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ABSTRACT

Neoangiogenesis is a key process in the initial phase of
ligament healing. Adult human circulating CD34� cells, an
endothelial/hematopoietic progenitor-enriched cell popula-
tion, have been reported to contribute to neoangiogenesis;
however, the therapeutic potential of CD34� cells for liga-
ment healing is still unclear. Therefore, we performed a
series of experiments to test our hypothesis that ligament
healing is supported by CD34� cells via vasculogenesis.
Granulocyte colony-stimulating factor-mobilized peripheral
blood (GM-PB) CD34� cells with atelocollagen (CD34�
group), GM-PB mononuclear cells (MNCs) with atelocolla-
gen (MNC group), or atelocollagen alone (control group)
was locally transplanted after the creation of medial collat-
eral ligament injury in immunodeficient rats. Reverse tran-
scriptase-polymerase chain reaction (RT-PCR) and immu-
nohistochemical staining at the injury site demonstrated

that molecular and histological expression of human-specific
markers for endothelial cells was higher in the CD34�
group compared with the other groups at week 1. Endoge-
nous effect, assessed by capillary density and mRNA expres-
sion of vascular endothelial growth factor, was significantly
higher in CD34� cell group than the other groups. In addition
to the observation that, as assessed by real-time RT-PCR, gene
expression of ligament-specific marker was significantly higher
in the CD34� group than in the other groups, ligament healing
assessed by macroscopic, histological, and biomechanical ex-
amination was significantly enhanced by CD34� cell trans-
plantation compared with the other groups. Our data strongly
suggest that local transplantation of circulating human CD34�
cells may augment the ligament healing process by promoting
a favorable environment through neovascularization. STEM
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INTRODUCTION

Ligaments, made of dense connective parallel tissue fibers, play an
essential role in mediating normal movement and stability of joints.
Injury to these systems causes significant joint instability, which
may lead to injury of other tissues and the development of degen-
erative joint disease. In most cases, such as anterior cruciate liga-
ment injury, healing fails to take place, and replacement tissues or
grafts are required. However, it has been reported that the mechan-
ical properties of the healing ligament do not return to normal 1
year after injury in both rabbit and canine models [1, 2]. Although
use of cells such as cultured fibroblasts, myoblasts, or mesenchy-
mal stem cells as a biological vehicle [3–5] or use of some growth
factors [6–11] results in some success, a more in-depth analysis of
the cellular and molecular mechanisms in ligament healing may
offer novel opportunities for the development of new therapies for
patients with ligament injuries.

The serial stages of ligament healing are well understood as
cellular processes. Following the initial hemorrhagic reaction, mul-
tiple cell types recruit to the wound while the granulation tissue is

formed [12, 13]. In this process, neovascularization is recognized as
a crucial initiator of ligament healing and remodeling [13]. How-
ever, it is still unclear which types of cells contribute to the
development of ligament healing and how the neovascularization
process originates and is enhanced. Vasculogenesis by endothelial
progenitor cells (EPCs), which is involved in the development of
the blood vessel system in the embryonic stage [12, 14], was not
identified as a mechanism of postnatal endothelial regeneration
until the discovery of bone marrow (BM)-derived and circulating
EPCs in adults [15–17]. As a result of this finding, many research-
ers have applied EPCs for therapeutic neovascularization and ac-
quired beneficial results for limb ischemia, myocardial infarction,
stroke, and diabetic wounds in animal models [18–29]. Following
these promising reports, we quite recently reported that human
CD34� cell transplantation induced significant vasculogenesis in
regenerating tissues and enhanced functional recovery from non-
healing fractures in small animal models [30]. Although those
beneficial results via vasculogenesis/angiogenesis for various dis-
eases have been reported, the efficacy and role of circulating
CD34� cells for ligament healing have not been clarified. There-
fore, we tested the hypothesis that transplantation of circulating

Correspondence: Ryosuke Kuroda, M.D., Ph.D., Department of Orthopaedic Surgery, Kobe University Graduate School of Medicine 7-5-1,
Kusunoki-cho, Chuo-ku, Kobe, 650-0017, Japan. Telephone: 81-78-382-5985; Fax: 81-78-351-6930; e-mail: kurodar@med.kobe-
u.ac.jp Received August 23, 2007; accepted for publication December 25, 2007; first published online in STEM CELLS EXPRESS

January 10, 2008. ©AlphaMed Press 1066-5099/2008/$30.00/0 doi: 10.1634/stemcells.2007-0671

TRANSLATIONAL AND CLINICAL RESEARCH

STEM CELLS 2008;26:819–830 www.StemCells.com



CD34� cells may contribute to ligament healing via vasculogen-
esis/angiogenesis.

In the present series of experiments, we demonstrated that
human circulating CD34� cells, locally transplanted with ate-
locollagen, survived at the injury site of the medial collateral
ligament (MCL) injury in an immunodeficient rat model, devel-
oped a favorable environment for ligament healing by enhanc-
ing vasculogenesis and angiogenesis, and finally led to func-
tional recovery from injury. The present findings have important
clinical implications for cell-based therapy that will enhance
ligament repair following injury.

MATERIALS AND METHODS

Preparation of Human Cells
We purchased frozen human granulocyte-stimulating factor-mobi-
lized peripheral blood (GM-PB) CD34� cells obtained from
healthy black females (43 and 28 years old) and frozen human
GM-PB mononuclear cells (MNCs) obtained from healthy black
females (25 and 38 years old) from Cambrex (Walkersville, MD,
http://www.cambrex.com). We thawed out the cells for experimen-
tal use according to the manuals from Cambrex.

Flow Cytometry Studies and Monoclonal Antibodies
Regular flow cytometric profiles of GM-PB CD34� cells and GM-PB
MNCs were analyzed with a FACSCalibur analyzer and CellQuest
software (Becton, Dickinson Immunocytometry Systems, Mountain
View, CA, http://www.bd.com). The procedure was described previ-
ously [20, 30]. The following monoclonal antibodies were used to
characterize the CD34� cell population: CD34-APC (BD Pharmingen,
San Diego, http://www.bdbiosciences.com/index_us.shtml), CD34-flu-
orescein isothiocyanate (FITC) (BD Pharmingen), CD45-APC (BD
Pharmingen), CD133-APC (BD Pharmingen), c-Kit-PE (Nichirei, To-
kyo, http://www.nichirei.co.jp/english/index.html), CD31-PE (BD
Pharmingen), IgG1-FITC isotype controls (BD Pharmingen), IgG1-
APC isotype controls (BD Pharmingen), and PI (Sigma-Aldrich, St.
Louis, http://www.sigmaaldrich.com).

Induction of MCL Injury and Cell Transplantation
Female athymic nude rats (F344/N Jcl rnu/rnu; CLEA Japan, To-
kyo, http://www.clea-japan.com) ages 8–12 weeks and weighing
150–170 g were used in this study. The rats were fed a standard
maintenance diet and provided with water ad libitum. The institu-
tional animal care and use committees of Kobe University approved
all animal procedures, including human cell transplantation.

All surgical procedures were performed under anesthesia and nor-
mal sterile conditions. Anesthesia was performed with ketamine hy-
drochloride (60 mg/kg) and xylazine hydrochloride (10 mg/kg) admin-
istered intraperitoneally. The surgical procedure was performed
according to the method of Watanabe et al. [31]. Briefly, the right knee
joint was approached through a medial skin incision, and the MCL of
rat was cut transversely, together with the fascia covering the MCL,
using a microsurgical technique. Next, the fascia was sutured, and the
fascial pocket was made to maintain the transplanted cells with 200 �l
of atelocollagen gel (2% solution; pH 7.3; osmolality, 260 mOsm/
kgH2O; Koken, Tokyo, http://www.kokenmpc.co.jp/english) in the
healing site. Human GM-PB CD34� cells (1 � 105; Cambrex) were
transplanted with atelocollagen in the right knee (CD34� group), and
atelocollagen without cells was transplanted in the left knee as a control
group (n � 32). On the other hand, 1 � 105 GM-PB MNCs (Cambrex)
were transplanted with atelocollagen as a cellular control group in the
right knee (MNC group), and a bolus of atelocollagen without cells was
transplanted in the left knee as a control group (n � 32). Atelocollagen
gel was chosen as a cell carrier because of its immunogenic and safety
advantages over other carriers. Atelocollagen solution is in liquid form
when cooled to 4°C and adjusted to neural pH but gelatinizes as the
temperature rises to 37°C. In atelocollagen, the antigenic telopeptide
region is removed by pepsin digestion and differential salt precipitation
during purification. This immunogenic advantage has enabled atelo-

collagen to be used in various clinical settings. Transplantations were
done immediately after mixture of the appropriately medium-sus-
pended cells and atelocollagen gel or mixture of the same bolus of
medium and atelocollagen. These atelocollagen procedures were re-
ported previously [32, 33]. Thirty-two left knees were randomly se-
lected from 64 samples in the control group for this study.

Six rats for macroscopic and histological assessment and six
rats for biomechanical assessment were randomly selected from
each group and sacrificed at weeks 2 and 4. Five rats for immuno-
histochemistry and three rats for reverse transcriptase-polymerase
chain reaction (RT-PCR) were also randomly selected from each
group and sacrificed at week 1. If the MCL injury was not a stable
transverse injury or if any evidence of deep infection was seen, the
animals were excluded from the study and replaced with additional
animals. Thus, two rats with comminuted injury were replaced
during the experiment; however, no rats with infection macroscop-
ically were replaced.

RT-PCR Analysis of RNA Isolated from GM-PB
CD34� Cells and Peri-injury Site Tissue of MCL
Total RNA was obtained from human GM-PB CD34� cells and the
rat tissues at the in peri-injury site of MCL at week 1 (n � 3) using
Tri-zol (Life Technologies, Rockville, MD, http://www.lifetech.
com) according to the manufacturer’s instructions. This procedure
was described previously [20, 30].

To avoid interspecies cross-reactivity of the primer pairs be-
tween human and rat genes, we designed the following human(h)-
specific primers using Oligo software (Takara, Otsu, Japan, http://
www.takara.co.jp). No primer pairs showed cross-reactivity to rat
genes (data not shown).

Human (h) CD34 primer sequence (380 base pairs [bp]): sense,
AAT GAG GCC ACA ACA AAC ATC ACA; antisense, CTG
TCC TTC TTA ACC TCC GCA CAG C;

hCD31 primer sequence (363 bp): sense, ATC GAT CAG TGG
AAC TTT GCC TAT T; antisense, GTG GCA TTT GAG ATT
TGA TAG A;

Human vascular endothelial-cadherin (hVE-Cad) primer sequence
(461 bp): sense, ACG CCT CTG TCA TGT ACC AAA TCC T;
antisense, GGC CTC GAC GAT GAA GCT GTA TT;

Human vascular endothelial growth factor (hVEGF) primer se-
quence (235 bp): sense, ATG GCA GAA GGA GGG CAG
CAT; antisense, TTG GTG AGG TTT GAT CCG CAT CAT;

Human hepatocyte growth factor (hHGF) primer sequence (423 bp):
sense, ATG CTC ATG GAC CCT GGT; antisense, GCC TGG
CAA GCT TCA TTA;

Human kinase insert domain-containing receptor (hKDR) primer
sequence (468 bp): sense, CAA ATG TGA AGC GGT CAA
CAA AGT T; antisense, ATG CTT TCC CCA ATA CTT GTC
GTC T;

hCD45 primer sequence (312 bp): sense, CAC TGC AGG GAT
GGA TCT CA; antisense, ACT CGT GGG TTC AGA ACC
TTC A;

hCD11b primer sequence (409 bp): sense, GAG TAC GTG CCA
CAC CAA GGA; antisense, GAC CCC CTT CAC TCA TCA
TGT CT;

hCD14 primer sequence (361 bp): sense, TCC GAA GCC TTC CAG
TGT GT; antisense, TTG GGC AAT GCT CAG TAC CTT;

Human glyceraldehyde-3-phosphate dehydrogenase (hGAPDH)
primer sequence (596 bp): sense, CTG ATG CCC CCA TGT TCG
TC; antisense, CAC CCT GTT GCT GTA GCC AAA TTC G;

Rat glyceraldehyde-3-phosphate dehydrogenase (rGAPDH) primer
sequence (320 bp): sense, GTG CCA GCC TCG TCT CAT
AGA; antisense, CGC CAG TAG ACT CCA CGA CAT.

Real-Time RT-PCR Analysis of Recipients’
Cytokines in the Peri-injury Site Tissue of MCL
Total RNA was obtained from the rat tissues at the peri-injury site
1 week after surgery by the same methods as RT-PCR. Following
total RNA isolation, the converted cDNA (2 �l) samples were
amplified in triplicate by real-time PCR (ABI PRISM 7700; Ap-
plied Biosystems, Foster City, CA, http://www.appliedbiosystems.
com) at a final volume of 20 �l using SYBR Green Master Mix
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(Applied Biosystems) reagent at a final concentration of 1�. Melt-
ing curve analysis was performed using Dissociation Curves soft-
ware (Applied Biosystems) to ensure that only a single product was
amplified. Specificity of the reactions was confirmed by 2.0%
agarose gel electrophoresis. Results were obtained using sequence
detection software (ABI PRISM 7700; Applied Biosystems) and
evaluated using Microsoft Excel (Redmond, WA, http://www.
microsoft.com).

Primers were as follows.

Rat vascular endothelial growth factor (rVEGF) primer sequence
(253 bp): sense, AAG CAA GTA GCG CCA ATC T; antisense,
GGA AGT AGG GTG CCA TAA CAC;

Rat tenomodulin (rTeM) primer sequence (71 bp): sense, CCA TGC
TGG ATG AGA GAG GTT AC; antisense, CAC AGA CCC
TGC GGC AGT A;

Rat collagen1A2 (rCol1A2) primer sequence (67 bp): sense, GCT
TTG TGG ATA CGC GAA CTC; antisense, CCA GCA TTG
GCA TGT TGC T;

rGAPDH primer sequence (67 bp): sense, TGC CAT CAC TGC
CAC TCA GA; antisense, CCC CAC GGC CAT CAC A.

Tissue Harvesting
Rats were euthanized with an overdose of ketamine and xylazine.
Bilateral knees were harvested and quickly embedded in optimal
cutting temperature (OCT) compound (Sakura Finetek, Torrance,
CA, http://www.sakura.com), snap-frozen in liquid nitrogen, and
stored at �80°C for histological, histochemical, and immunohisto-
chemical staining as described below. Rat knees in OCT blocks
were sectioned, and 6-�m serial sections were mounted on silane-
coated glass slides and air-dried for 1 hour before being fixed with
4.0% paraformaldehyde at 4°C for 5 minutes and stained immedi-
ately.

Immunofluorescent Staining
To detect transplanted human cells in the rat injury site of MCL,
immunohistochemistry (n � 5 in each group) was performed at
week 1 with following human-specific antibodies: human nuclei
antibody (HNA) (Chemicon, Temecula, CA, http://www.chemicon.
com), human leukocyte antigen (HLA)-ABC (BD Pharmingen) to
detect various kind of human cells, human-specific Ulex europaeus
lectin type 1 (UEA-1) (Vector Laboratories, Burlingame, CA, http://
www.vectorlabs.com) to detect human endothelial cells (ECs), and
human-specific CD45 (BD Biosciences, San Diego, http://www.
bdbiosciences.com) to detect human hematopoietic/inflammatory
cells. Staining specificity for human cells without cross-reaction to
rat cells was confirmed by histochemical staining for HNA, HLA-
ABC, UEA-1, and CD45 using human and rat heart (data not
shown). Double immunohistochemistry with HNA and smooth
muscle actin (SMA) was performed to detect various surviving
human cells in the arterioles. Double immunohistochemistry with
HLA-ABC and UEA-1 was also performed to distinguish differen-
tiation of transplanted CD34� cells into ECs and the other various
kind of human cells. The secondary antibodies for each immuno-
staining were as follows: Cy3-conjugated streptavidin (Jackson
Immunoresearch Laboratories, West Grove, PA, http://www.
jacksonimmuno.com) for UEA-1 staining, Alexa Fluor 594-conju-
gated goat anti-mouse IgG1 (Molecular Probes, Eugene, OR, http://
probes.invitrogen.com) for HNA, and Alexa Fluor 488-conjugated
goat anti-mouse IgG2a (Molecular Probes) for SMA and HLA-ABC.
4,6-Diamidino-2-phenylindole (DAPI) solution was applied for 5
minutes for nuclear staining.

Morphometric Evaluation of Capillary Density
Immunohistochemical staining (n � 5 in each group) for isolectin
B4 (Vector Laboratories) as a rat EC marker at week 2 was visu-
alized with fluorescence, and capillary density was morphometri-
cally evaluated as the average value in five randomly selected fields
(250 � 250 �m) of soft tissue at the peri-injury site (Fig. 3A).
Capillaries were recognized as tubular structures positive for isolec-
tin B4. All morphometric studies were performed by two examiners
blind to treatment.

Macroscopic Assessment of the MCL Healing
In six of the knees from each group euthanized at 2 and 4 weeks
after surgery, the MCLs were carefully identified, and the cut
portions of ligament were inspected macroscopically. MCL healing
was defined by the presence of bridged fibrous continuity between
cut ligament edges. Macroscopes of each animal were examined by
three observers blind to treatment.

Histological Assessment of the MCL Healing
Histological evaluation (n � 6 in each group) was performed with
hematoxylin and eosin (HE) staining to address the process of
ligament healing at weeks 2 and 4. All morphometric studies were
performed by two orthopedic surgeons blind to treatment.

Biomechanical Testing
At weeks 2 and 4, six rats in each group were used for biomechani-
cal evaluation. The hind limbs were wrapped in gauze soaked in
saline solution and frozen at �20°C for later testing. Before bio-
mechanical testing, the hind limbs were gradually thawed at room
temperature, and all soft tissue spanning the knee, except for the
MCL, was sharply transected. The femur-MCL-tibia complex was
mounted in a specially designed device using acrylic resin, and
fixed in a mechanical testing machine (Autograph AGS-5kNG;
Shimadzu Corp., Kyoto, Japan, http://www.shimadzu.com/). The
femur and tibia were oriented at angles of 60° and 0° from the
loading axis, respectively, so that the load was directed along
the longitudinal axis of the MCL. A tensile load was then applied at
a rate of 0.25 mm/second until gross failure of the MCL occurred.
During the tensile testing, the load-deformation relationship was
recorded using a computer analysis system. The ultimate load (peak
of curve) was calculated from the load-deformation curve. In addi-
tion to the tensile tests on the healing ligaments, mechanical tests
were also performed on a sham-exposed MCL to obtain normal
control values. The four normal, uninjured ligaments were prepared,
tested, and measured in the same way as the experimental speci-
mens.

Inhibition of Neovascularization
To investigate the hypothesis that neovascularization is essential for
supporting endogenous ligament healing, we used an antiangiogenic
agent, soluble Flt1 (sFlt1) (vascular endothelial growth factor
[VEGF] receptor 1), known to inhibit proliferation of ECs. Rats
subjected to MCL injury and CD34� cell transplantation were
divided into two groups, one group receiving sFlt1 (20 �g/kg,
subcutaneous; R&D Systems Inc., Minneapolis, http://www.
rndsystems.com) once daily for 14 days and the other receiving
phosphate-buffered saline (PBS) only (n � 12 in each group). On
week 2 (n � 6 in each group) and week 4 (n � 6 in each group) after
cell transplantation, macroscopic, histological, and immunohisto-
logical assessments were performed in each group.

Statistical Analysis
All values are expressed as mean � SE. The comparisons among
three groups were made using one-way analysis of variance. Post
hoc analysis was performed by Fisher’s PLSD test. A probability
value �0.05 was considered to denote statistical significance.

RESULTS

Phenotypic Characterization of GM-PB CD34�
Cells and GM-PB MNCs
We prepared GM-PB CD34� cells and GM-PB MNCs from
healthy males (Cambrex). The CD34� cell fraction had a purity
of �99% in GM-PB CD34� cells (Fig. 1A) and approximately
2% in GM-PB MNCs (Fig. 1B), as determined by fluorescence-
activated cell sorting (FACS) analysis to be positive for cell
surface markers of CD133, CD31, CD45, and c-Kit (Fig. 1C,
1D). RT-PCR analysis of the GM-PB CD34� cells revealed
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weak expression of the human-specific CD31 (hCD31) gene,
but not of hVE-Cad, another EC marker, whereas GM-PB
MNCs revealed very weak expression of the hCD31 gene but no
expression, for the most part, of hCD34 or hVE-Cad (Fig. 1E).
These results indicate that human GM-PB CD34� cells contain
a large EPC/hematopoietic stem cell (HSC) population com-
pared with GM-PB MNCs.

Human GM-PB CD34� Cell-Derived Vasculogenesis
To histologically prove the existence of surviving human cells and
the phenomenon of human cell-derived vasculogenesis, immuno-
histochemical staining for HNA, HLA-ABC, and UEA-1, a hu-

man-specific EC marker, was performed using tissue samples ob-
tained 1 week after cell administration. Abundant human cells were
detected as HNA�/DAPI� cells at the peri-injury site in animals
treated with CD34� cells, whereas no human cells were identified
in the control group (Fig. 2A). Differentiated human ECs derived
from the transplanted CD34� cells or MNCs were detected as
UEA-1�/HLA-ABC� cells in the vasculature in the peri-injury
area, whereas UEA-1�/HLA-ABC� cells were not identified in
the control group (Fig. 2B). The number of UEA-1�/HLA-ABC�
cells was significantly higher in the CD34� group compared with
the MNC group (hCD34�, 119.5 � 20.0; hMNC, 54.0 � 16.5;
control, 0.0 � 0.0 per mm2; p � .01 for hCD34� vs. control; p �

Figure 1. Phenotypic characterization of granulocyte colony-stimulating factor-mobilized peripheral blood (GM-PB) CD34� cells and GM-PB
mononuclear cells (MNCs). (A): The left plotting graph demonstrates that R2 gated cells with the physical properties of lymphomonocytic cells are
instead included in the subsequent analyses in GM-PB CD34� cells. The right graph demonstrates that GM-PB CD34� cell fraction had a purity
of �99%. The black line represents isotype control (negative control), and the blue line indicates sample data. The x-axis shows fluorescent intensity
of cells, and the y-axis demonstrates the number of cells. (B): The left plotting graph demonstrates that R2 gated cells with the physical properties of
lymphomonocytic cells are instead included in the subsequent analyses in GM-PB MNCs. The right graph demonstrates that the CD34� cell fraction
had a purity of approximately 2% in GM-PB MNCs. (C): GM-PB CD34� cells were characterized by fluorescence-activated cell sorting analysis
to be positive for the cell surface markers CD133, CD31, CD45, and c-Kit. (D): GM-PB MNCs were characterized as in (C). (E): Reverse
transcription-polymerase chain reaction analysis of GM-PB CD34� cells revealed weak expression of the hCD31 but not of the other endothelial
marker (hVE-Cad), whereas GM-PB MNCs revealed very weak expression of the hCD31 gene, but not of hVE-Cad and not, for the most part, of
hCD34. Abbreviations: FITC, fluorescein isothiocyanate; hCD31, human-specific CD31 gene; hCD34, human CD34; hGAPDH, human glyceralde-
hyde-3-phosphate dehydrogenase; hMNC, human mononuclear cell; hVE-Cad, human VE-cadherin.
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.05 for hCD34� vs. hMNC and hMNC vs. control) (Fig. 2C). To
further confirm this phenomenon in terms of transcription, RT-
PCR analysis of tissue RNA isolated from the peri-injury site was
performed. The molecular approach revealed the gene expression
of human-specific EC markers (hCD31 and hVE-Cad) in the
CD34� group, but not in the other groups (Fig. 2D). These results
indicate that human GM-PB CD34� cells efficiently differentiate
into ECs in a ligament injury-induced environment.

Enhancement of Intrinsic Angiogenesis in Animals
Receiving CD34� Cells
Enhanced angiogenesis by recipient cells following cell trans-
plantation was further confirmed by immunostaining for rat-

specific markers. Vascular staining with isolectin B4 (marker
for rat ECs but not human ECs) using tissue samples at week 2
postinjury demonstrated enhanced neovascularization around
the granulation area (Fig. 3A, zone a) in the CD34� group
compared with the other groups (Fig. 3C). Neovascularization
assessed by capillary density was significantly enhanced in the
CD34� group compared with both the MNC group and the
control group (hCD34�, 301.0 � 18.1; hMNC, 209.5 � 32.3;
control, 108.6 � 15.6 [number of capillary profiles per mm2];
p � .01 for hCD34� vs. control; p � .05 for hCD34� vs.
hMNC and hMNC vs. control) (Fig. 3D).

Furthermore, we performed quantitative real-time RT-
PCR experiments to investigate rat VEGF mRNA expression
around the MCL injury sites. Gene expression of rVEGF at

Figure 2. Human granulocyte-stimulating factor-mobilized peripheral blood CD34� cell-derived vasculogenesis. (A): Immunohistochemistry of
tissue sample at week 1 demonstrated that numerous human cells, identified by the red fluorescence of HNA (arrows), were detected at the peri-injury
site in the hCD34� group, whereas few human cells were detected in the hMNC group, and no human cells were identified in the control group.
Arterioles and nuclei are depicted by the green fluorescence of SMA and by the blue fluorescence of DAPI staining, respectively (magnification,
�200). (B): Differentiated human endothelial cells (ECs) derived from the transplanted CD34� cells or MNCs were detected as UEA-1�/
HLA-ABC� cells (arrows) in the vasculature in the peri-injury area, whereas UEA-1� cells were not identified in the control group (magnification,
�200). (C): The numbers of UEA-1�/ HLA-ABC� cells were significantly higher in the CD34� group compared with the MNC group and the
control group. �, p � .05; ��, p � .01. (D): Representative reverse transcription-polymerase chain reaction analysis performed on tissue sample
collected 1 week after surgery. The gene expression of human-specific EC markers (hCD31 and hVE-Cad) was detected in the hCD34� group but
not in the hMNC group or control group. Simply cultured HUVECs were used for positive control for human endothelial genes. Abbreviations: DAPI,
4,6-diamidino-2-phenylindole; hCD31, human CD31; hCD34, human CD34; hGAPDH, human glyceraldehyde-3-phosphate dehydrogenase; HLA-
ABC, human leukocyte antigen-ABC; hMNC, human mononuclear cell; HNA, human nuclei antibody; HUVEC, human umbilical vein endothelial
cell; hVE Cad, human VE-cadherin; rGAPDH, rat glyceraldehyde-3-phosphate dehydrogenase; SMA, smooth muscle actin; UEA, Ulex europaeus
lectin.
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week 1 was significantly higher in animals receiving GM-PB
CD34� cells compared with both the MNC group and the
control group (hCD34�, 1.269 � 0.078; hMNC,1.036 �
0.041; control, 0.901 � 0.018 relative to rGAPDH; p � .01
for hCD34 vs. control; p � .05 for hCD34 vs. hMNC and
hMNC vs. control) (Fig. 3B).

To evaluate whether transplanted CD34� cells contribute
intrinsic vascularization in terms of the paracrine effect com-
pared with MNCs, we confirmed that transplanted CD34� cells
released a greater amount of angiogenic factors (hVEGF,
hKDR, and hHGF) than MNCs at the peri-injury site (Fig. 3E).
These results indicate that administration of human GM-PB

CD34� cells may enhance intrinsic angiogenesis in an auto-
crine/paracrine manner.

Human GM-PB CD34� Cell-Derived Differentiation
into Hematopoietic/Inflammatory Cells
To identify human hematopoietic/inflammatory cells in the rat
injury site of MCL, immunohistochemistry was performed with
a human-specific antibody against CD45, known to be a hema-
topoietic/inflammatory cell marker. Differentiated human
CD45� hematopoietic/inflammatory cells derived from the
transplanted CD34� cells in the peri-injury area were detected
at a lower level than those from the MNCs (Fig. 4A). The

Figure 3. Enhancement of intrinsic angiogenesis in animals receiving CD34� cells. (A): Representative photomicrograph of a hematoxylin and
eosin-stained sample. The black box indicates a granulation area. Scale bars � 200 �m (magnification, �40). (B): Real-time reverse transcription
(RT)-polymerase chain reaction (PCR) using tissue sample at week 1 demonstrated that rVEGF was significantly higher in the hCD34� group
compared with the hMNC group and the control group. �, p � .05; ��, p � .01. (C): Staining of tissue samples collected 2 weeks after injury with
the rat-specific endothelial marker isolectin B4 (green fluorescence) demonstrated enhanced neovascularization around the granulation area of the
hCD34� group with respect to the hMNC group and the control group (magnification, �200). (D): Neovascularization assessed by capillary density
was significantly enhanced in the hCD34� group compared with the hMNC group and the control group. �, p � .05; ��, p � .01. (E): Reverse
transcription-polymerase chain reaction analysis of tissue sample at 1 week demonstrated that the gene expression of human-specific angiogenic
factors (hVEGF, hHGF) were higher in the hCD34� group compared with the hMNC group and the control group. Simply cultured macrophages
were used for positive control for human endothelial genes. Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; hCD34, human CD34; hHGF,
human hepatocyte growth factor; hKDR, human kinase insert domain-containing receptor; hMNC, human mononuclear cell; hVEGF, human vascular
endothelial growth factor; rGAPDH, rat glyceraldehyde-3-phosphate dehydrogenase; rVEGF, rat vascular endothelial growth factor.
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number of CD45� cells was significantly lower in the CD34�
group compared with the MNC group (hCD34�, 84.5 � 24.1;
hMNC, 216.0 � 34.2; control, 0.0 � 0.0 per mm2; p � .01 for
hMNC vs. control; p � .05 for hCD34� vs. hMNC and hCD34
vs. control) (Fig. 4B).

To further evaluate differentiation into hematopoietic/in-
flammatory cells in terms of transcription, RT-PCR analysis of
tissue RNA isolated from the injury site was performed. The
results revealed that the gene expression of human-specific
hematopoietic/inflammatory cell markers (hCD45, hCD11b,
and hCD14) was strong in the MNC group compared with the
CD34� group, while no expression in the control group (Fig.
4C). These results indicate that human GM-PB CD34� cell-
derived differentiation into hematopoietic/inflammatory cells
was lower than MNCs-derived differentiation.

Molecular, Morphological, and Functional Recovery
of Ligament Injury in Animals Receiving CD34�
Cell Transplantation
Ligament healing in each group was assessed by real-time
RT-PCR of rTeM and rCol1A2, which are ligament-related
markers [34–36]. Gene expression of rTeM at week 1 was
significantly higher in animals receiving GM-PB CD34� cells
compared with both the MNC group and the control group
(hCD34�, 1.394 � 0.075; hMNC, 0.989 � 0.013; control,
0.948 � 0.022; p � .05 for hCD34� vs. control and hCD34�
vs. hMNC) (Fig. 5C). Gene expression of rCol1A2 at week 1

was significantly higher in animals receiving GM-PB CD34�
cells compared with the other groups (hCD34�, 1.447 � 0.094;
hMNC, 1.062 � 0.064; control, 0.978 � 0.067 per mm2; p �
.01 for hCD34 vs. control; p � .05 for hCD34 vs. hMNC).

Morphological recovery of ligament injury in each group
was evaluated by macroscopic and histological examinations.
Macroscopic inspection demonstrated that the ligament signifi-
cantly healed in 33% of rats (two of six) at week 2 and in all rats
at week 4 (six of six) in the CD34� group compared with 16%
of rats (one of six) at week 2 and 33% of rats (two of six) at
week 4 in the MNC groups, and 0% of rats (zero of six) at week
2 and 33% of rats (two of six) in the control groups (Fig. 5A).
Histological evaluation with HE staining demonstrated almost
complete healing as a fibrous continuity at week 2 and complete
healing, except for a small number of inflammatory cells, at
week 4 in the CD34� group (Fig. 5B). In contrast, the laceration
site could easily be observed in spite of the existence of higher
cellularity of inflammatory cells at week 2, and the healing
process had not yet been completed by week 4 in the other
groups (Fig. 5B).

Functional recovery of ligament injury in each group was
evaluated by failure load of biochemical tensile test. Failure load
obtained at week 2 was significantly higher in the CD34� group
compared with both the MNC and the control groups (sham-
exposed group, 8,608.203 � 636.247; hCD34�, 6,734.766 �
618.357; hMNC, 3,530.606 � 1,385.589; control, 3,823.325 �
95.538 mN; p � .05 for hCD34 vs. hMNC and hCD34 vs.

Figure 4. Human granulocyte-stimulating factor-mobilized peripheral blood CD34� cell-derived differentiation into hematopoietic/inflammatory
cells. (A): Staining of tissue samples at week 1 with the human-specific antibody against CD45 (arrows) demonstrated that fewer CD45� cells in
the peri-injury area were detected in the hCD34� group compared with the hMNC group, whereas no CD45� cells were detected in the control group.
Scale bars � 50 �m. (B): The number of CD45� cells at the peri-injury site was significantly lower in the hCD34� group compared with the hMNC
group. �, p � .05; ��, p � .01. (C): Reverse transcription-polymerase chain reaction analysis using tissue samples at week 1 demonstrated that the
gene expression of human-specific hematopoietic/inflammatory cell markers (hCD45, hCD11b, and hCD14) was detected at higher levels in the
hMNC group compared with the hCD34� group, whereas no gene expressions were identified in the control group. Simply cultured macrophages
were used for positive control. Abbreviations: hCD11b, human CD11b; hCD14, human CD14; hCD34, human CD34; hCD45, human CD45; hMNC,
human mononuclear cell.
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Figure 5. Molecular, morphological, and biomechanical recovery of ligament injury in animals receiving hCD34� cell transplantation. (A):
Representative macroscope of the peri-injury site of medial collateral ligament (MCL) (arrows). The ligament significantly healed in 33% of
rats (two of six) at W 2 and all rats at W 4 (six of six) in the hCD34� group compared with 16% of rats (one of six) at W 2 and 33% of rats
(two of six) at W 4 in the hMNC group, and 0% of rats (zero of six) at W 2 and 33% of rats (two of six) at W 4 in the control group. White
dot lines indicate MCL. (B): Representative histological evaluation performed on hematoxylin and eosin-stained samples. Treated animals
(hCD34� group) presented almost complete healing as a fibrous continuity at W 2 and complete healing at W 4, except that a few inflammatory
cells were found. In contrast, the laceration site could easily be observed in spite of the existence of higher cellularity of inflammatory cells
at W 2, and the healing process was not yet completed by W 4 in the hMNC group or the control group (magnification, �200). Black dot lines
indicate edge of the injured MCL. Scale bars � 50 �m. (C): Real-time reverse transcription-polymerase chain reaction using tissue sample at
W 1 demonstrated that the gene expression of rTenomodulin and rCollagen1A2 was significantly higher in the hCD34� group compared with
the MNC group and control group. �, p � .05; ��, p � .01. (D): Failure load of tensile test demonstrated that biomechanical strength was
significantly higher in the hCD34� group compared with both the hMNC and the control groups at W 2. At W 4, failure load obtained in the
hCD34� group, not the hMNC group, was significantly higher compared with the control group. �, p � .05. Abbreviations: hCD34, human
CD34; hMNC, human mononuclear cell; rCollagen1A2, rat collagen1A2; rGAPDH, rat glyceraldehyde-3-phosphate dehydrogenase; rTeno-
modulin, rat tenomodulin; W, weeks; wks, weeks.

826 Contribution of PB CD34� Cells to MCL Healing



control) (Fig. 5D). At week 4, the failure load obtained in the
CD34� group, but not that obtained in the MNC group, was
significantly higher compared with the control group (CD34�,
9,843.817 � 1,216.443; hMNC, 9,241.084 � 467.519; control,
7,085.041 � 472.701 mN; p � .05 for hCD34 vs. control) (Fig.
5D). These results indicate that the MCL injuries in the immu-
nodeficient rats were not only molecularly and morphologically
healed but also biomechanically healed by the administration of
human GM-PB CD34� cells.

Inhibition of Intrinsic Angiogenesis by
Antiangiogenic Agent in Animals Receiving
CD34� Cells
To investigate the hypothesis that neovascularization is essential
to support endogenous ligament healing, an antiangiogenic
agent, sFlit1, which is known to inhibit proliferation of endo-
thelial cells, was injected for 14 days. Vascular staining with
isolectin B4 (marker for rat ECs but not human ECs) using
tissue samples at week 2 postinjury demonstrated inhibited
neovascularization around the peri-injury site in the sFlt1 group
compared with the PBS group (Fig. 6A). Neovascularization,
assessed by capillary density, was significantly inhibited in the
sFlt group compared with the PBS group (sFlt1, 221.7 �
21.191; PBS, 303.2 � 20.299 per mm2; p � .05) (Fig. 6B).
Macroscopic inspection demonstrated that the ligament was
significantly healed in 33% of rats (two of six) at week 2 and in
all rats (six of six) at week 4 in the PBS group compared with
0% of rats (zero of six) at week 2 and 33% of rats (two of six)
at week 4 in the sFlt1 groups (Fig. 6C). Histological evaluation
with HE staining demonstrated a fibrous continuity at week 2
and almost complete healing, except for a small number of
inflammatory cells, at week 4 in PBS group (Fig. 6D). In
contrast, the laceration site could easily be observed in spite of
the existence of inflammatory cells at week 2, and the healing
process had not yet been completed at week 4 in the sFlt1 group
(Fig. 6D). These results indicate that neovascularization is es-
sential to support endogenous ligament healing.

DISCUSSION

Rapid revascularization of injured, ischemic, and regenerating
organs is essential to restore organ function. The angiogenic
switch initiates the revascularization process and involves re-
cruitment of EPCs that assemble into neovessels [37–43]. In the
category of ligament regeneration, much effort has been focused
on delivering angiogenic factors to accelerate tissue revascular-
ization [6, 7, 9, 10, 44]. In such cytokines, VEGF has been
recognized as the most potent angiogenic factor. Although
VEGF has also been reported to promote angiogenesis in liga-
ment healing, it does not seem to affect the mechanical proper-
ties [45]. Therefore, a new strategy needs to be developed to
accelerate the remodeling of ligament injury. With such recog-
nition, transplantation of EPCs as a cell-based therapy might
offer another potential strategy to engineer ligament healing via
angiogenesis and vasculogenesis. Recently, EPC investigation
for promoting tissue neovascularization has widened those ap-
plications to various categories of regenerative medicine. In the
immunodeficient rat model of acute myocardial infarction,
transplanted human CD34� cells or ex vivo-expanded EPCs
incorporate into the site of the myocardial neovascularization,
differentiate into mature ECs, augment capillary density, inhibit
myocardial fibrosis and apoptosis, and preserve the left ventric-
ular function [22–24]. Systemic administration of human cord
blood-derived CD34� cells to immunocompromised mice sub-
jected to stroke 48 hours earlier induces neovascularization in

the ischemic zone and provides a favorable environment for
neuronal regeneration [27]. Transplantation of peripheral blood
CD34� cells to promote revascularization could improve
wound healing in full-thickness skin wounds of diabetic mice
[26]. Similarly, we quite recently reported that human peripheral
blood CD34� cells, systemically transplanted into an immuno-
deficient rat model of nonhealing fracture, were recruited to the
fracture site, developed a favorable environment for fracture
healing by enhancing vasculogenesis and angiogenesis, and
finally led to functional recovery from fracture [30].

We used a reproducible animal model of MCL injury,
clearly relevant to the clinical situation of ligament injury. The
atelocollagen gel that we used in this study with CD34� cells
has already been confirmed not to disturb cell viability during
cartilage and bone regeneration [32, 46, 47]. In the present
study, we proved that CD34� cells survived by double immu-
nohistochemistry of human nuclei antigen and DAPI. We also
identified in vivo differentiation of human peripheral blood
CD34� cells into ECs not only by immunohistochemistry but
by RT-PCR for human-specific cell markers. Although this
differentiation has been confirmed in the various animal models
of diseases, such as limb ischemia, myocardial infarction,
stroke, and diabetic wound, evidence of vasculogenesis for
ligament healing has not previously been reported. In the present
study, the CD34� population that we used was 99% positive for
CD45 by FACS analysis. Recently, it has been reported that
CD34�/CD45� cells, not CD34�/CD45� cells, formed ECs
[48]. However, in the present study, we confirmed lower dif-
ferentiation of CD34� cells (99% positive for CD45) into
CD45� hematopoietic/inflammatory cells compared with
MNCs (91% positive for CD45) by immunohistochemistry and
RT-PCR for human-specific cell markers in the perifracture site.
These results suggest that there is a difference in maturation
between CD34� cells and MNCs during the healing process.
These findings, consistent with the previous study in a rat
myocardial ischemic model [49], also suggest that hemorrhage/
inflammation in the acute phase may be harmful for survival and
differentiation of the transplanted cells in the chronic phase.
These results indicate that purified CD34� cell transplantation
may have more potential for ligament healing compared with
total MNC transfer.

In addition to these sensitive assessments of donor cell
differentiation at the incorporated site, quantitative histochem-
ical analysis for rat ECs revealed the enhancement of intrinsic
angiogenesis by recipient cells following the administration of
human CD34� cells. Recipient VEGF expression by real-time
RT-PCR was also proven to be enhanced by human CD34� cell
transplantation. In addition to this endogenous effect, human
CD34� cells were reported to secrete numerous angiogenic
factors, including VEGF, hepatocyte growth factor, fibroblast
growth factor 2 (FGF2), and IGF1 in vitro [50, 51]. The present
study also demonstrated gene expression of human angiogenic
factors, including VEGF and HGF, by human CD34� cell
transplantation at the peri-injury site. In addition, we proved that
the inhibition of angiogenesis by soluble Flt1 suppressed not
only angiogenesis/vasculogenesis but also intrinsic ligament
healing, indicating that angiogenic factors released by the trans-
planted CD34� cells contribute, at least in part, to ligament
healing in paracrine manner, as we reported previously [30].

On the other hand, some researchers recently reported that
CD34� cells have a potency to differentiate into not only ECs
but also mural perivascular cells (i.e., pericytes and smooth
muscle cells) [20, 52]. Similarly, it has been reported recently
that vascular pericytes may arise from CD34� cells [53]. Al-
though we did not address direct evidence of the differentiation
capacity of CD34� cells toward mural vascular cells, our RT-
PCR analysis of whole peri-injury tissues may indicate that the
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possibility remains. These findings suggest that CD34� cells
may be involved and pooled as vascular progenitor cells in the

vascular wall. In addition, EPCs have been also reported to be
mobilized and vascularized via an autocrine loop that involves

Figure 6. Inhibition of intrinsic angiogenesis by antiangiogenic agent in animals receiving CD34� cells. (A): Staining of tissue samples collected 2 W after
injury with the rat-specific endothelial marker isolectin B4 (green fluorescence) demonstrated inhibited neovascularization around the peri-injury site in the
sFlt1 group compared with the phosphate-buffered saline (PBS) group. (B): Number of capillary profiles demonstrated that neovascularization was
significantly inhibited in the sFlt1 group compared with the PBS group. �, p � .05. (C): Representative macroscope of the peri-injury site of medial collateral
ligament (MCL) (arrows). The ligament healing was significantly inhibited in 0% of rats (zero of six) at W 2 and 33% of rats (two of six) at W 4 in the sFlt1
group compared with 33% of rats (two of six) at W 2 and all rat (six of six) at W 4 in the PBS group. White dot lines indicate MCL. (D): Representative
histological evaluation performed on hematoxylin and eosin-stained samples. Angiogenesis-inhibited animals (sFlt1 group) presented the laceration observed
at W 2 and the existence of higher cellularity of inflammatory cells detected at W 4, whereas in the PBS group, a fibrous continuity was already identified
at W 2, and injured ligament was almost completely healed at W 4. Dotted lines indicate edges of the injured MCL. Scale bars � 50 �m. Abbreviations:
DAPI, 4,6-diamidino-2-phenylindole; PBS, phosphate-buffered saline; sFlt1, soluble Flt1; W, week(s).
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FGF2 [51, 54]. Considering these reports, the present study
suggests that microenvironmental interaction between vasculo-
genesis and ligament healing may involve not only autocrine/
paracrine regulatory factors but also direct cellular communica-
tions in developing CD34� cells.

The environmental contribution of CD34� cells resulted in
morphological and biomechanical healing of the ligament. Mac-
roscopic inspection and histological HE staining demonstrated
enhancement of ligament healing and remodeling after CD34�
cell transplantation. Real-time RT-PCR analysis using a tissue
sample at the peri-injury site also demonstrated enhancement of
collagen1A2 (Col1A2) and tenomodulin (TeM) gene expression
by CD34� cell transplantation. Col1A2 and TeM were reported
to be markers for tenocytes [34–36]. Expression of TeM was
reported to be tightly associated with dense connective tissue,
such as ligament and tendon, and to be a marker for mature
tenocytes [36]. Tensile test also demonstrated enhancement of
the biomechanical strength of ligament by CD34� cell trans-
plantation. These findings strongly suggest that peripheral blood
CD34� cells have significant potential for therapeutic applica-
tion to the damaged ligament.

BM nuclear cells were also reported to serve as a vehicle for
therapeutic molecules, as well as a source for enhancing healing
of ligaments [31]. It remains to be clarified whether circulating
CD34� cell transplantation is superior to BM cell therapy in
terms of efficacy and safety for ligament healing; however, cell
harvest from peripheral blood does provide benefits in that (a) it
is less invasive and safer than BM aspiration under general
anesthesia, and (b) magnetic sorting of CD34� cells has been
clinically applied in the hematology field for many years [55,
56].

Although we believe that our findings provide novel evi-
dence that circulating CD34� cells have significant potential
for therapeutic application to the damaged ligament, our present
study has some limitations. The GM-PB CD34� cells used in
this study require the use of mobilizing growth factor in a

clinical setting, not nonmobilized CD34� cells. Although we
have to consider the side effects in using mobilizing growth
factor even if they are minimal, the benefit of the use of
mobilizing growth factor is the large cell number. Ideally, we
should expand nonmobilized CD34� cells to a high enough
number to be efficiently transplanted. On the other hand, we
have already clarified the multidifferentiation capacity of
CD34� cells into osteoblasts and ECs in the previous bone
fracture model [30]. Although CD34� cells may have a potency
to differentiate into fibroblasts or fibrochondrocytes, we could
not demonstrate a direct contribution of CD34� cells to liga-
ment healing. We also need to test the effectiveness of this
treatment in a large-animal model, such as a canine anterior
cruciate ligament reconstruction model, so as to confirm the
clinical feasibility.

In conclusion, human circulating CD34� cells have a potent
vasculogenesis mechanism in the MCL injury-induced environ-
ment, enabling them to make a remarkable contribution to
morphological ligament healing. The technical feasibility in a
clinical situation and the present preclinical findings demon-
strating morphological ligament healing through concurrent vas-
culogenesis strongly suggest promising results for the future
clinical application of circulating CD34� cells for ligament
healing and remodeling.
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