery (C), or co-transplantation of MSCs and HSCs with VEGF delivery (D). Red arrows point to
human nuclei that engraft to forming blood vessel wall surrounding functional lumen (L) filled with red blood cells.

doi:10.1371/journal.pone.0003922.g005
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CD34+ Cells

VEGF & CD34+ Cells

Figure 6. Collagen apposition in tissue grafts /n vivo. A-D. Masson's trichrome staining (blue) shows increased pre-mineralizing collagen
deposition and osteoid formation in co-transplantation of MSCs and HSCs without VEGF (C1) and VEGF-delivered MSC and HSC co-transplantation
sample (D1), in contrast to MSC transplantation alone (A1) and VEGF-delivered MSC transplantation sample (B1). A2-D-2. Magnification of red

boxes in A1-D1, respectively.
doi:10.1371/journal.pone.0003922.g006

with host-derived vasculature. The incorporation of transplanted
human cells in vascular endothelium suggests that vascular
signaling by transplanted human cells promotes anastomosis with
host vasculature. Additional studies can be designed to separately tag
HSCs and MSCs, so to appreciate the relative contribution of both
cell types to the neovasculature. Second, MSCs and HSCs may act
as each other’s supportive cells, and reciprocally promote tissue-
forming and vascular support functions. This speculation is clearly
beyond the scope of the present study, but warrants separate studies.
Third, we are somewhat surprised that MSC: transplantation alone
in the present work yields somewhat disappointing regeneration as
well poor angiogenesis. This may be attributed to a modest number
of MSCs and partial differentiation of MSCs into osteogenic cells.
Also, our data do not rule out a possibility that MSCs have
differentiated into endothelial-like cells in vivo in the present model,
as shown before [53-55]. Human nuclei staining does demonstrate
engraftment of the transplanted human cells in regenerating tissue in
the pores of CP scaffold, but few transplanted MSCis are found in the
vascular wall unless HSCs are co-transplanted. Follow up studies are
warranted to determine to what extent MSCs differentiate into
endothelial cells i vivo.

Vascular endothelial growth factor (VEGF) is used in the
present work along with co-transplantation of HSCs and MSCs,
and further enhances vascular number and vascular diameter. In
the present complex system, VEGI’s actions are likely multi-
dimensional. VEGT clearly promotes the differentiation of HSCs
towards endothelial progenitor cells or endothelial cells in vitro as
shown in the present work, but may have also concomitantly
signaled and recruited host-derived vascular network in vivo [56].
VEGT and other angiopoietins mobilize and activate hematopoi-
etic cells, and may provide obligatory signaling for the differen-
tiation and stabilization of endothelial cells [57,58]. Differentiated
endothelial cells express abundant VEGF receptors, but secrete
litde VEGF [59], whereas VEGF stimulates autocrine pathways of
HSCs and promotes cell survival [60]. Thus, the present approach
to co-transplant HSCs and MSCs may maximize the potential of
transplanted multi-lineage cells, and allow them to be activated by
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local cues of the mjured tissue. The present VEGE delivery via
diffusion from a scaffold gel will lead to its rapid release, consistent
with previous work advocating that VEGF should be delivered
early in regeneration [7]. During native angiogenesis, VEGI
expression peaks early, followed by other angiopoietins such as
PDGEF (platelet derived growth factor) [7]. Given that HSCs are
progenitors of platelets, we speculate that the transplanted CD34"
cells may directly differentiate into or mediate the differentiation of
platelets which are important for vessel wall maturation and the
recruitment of mural cells [61].

An interesting observation of our data is that VEGF delivery is
accompanied by a decline of human osteocalcin content. This is
likely attributed to several factors. A fraction of CD34" cells have
been shown to express osteocalcin and to engraft in healing fractures
[62-64]. Also, a percentage of osteocalcin and alkaline phosphatase
expressing cells from peripheral blood with osteogenic potential are
CD34 positive [65]. In the present work, CD34" cells may have
participated in mineral apposition and the expression of human
osteocalcin. Conversely, delivery of VEGF in the present work may
have promoted endothelial differentiation of the transplanted
CD34" cells; accordingly, fewer CD34" cells engage in osteocalcin
synthesis. Additional studies are designed to explore the effects of
VEGF dosing on HSCs and MSCs. Together, the present co-
transplantation of hematopoietic and mesenchymal stem/progen-
itor cells yields vascularized tissue regeneration. Vessel number and
diameter that are elaborated by HSCs and MSCs are found to
further improve upon VEGF delivery. These original findings are
perhaps reminiscent of the native development process as well
characterized in bone development. Prior to the arrival of primary
ossification center artery, diaphyseal bone fails to develop. Although
the oxygenation and diffusion properties of the engineered bone are
not outcome measures of the present study, we suspect that the
present approach may have induced angiogenesis and vasculogen-
esis both from outside in (host-derived) and inside out (human cell
driven). Given the approximate 100-200 pm limitation for vascular
supply in native tissue, it would be of interest to determine whether
oxygenation and diffusion properties of engineered bone, such as
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Figure 7. Expression of human osteocalcin and mineral deposition in tissue grafts /n vivo. Human osteocalcin immunostaining displays
increased levels of expression in MSC and HSC co-transplantation sample (C) and VEGF-delivered MSC and HSC co-transplantation sample (D), in
contrast with MSC transplantation alone sample (A) and VEGF-delivered MSC transplantation sample (B). Osteoblast-like cells are observed lining the
calcium phosphate scaffold (CP) (black arrow in D). E. Quantified human osteocalcin content confirms significantly increased human osteocalcin
expression of the co-transplantation group of MSCs and HSCs (n=5, p<<0.05). Interestingly, VEGF delivery decreased human osteocalcin expression,
despite the higher level of vascularization (see detailed discussion in text). F-l. Undecalcified H&E stained sections of in vivo implanted scaffolds
show increased dark mineralized tissue throughout the co-transplanted MSC and HSCs cell-seeded scaffold (yellow arrows in H) and VEGF-delivered,
co-transplanted MSC and HSC-seeded scaffold (yellow arrows in 1) groups, in contrast to MSC transplantation alone (F) and VEGF-only (G).
doi:10.1371/journal.pone.0003922.9007

the presently derived, differ from native tissue. The present Acknowledgments
approach likely filters out some end lineage cells from bone marrow
aspiration and provide an initial selection of HSC and MSC
populations. Therefore, this approach differs from whole marrow
transplantation with or without further processing. Taken together,
synergistic actions of hematopoietic and mesenchymal stem/

We thank Catherine Woo and Michaela Panter for technical assistance,
and Sarah Kennedy for administrative assistance.

Author Contributions

progenitor cells may provide an alternative approach for the Conceived and designed the experiments: EKM JJM. Performed the
regeneration of vascular tissues such as bone, adipose, cardiac, experiments: EKM PAC MC HE. Analyzed the data: EKM PAC JD SG
muscle and dermal grafts. JJIM. Wrote the paper: EKM JJM.
References
1. Koike Y, Uzuki M, Kokubun S, Sawai T (2003) Angiogenesis and 4. Cassell OC, Hofer SO, Morrison WA, Knight KR (2002) Vascularisation of
inflammatory cell infiltration in lumbar disc herniation. Spine 28: 1928- tissue-engineered grafts: the regulation of angiogenesis in reconstructive surgery
1933. and in disease states. Br J Plast Surg 55: 603-610.
2. Jain RK (2005) Normalization of tumor vasculature: an emerging concept in 5. McKee JA, Banik SS, Boyer MJ, Hamad NM, Lawson JH, et al. (2003) Human
antiangiogenic therapy. Science 307: 58-62. arteries engineered in vitro. EMBO Rep 4: 633-638.
3. Fuchs JR, Nasseri BA, Vacanti JP (2001) Tissue engineering: a 21st century 6. Murphy WL, Simmons CA, Kaigler D, Mooney DJ (2004) Bone regeneration
solution to surgical reconstruction. Ann Thorac Surg 72: 577-591. via a mineral substrate and induced angiogenesis. J Dent Res 83: 204-210.

@ PLoS ONE | www.plosone.org 10 December 2008 | Volume 3 | Issue 12 | e3922



23.

24.

26.

27.

28.

29.

30.

36.

37.

. Richardson TP, Peters MC, Ennett AB, Mooney DJ (2001) Polymeric system for

dual growth factor delivery. Nat Biotechnol 19: 1029-1034.

. Tabata Y, Yamada K, Miyamoto S, Nagata I, Kikuchi H, et al. (1998) Bone

regeneration by basic fibroblast growth factor complexed with biodegradable
hydrogels. Biomaterials 19: 807-815.

. Tanihara M, Suzuki Y, Yamamoto E, Noguchi A, Mizushima Y (2001)

Sustained release of basic fibroblast growth factor and angiogenesis in a novel
covalently crosslinked gel of heparin and alginate. J Biomed Mater Res 56:
216-221.

. Nomi M, Atala A, Coppi PD, Soker S (2002) Principals of neovascularization for

tissue engineering. Mol Aspects Med 23: 463-483.

. Carano RA, Filvaroff EH (2003) Angiogenesis and bone repair. Drug Discov

Today 8: 980-989.

. Lutolf MP, Hubbell JA (2005) Synthetic biomaterials as instructive extracellular

microenvironments for morphogenesis in tissue engineering. Nat Biotechnol 23:
47-55.

. Huang YC, Kaigler D, Rice KG, Krebsbach PH, Mooney DJ (2005) Combined

angiogenic and osteogenic factor delivery enhances bone marrow stromal cell-
driven bone regeneration. J Bone Miner Res 20: 848-857.

Stosich MS, Bastian B, Marion NW, Clark PA, Reilly G, et al. (2007)
Vascularized adipose tissue grafts from human mesenchymal stem cells with
bioactive cues and microchannel conduits. Tissue Eng 13: 2881-2890.
Schechner JS, Nath AK, Zheng L, Kluger MS, Hughes CC, et al. (2000) In vivo
formation of complex microvessels lined by human endothelial cells in an
immunodeficient mouse. Proc Natl Acad Sci U S A 97: 9191-9196.

. Johnson PC, Mikos AG, Fisher JP, Jansen JA (2007) Strategic directions in tissue

engineering. Tissue Eng 13: 2827-2837.

. Friedenstein AJ, Gorskaja JF, Kulagina NN (1976) Fibroblast precursors in

normal and irradiated mouse hematopoietic organs. Exp Hematol 4: 267-274.

. Aubin JE (1998) Bone stem cells. J Cell Biochem Suppl 30-31: 73-82.
. Marion NW, Mao JJ (2006) Mesenchymal stem cells and tissue engineering.

Methods Enzymol 420: 339-361.

. Mendes SC, Robin C, Dzierzak E (2005) Mesenchymal progenitor cells localize

within hematopoietic sites throughout ontogeny. Development 132: 1127-1136.

. Rivas R, Shapiro I (2002) Structural stages in the development of the long bones

and epiphyses: a study in the New Zealand white rabbit. ] Bone Joint Surg Am
84-A: 85-100.

. Gerber HP, Vu TH, Ryan AM, Kowalski J, Werb Z, et al. (1999) VEGF couples

hypertrophic cartilage remodeling, ossification and angiogenesis during
endochondral bone formation. Nat Med 5: 623-628.

Laing AJ, Dillon JP, Condon ET, Street JT, Wang JH, et al. (2007) Mobilization
of endothelial precursor cells: systemic vascular response to musculoskeletal
trauma. J Orthop Res 25: 44-50.

Laing AJ, Dillon JP, Condon ET, Coffey JC, Street JT, et al. (2007) A systemic
provascular response in bone marrow to musculoskeletal trauma in mice. J Bone

Joint Surg Br 89: 116-120.

. Lee DY, Cho TJ, Kim JA, Lee HR, Yoo W], et al. (2008) Mobilization of

endothelial progenitor cells in fracture healing and distraction osteogenesis. Bone
42: 932-941.

Peng H, Usas A, Olshanski A, Ho AM, Gearhart B, et al. (2005) VEGF
improves, whereas sFltl inhibits, BMP2-induced bone formation and bone
healing through modulation of angiogenesis. ] Bone Miner Res 20: 2017-2027.
Duvall CL, Taylor WR, Weiss D, Wojtowicz AM, Guldberg RE (2007)
Impaired angiogenesis, early callus formation, and late stage remodeling in
fracture healing of osteopontin-deficient mice. J] Bone Miner Res 22: 286-297.
Kaigler D, Krebsbach PH, Wang Z, West ER, Horger K, et al. (2006)
Transplanted endothelial cells enhance orthotopic bone regeneration. J Dent
Res 85: 633-637.

Porter RL, Calvi LM (2008) Communications between bone cells and
hematopoietic stem cells. Arch Biochem Biophys 473: 193-200.

Jung Y, Song J, Shiozawa Y, Wang J, Wang Z, et al. (2008) Hematopoietic Stem
Cells Regulate Mesenchymal Stromal Cell Induction into Osteoblasts Thereby
Participating in The Formation of the Stem Cell Niche. Stem Cells 26:
2042-2051.

. Mayack SR, Wagers AJ (2008) Osteolineage niche cells initiate hematopoietic

stem cell mobilization. Blood 112: 519-531.

. Matsumoto T, Kawamoto A, Kuroda R, Ishikawa M, Mifune Y, et al. (2006)

Therapeutic potential of vasculogenesis and osteogenesis promoted by
peripheral blood CD34-positive cells for functional bone healing. Am J Pathol
169: 1440-1457.

. Alhadlaq A, Tang M, Mao JJ (2005) Engineered adipose tissue from human

mesenchymal stem cells maintains predefined shape and dimension: implications
in soft tissue augmentation and reconstruction. Tissue Eng 11: 556-566.

. Moioli EK, Hong L, Mao JJ (2007) Inhibition of osteogenic differentiation of

human mesenchymal stem cells. Wound Repair Regen 15: 413-421.

. Moioli EK, Clark PA, Sumner DR, Mao ]J (2008) Autologous stem cell

regeneration in craniosynostosis. Bone 42: 332-340.

Alhadlaq A, Elisseeff JH, Hong L, Williams CG, Caplan Al, et al. (2004) Adult
stem cell driven genesis of human-shaped articular condyle. Ann Biomed Eng
32: 911-923.

Marion NW, Mao JJ (2006) Mesenchymal stem cells and tissue engineering.
Methods Enzymol 420: 339-361.

@ PLoS ONE | www.plosone.org

1

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.
60.

61.

62.

CD34+/— Cells and Angiogenesis

. Marion NW, Liang W, Reilly G, Day DE, Rahaman MN, et al. (2005) Borate

Glass Supports the In Vitro Osteogenic Differentiation of Human Mesenchymal
Stem Cells. Mechanics of Advanced Materials and Structures 12: 1-8.
Alhadlaq A, Mao JJ (2003) Tissue-engineered neogenesis of human-shaped
mandibular condyle from rat mesenchymal stem cells. J Dent Res 82: 951-956.
Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, et al. (1999)
Multilineage potential of adult human mesenchymal stem cells. Science 284:
143-147.

Collins JM, Ramamoorthy K, Da SA, Patston P, Mao JJ (2005) Expression of
matrix metalloproteinase genes in the rat intramembranous bone during
postnatal growth and upon mechanical stresses. J Biomech 38: 485-492.
Clark PA, Moioli EK, Sumner DR, Mao JJ (2008) Porous implants as drug
delivery vehicles to augment host tissue integration. FASEB J 22: 1684-1693.
Vij K, Mao JJ (2006) Geometry and cell density of rat craniofacial sutures during
early postnatal development and upon in vivo cyclic loading. Bone 38: 722-730.
Shi Q, Rafii S, Wu MH, Wijelath ES, Yu C, et al. (1998) Evidence for
circulating bone marrow-derived endothelial cells. Blood 92: 362-367.

. Jain RK, Au P, Tam J, Duda DG, Fukumura D (2005) Engineering vascularized

tissue. Nat Biotechnol 23: 821-823.
Jyotsna M, Vemuganti GK, Reddy P, Chandra KS (2006) Autologous bone
marrow-derived progenitor cell myocardial delivery for recent myocardial
infarction patients following early angioplasty: results from a pilot study.
Cardiovasc Revasc Med 7: 217-221.
Schachinger V, Assmus B, Britten MB, Honold J, Lehmann R, et al. (2004)
Transplantation of progenitor cells and regeneration enhancement in acute
myocardial infarction: final one-year results of the TOPCARE-AMI Trial. J Am
“oll Cardiol 44: 1690-1699.
Stamm C, Westphal B, Kleine HD, Petzsch M, Kittner C, et al. (2003)
Autologous bone-marrow stem-cell transplantation for myocardial regeneration.
Lancet 361: 45-46.
Lundell BI, Mandalam RK, Smith AK (1999) Clinical scale expansion of
cryopreserved small volume whole bone marrow aspirates produces sufficient
cells for clinical use. ] Hematother 8: 115-127.
Bachier CR, Gokmen E, Teale J, Lanzkron S, Childs C, et al. (1999) Ex-vivo
expansion of bone marrow progenitor cells for hematopoietic reconstitution
following high-dose chemotherapy for breast cancer. Exp Hematol 27: 615-623.
Sakaguchi Y, Sekiya I, Yagishita K, Muneta T (2005) Comparison of human
stem cells derived from various mesenchymal tissues: superiority of synovium as
a cell source. Arthritis Rheum 52: 2521-2529.
Wright KT, Masri WE, Osman A, Roberts S, Trivedi J, et al. (2008) The cell
culture expansion of bone marrow stromal cells from humans with spinal cord
injury: implications for future cell transplantation therapy. Spinal Cord.
Kestendjieva S, Kyurkchiev D, Tsvetkova G, Mehandjiev T, Dimitrov A, et al.
(2008) Characterization of mesenchymal stem cells isolated from the human
umbilical cord. Cell Biol Int 32: 724-732.
Tang J, Xie QQ, Pan G, Wang J, Wang M (2006) Mesenchymal stem cells
participate in angiogenesis and improve heart function in rat model of
myocardial ischemia with reperfusion. Eur J Cardiothorac Surg 30: 353-361.

. Yue WM, Liu W, Bi YW, He XP, Sun WY, et al. (2008) Mesenchymal Stem

Cells Differentiate into an Endothelial Phenotype, Reduce Neointimal
Formation, and Enhance Endothelial Function in a Rat Vein Grafting Model.
Stem Cells Dev 17: 785-794.

Kopp HG, Ramos CA, Rafii S (2006) Contribution of endothelial progenitors
and proangiogenic hematopoietic cells to vascularization of tumor and ischemic
tissue. Curr Opin Hematol 13: 175-181.

Rafii S, Meeus S, Dias S, Hattori K, Heissig B, et al. (2002) Contribution of
marrow-derived progenitors to vascular and cardiac regeneration. Semin Cell
Dev Biol 13: 61-67.

Rafii S, Lyden D, Benezra R, Hattori K, Heissig B (2002) Vascular and
haematopoietic stem cells: novel targets for anti-angiogenesis therapy? Nat Rev
Cancer 2: 826-835.

Kerbel RS (2008) Tumor angiogenesis. N Engl J Med 358: 2039-2049.

Kirito K, Fox N, Komatsu N, Kaushansky K (2005) Thrombopoietin enhances
expression of vascular endothelial growth factor (VEGF) in primitive
hematopoietic cells through induction of HIF-lalpha. Blood 105: 4258-4263.
Woo 8Y, Kie JH, Ryu KH, Moon HS, Chung WS, et al. (2002)
Megakaryothrombopoiesis during ex vivo expansion of human cord blood
CD34+ cells using thrombopoietin. Scand J Immunol 55: 88-95.
Olmsted-Davis EA, Gugala Z, Camargo F, Gannon FH, Jackson K, et al. (2003)
Primitive adult hematopoietic stem cells can function as osteoblast precursors.
Proc Natl Acad Sci U S A 100: 15877-15882.

Graziano A, d’Aquino R, Laino G, Proto A, Giuliano MT, et al. (2008) Human
CD34+ stem cells produce bone nodules in vivo. Cell Prolif 41: 1-11.

. Dominici M, Pritchard C, Garlits JE, Hofmann T]J, Persons DA, et al. (2004)

Hematopoietic cells and osteoblasts are derived from a common marrow
progenitor after bone marrow transplantation. Proc Natl Acad Sci U S A 101:
11761-11766.

. Eghbali-Fatourechi GZ, Modder Ul, Charatcharoenwitthaya N, Sanyal A,

Undale AH, et al. (2007) Characterization of circulating osteoblast lincage cells
in humans. Bone 40: 1370-1377.

December 2008 | Volume 3 | Issue 12 | e3922



