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Abstract 

Failures in fracture healing are mainly caused by a lack of vascularization. Adult human 

circulating CD34+ cells, an endothelial/hematopoietic progenitor-enriched cell population, have been 

reported to differentiate into osteoblasts (OBs) in vitro, however the therapeutic potential of CD34+ cells 

for fracture healing is still unclear. Therefore, we performed a series of experiments to test our 

hypothesis that functional fracture healing is supported by vasculogenesis and osteogenesis via 

regenerative plasticity of CD34+ cells. Peripheral blood CD34+ cells, isolated from total mononuclear 

cells (MNCs) of adult human volunteers, showed gene expression of osteoca1cin (OC) in 4 out of 20 

freshly isolated cells by single cell RT -PCR analysis. Phosphate-buffered saline (PBS), MNCs or CD34+ 

cells were intravenously transplanted after creating non-healing femoral fractures in nude rats. RT -PCR 

and immunohistochemical staining at the peri-fracture site demonstrated molecular and histological 

expression of human-specific markers for endothelial cells and OBs at week 2. Functional bone healing 

assessed by biomechanical as well as radiological and histological examinations was significantly 

enhanced by CD34+ cell transplantation compared to the other groups. Our data suggest circulating 

human CD34+ cells have a therapeutic potential to prtomote an environment conducive to 

neovascularization and osteogenesis in damaged skeletal tissue, which will allow the complete healing of 

fractures. 
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Introduction 

Whereas embryonic stem cells in the blastocyst stage have the ability to generate any 

differentiated cells in the body, most adult stem cells have limited potential for postnatal tissue/organ 

regeneration. Among phenotypically characterized adult stem/progenitor cells 1-3, the hematopoietic 

system has traditionally been considered as an organized, hierarchic system with multipotent, 

self;enewing stem cells at the top, lineage-committed progenitor cells in the middle, and 

lineage;estricted precursor cells, which give rise to terminally differentiated cells, at the bottom4. 

Recently, adult human peripheral blood CD34+ cells have been reported to contain intensive endothelial 

progenitor cells (EPCs) as well as hematopoietic stem cells (HSCS)5 . Tissue ischemia and cytokine 

mobilize EPCs from bone marrow (BM) into peripheral blood, and mobilized EPCs specifically home to 

sites of nascent neovascularization and differentiate into mature endothelial cells (ECs) 

(vasculogenesis)6.7. In case of immunodificient 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 ventricular functionS-to. In addition, intravenously transplanted 

CD34+ cells was efficiently incorporated into ischemic tissue9
•
11

• 

In recent years, in an attempt to meet clinical demands, interest has turned to bone formation as an 

alternative category of regenerative medicine. It is anticipated that by optimizing the process of fracture 

repair, a biological approach results in the restoration of normal structure and function in the injured 

skeletal tissue. Although most fractures typically heal with callus formation which bridges the fracture 

gap, a significant proportion (5-10%) of fractures fail to heal and result in delayed union or persistent 

nonunion12.13
. Inappropriate neoangiogenesis is considered to be a crucial factor in failed bone formation 

and remodeling14,15. Notably, appropriate vascularization is emerging as a prerequisite for bone 
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development and regeneration, and indeed there appears to be a developmental reciprocity between ECs 

and OBSI6. Under such recognition, human CD34+ cells, which are capable of generating ECs in an 

appropriate environment6,7, have also been reported to differentiate into OBs in vitro 17-19. In addition, a 

recent report demonstrated that CD34+ osteoblastic cells line the cavities of the cartilage in the fracture 

site in a rabbit tibial osteotomy model20
. These observations provoked the hypothesis that human 

peripheral blood CD34+ cells playa key role in fracture healing via vasuculogenesis and osteogenesis. 

Therefore, we first confirmed that mouse Seal +Lineage marker- (Lin-) cells, quite similar to human 

CD34+ cells 7,21,22, were mobilized to peripheral blood in the natural course of the fracture healing process. 

Next, we investigated whether transplantation of circulating human CD34+ cells contributed to both 

vasculogenesis and osteogenesis for functional bone healing post-fracture in an immunodeficient rat 

model. 

In the present series, we demonstrated that mouse Sea I + Lin- cells were mobilized into the 

peripheral blood in the natural course of fracture healing and that human peripheral blood CD34+ cells, 

containing osteo/endothelial progenitor cells already expressing OC, that were recruited to the fracture 

site following systemic delivery, developed a favorable environment for fracture healing by enhancing 

vasculogenesis and osteogenesis, and finally led to functional recovery from fracture. The present 

findings have important clinical implications for cell-based therapy that will enhance bone repair 

following fracture. 
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Materials and Methods 

Isolation of mouse Lin-cells and assessment of Scal+Lin-celis 

To confirm the kinetics of Seal +Lin- cells in the natural course of fracture healing, we detected 

Seal + Lin- cells at pre-fracture and 1, 4, 7, 14 days post-fracture by fluorescence-activated cell sorting 

(FACS) analysis (n=3 in each). 

Peripheral blood cells were aspirated from the hearts of lO-week-old fractured mice 1, 4, 7, 14 

days post-fracture, and from those of unfractured mice with PBS containing 5% fetal calf serum (FCS) 

(n=3 in each). MNCs were obtained by a Histopaque-1083 (Sigma) density gradient centrifugation at 

400g for 20 min. The light-density MNCs were collected, washed twice with Dulbecco's PBS 

supplemented with 2 mM EDTA and counted manually. Separation of Lin- cells was performed to 

deplete mature hematopoietic cells7
,21 such as T cells, B cells, NK cells, monocytes/macrophages, 

granulocytes and erythrocytes by labeling MNCs with lin- separation kit (BD Pharmingen), containing 

biotin-conjugated Mac1, B220, CD3e, Ter119, Ly6G, and CD45R antibodies followed by 

streptavidin-conjugated magnetic beads and BD IMagnet separation. Then, Lin-MNCs were counted and 

the number of Seal +Lin- cells were calculated from the rate of Seal + cells in Lin- MNCs by FACS 

analysis and the number of Lin- MNCs. 

Isolation of CD34+ cells from adult human volunteers 

Human peripheral blood total MNCs were obtained from healthy male volunteers aged 31.7±1.2 

years (n=3). CD34+ cells were isolated from the MNCs by the AutoMACS system (Miltenyi Biotec,. 

Auburn, CA) using anti-CD34 microbeads (Miltenyi Biotec). The CD34+ cell fraction had a purity of> 

97%, as determined by FACS analysis using a CD34-specific monoclonal antibody (Becton Dickinson, 

San Jose, CA). IRB approval for the collection of peripheral blood MNCs from healthy human volunteers 
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and informed consent regarding the experimental use of the cells from the volunteers were obtained. 

Flow cytometry studies and monoclonal antibodies 

Regular flow cytometric profiles were analyzed with a FACS Calibur analyzer and CELLQuest 

software (Becton Dickinson Immunocytometry Systems, Mountain View, CA). The instrument was 

aligned and calibrated daily using a four color mixture of CaliBRITE beads (BD Biosciences) with 

FACSComp software (BD Bioscience). Dead cells were excluded from the plots beads on propidium 

iodide (PI) staining (Sigma Co., St. Louis, MO). Human CD34+ cells or mouse Lin- cells were washed 

twice with HBSS containing 3.0% FCS, incubated with 10 ,.d ofFcR Blocking Reagent to increase the 

specificity of monoclonal antibodies (Miltenyi Biotic) for 20 min at 4°C, and incubated with the 

monoclonal antibodies for 30 min at 4°C. The stained cells were washed three times with PBS containing 

3.0% FCS, and resuspended in 0.5 rnl ofHBSS/ 3%FCS/ PI, and analyzed by FACScan Caliber flow 

cytometer (Becton-Dickinson, Franklin Lakes, NJ). One hundred thousand cells were processed through 

the cytometer and 3 x 104 cells per sample were analyzed for human CD34+ cell or mouse Lin- cell 

fraction. The following monoclonal anti-human antibodies were used to characterize the CD34+ cell 

population: CD34-APC (BD Pharmingen), CD34-FITC (BD Pharmingen), CD45-FITC (BD 

Pharmingen), CD 133-APC (BD Pharmingen), c-Kit-FITC (Nichirei), CD31-FITC (BD Pharmingen), 

CD105 (BD Pharmingen), VE cadherin (VE-cad)-FITC (BD Pharrningen), KDR-PE (BD Pharmingen), 

Tie2-PE (BD Pharmingen), IgG l-FITC isotype controls (BD Pharmingen), IgG I-APC isotype controls 

(BD Pharmingen), PI (Sigma Co., St. Louis, MO). The following monoclonal anti-mouse antibodies were 

used to characterize the Lin- MNCs: cKit-APC (BD Pharmingen), Scal-FITC (BD Pharmingen), 

IgG2a-PE isotype controls (BD Pharmingen), IgG2a-FITC isotype controls (BD Pharmingen), PI (Sigma 

Co., St. Louis, MO). 
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Induction of femoral fracture with the periosteum cauterized and cell transplantation 

Female athymic nude rats (F3441N Jcl rnuJrnu, CLEA Japan, Inc.) aged 8 to 12 weeks and 

weighing 150-170 g were used in this study. The rats were fed a standard maintenance diet and provided 

with water adlibitum. The institutional animal care and use committees of RIKEN Center for 

Developmental Biology approved all animal procedures including human cell transplantation. 

All surgical procedures were performed under anesthesia and normal sterile conditions. 

Anesthesia was performed with ketamine hydrochloride (60 mglkg) and xylazine hydrochloride (10 

mglkg) administered intraperitoneally. A lateral parapatellar knee incision on the right limb was made to 

expose the distal femoral condyle. An animal model of femoral fracture was applied using a modification 

of the method described by Bonnarens and Einhorn 23 • To avoid significant displacement of the fracture 

by obtaining the well aligned stability of the fracture site, a 1.2 mm diameter K -wire was inserted from 

the trochlear groove into the femoral canal in a retrograde fashion using a motor-driven drill. The wire 

was advanced until its proximal end was positioned stably in the greater trochanter and the distal end was 

cut close to the articular surface of the knee. A thin saw cut at depth of a 3 mm was applied mid-shaft 

following minimal lateral exposure to weaken the bone and to avoid complex fractures. A transverse 

femoral shaft fracture was then created in the right femur of each rat using a C-shaped instrument 

applying three-point bending. Following this procedure, each rat received additional surgery to create a 

nonunion in the fractured shaft according to the method of Kokubu, et ae4
. The periosteum was 

cauterized (OPTEMP TM, Variable low temp cautery, Alcon Manufactureing, Ltd., U.S.) circumferentially 

at a distance of 2 mm on each side of the fracture. The wound was then irrigated with 10 cc of sterile 

saline and the muscle and skin were closed in layers with 5-(} nylone sutures. Post-operative pain was 

managed by administration of subcutaneous injection ofbuprenorphine hydrochloride after surgery. 

Unprotected weight bearing was allowed immediately post-operation. The left unfractured femur was 

served as a control. 
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Thirty minutes after the creation of the fracture model, rats received intravenous transplantation 

of Ix 105 CD34+ cells or Ix 105 total MNCs resuspended with 100 ul of PBS or the same volume of PBS 

without cells through their tail vein (n=15 in each group). 

Three rats were randomly selected from each group and sacrificed for the histological study after 

radiological evaluation of fracture healing at each time point, at weeks 2, 4 and 8. The six remaining rats 

in each group were sacrificed at week 8 for biomechanical testing as described below. If the fracture was 

not a stable transverse fracture or if any evidence of deep infection was seen, the animals were excluded 

from the study and replaced with additional animals. Thus, eight rats with comminuted fractures and six 

rats with infection identified by radiographs were replaced during the experiment. 

Targeting cell analysis with Qtracker cell labeling kit 

To target human CD34+ cells or MNCs following intravenous infusion and confirm their 

recruitment into fracture site, Qtracker 655 cell labeling kit (Quantum Dot Corporation) was applied for 

the human cells prior to transplantation in three additional rats in each group according to the 

manufacturer's instructions. In brief, Qtracker cell labeling kits deliver fluorescent Quantum dot (qdot) 

nanocrystals into the cytoplasm of live cells using a custum targeting peptide and the long-term stability 

and brightness of qdots make them ideal candidates for live cell targeting and imaging 25,26. The Ix105 

CD34+ cells or MNCs were incubated for 60 minutes with the Qtracker labeling solution (1 J..II Qtracker 

regent A and B) and 0.2 ml Dulbecco's modified Eagle's medium (DMEM) in 8-well Lasb-Teck 

chambered coverglass system. The cells were washed twice with DMEM and cell labeling was confirmed 

under fluorescence microscopy. The labeled cells were intravenously transplanted into each animal 30 

minutes after fracture. All animals were sacrificed at day 7 for targeting cell analysis with Qtracker. 

RT-PCR analysis of RNA isolated from CD34+ cells and peri fracture site tissue 
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Total RNA was obtained from the human CD34+ cells immediately after isolation and from the 

rat tissues in peri-fracture site at day 14 using Tri-zol (Life Technologies) according to the manufacturer's 

instructions. The first-strand cDNA was synthesized using the RNA LA PCR Kit Ver 1.1 (Takara), 

amplified by Taq DNA polymerase (Advantage-GC cDNA PCR Kit, Clontech and AmpliTaq Gold DNA 

polymerase, Applied Biosystems). PCR was performed using a PCR thermalcycler (MJ research 

PTC-225). Human CD31 (hCD31), human VE-cadherin (hVE-cad), human Osteocalcin (hOC), human 

CollagenlAl (hCollAl), human vascular endothelial growth factor (hVEGF), human fibroblast growth 

factor 2 (hFGF2) and human hepatocyte growth factor (hHGF) were amplified by Taq DNA polymerase 

(Advantage-GC cDNA PCR Kit, Clontech) in the following conditions: 35 cycles of 30-second initial 

denaturation at 94°C, annealing at 56T for 1 minute, and 30 seconds of extension at noc according to 

the manufacturer's instructions. Subsequently, PCR products were visualized in 1.5% ethidium 

bromide-stained agarose gels. Human umbilical vein endothelial cells (HUVECs) and hOBs (NHOst 

cells; Cambrex Bio Science, Walkersville Inc., Walkersville, MD) were used for the positive control for 

human-specific endothelial and bone-related genes. 

Primers: To avoid interspecies cross-reactivity of the primer pairs between human and rat genes, 

we designed following human-specific primers using Oligo software (Takara). None of the primer pairs 

showed any cross-reactivity to rat genes (data not shown). 

hCD31 primer sequence (363 bp): sense ATC GAT CAG TGG AAC TTT GCC TAT T; antisense 

GTG GCA TTT GAG ATT TGA TAG A 

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 

hOC primer sequence (417 bp): sense AAG CAA GTA GCG CCA ATC T; antisense GGA AGT 

AGG GTG CCA TAA CAC 

hCollAl primer sequence (502 bp): sense CCT GGC CCC ATT GGT AAT GTT; antisense CCC 
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CCT CAC GTC CAG ATT CAC 

h VEGF primer sequence (186 bp): sense CAA CAT CAC CAT GCA GAT TAT GC; antisense 

CCA CAG GGA CGG GAT TTC TTG 

hFGF2 primer sequence (282 bp): sense AGC ACA GTA ACA CTA TCC TGC A; antisense AAA 

CGG AAA CGC TCA CCA TAA 

hHGF primer sequence (282 bp): sense ACG AAC ACA GCT ATC GGG GTA; antisense CAT 

CAA AGC CCT TGT CGG GAT 

hGAPDH primer sequence (596 bp): sense CTG ATG CCC CCA TGT TCG TC; antisense CAC 

CCT GTT GCT GTA GCC AAA TTC G 

rGAPDH primer sequence (320 bp): sense GTG CCA GCC TCG TCT CAT AGA; antisense CGC 

CAG TAG ACT CCA CGA CAT 

Single-cell peR 

Single-CD34+ cells derived from peripheral blood using MACS system were put individually into PCR 

tubes with 4.5 III lysis buffer containing 50 mM Tris-HC1, 75 mM KC1, 5 units SuperRNaseIN (Ambion), 

7.5 units PrimeRNase Inhibitor (Eppendorf), 0.5% NP40, 1 mM DTT, 50 11M dNTP, and 15 nM 

MO-dT30 primer (AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCGTACTT -(dTho). Tubes 

were then incubated at 65'C for 2 minutes and cooled to 45'C for 2 minutes. Reverse transcription was 

then carried out by the addition of 100 units of SuperScriptIII (Invitrogen). After incubation at 45'C for 

15 minutes, the reaction was terminated by heating at 65'C for 10 minutes. Next, 1.5 III of RNA digestion 

mixture, 2 units RNaseH (Invitrogen) and 25mM MgC}z, was added into each tube and RNA digestion 

was performed by incubating at 37'C for 15 minutes, and then inactivating at 65'C for 10 minutes. 

Following RNA digestion, 6.5 III of reaction mixture [5 X Terminal transferase buffer (Roche), 3mM 

CoClz, 1.5mM dATP, and 15 units TdT (Promega)] was added and poly (A) tailing performed by 
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incubating at 3TC for 15 minutes, and inactivation was carried out at 65T for 10 minutes. cDNA 

amplification was carried out using ExTaq polymerase (Takara Biochemicals, Japan). Briefly, 

polyA-tailed cDNA (13111) was split 4111 each into two tubes containing 16111 of primary PCR reaction 

solution containing ExTaq PCR buffer (Takara Biochemicals), 2 mM dNTP, 10 11M MO-dT30 primer and 

1 units of ExTaq polymerase (Takara Biochemicals). PCR was performed with one cycle of 1 minute at 

94°C, 2 minutes at 50°C and 2 minutes at nT, followed by 35 cycles of 30 seconds at 94 T, 30 seconds 

at 60°C, and 2 minutes at noc. After combining split tubes into one tube, 2111 of 1st amplified cDNA was 

added to 18 III of 2nd PCR mixture, ExTaq PCR buffer (Takara Biochemicals), 2 mM dNTP, 211M 

MO-dT30 primer and 1 units of ExTaq polymerase (Takara Biochemicals), and 2nd PCR was performed 

35 cycles of 30 seconds at 94T, 30 seconds at 60T, and 2 minutes at nT. Finally, amplified cDNA 

purified with Qiagen PCR purification kit according to manufacturer's procedure and then PCR analysis 

for specific gene expression was carried out using each purified cDNA. 

Primers: hCD34 primer sequence (91 bp): sense TGC CTC TTC TGT GGG TGA CC; antisense 

TCC AAC CGT CAT TGAAAC CAG 

hOC primer sequence (96 bp): sense GCT CAA TCC GGA CTG TGA CG; antisense CAG AGC 

GAC ACC CTA GAC CG 

hGAPDH primer sequence (95 bp): sense GCA TTG CCC TCA ACG ACC; antisense CAT GTG 

GGC CAT GAG GTC C 

Tissue harvesting 

Rats were euthanized with an overdose of ketamine and xylazine. Bilateral femurs were harvested 

and quickly embedded in OCT compound (Miles Scientific, Elkhardt, IN), snap frozen in liquid nitrogen, 

and stored at -SOT for histochemical and immunohistochemical staining as described below. Rat femurs 

in OCT blocks were sectioned, and 611m serial sections were mounted on silane-coated glass slides and 
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air dried for 1 hour before being fixed with 4.0 % paraformaldehyde at 4"C for 5 minutes and stained 

immediately. 

Morphometric evaluation of capillary density and osteoblast density 

Histochemical staining (n=3 in each group) for isolectin B4 (Vector Laboratories) as a rat EC 

marker or OC (Santa Cruz Biotechnology) as a rat OB marker was visualized with DAB (Vector 

Laboratories), and capillary or osteoblast density was morphometrically evaluated as the average value in 

5 randomly selected fields of soft tissue in the peri-fracture site (Figure 3M, a and b). To address the 

location of chondrocytes in the fractured sections, toluisine blue was used for counter staining. 

Capillaries were recognized as tubular structures positive for isolectin B4. OBs were recognized as lining 

or floating cells positive for OC on new bone surface. All morphometric studies were performed by two 

examiners blind to treatment. 

Physiological assessment of tissue perfusion by Laser Doppler Perfusion Imaging 

Laser Doppler Perfusion Imaging (n=3 in each group) (LDPI, Moor Instrument, Wilmington, DE) 

27.28 was used to measure serial blood flow in both legs over the course of 2 weeks post-fracture. The 

ratio of fractured / intact (contralateral) blood flow was calculated to evaluate the serial blood flow 

recovery after fracture. The measurement was done under anesthesia with the animals supine and both 

limbs fully extended. 

Immunofluorescent staining 

To detect transplanted human cells in the rat fracture site, immunohistochemistry (n=3) was 

performed with following human~pecific antibodies; human leukocyte antigen (HLA)-ABC (BD 

Pharmingen) to detect various kind of human cells, hCD31 (DAKO) for human ECs and hOC 
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(Biogenesis) for human OBs. Staining specificity for human cells without cross reaction to rat cells was 

confirmed by histochemical staining for HLA-ABC, hCD31 and hOC using human and rat heart or bone 

samples (data not shown). Double immunohistochemistry with HLA-ABC or hCD31 and smooth muscle 

actin (SMA) was performed to detect various human cells or human ECs in the arterioles. To estimate 

how many intravenously injected cells had recruited to the fracture site, the number of 

HLA-ABC-positive cells was morphometrically counted as the average value in five randomly selected 

soft tissue fields in the peri-fracture site. The secondary antibodies for each immunostaining were as 

follows; Alexa Flour 594-conjugated goat anti-mouse IgGJ (Molecular Probes) for HLA-ABC and 

hCD31 staining and Alexa Flour 488-conjugated goat anti-mouse IgG2• (Molecular Probes) for SMA. 

Immunohistochemistry with hOC was performed to detect human OBs along the newly formed bone 

surface. The secondary antibodies for hOC is Cy3-conjugated affinipure goart anti"i'abbit IgG (H+L) 

(Jackson ImmunoResearch). DAPI solution was applied for 5 minutes for nuclear staining. 

Inhibition of neovascularization 

To investigate the hypothesis that neovascularization is essential for supporting endogenous bone 

regeneration, we used an antiangiogenic agent, soluble (s) Fltl (VEGF receptor 1), known to inhibit 

proliferation of endothelial cells29
. First, we investigated whether transplanted human CD34+ cells 

released angiogenic factors (hVEGF, hFGF2, hHGF) at the fracture site compared to the MNCs. Next, 

rats subjected to fracture and CD34+ cell transplantation were divided into two groups; one group 

receiving sFltl (20 uglkg; subcutaneous; R&D systems) once daily for 14 days and the other receiving 

PBS only (n=3 in each group). On day 14 after the cell transplantation, capillary and OB density, blood 

flow and callus formation were assessed in each group. 

Radiographic assessment of the fracture healing 
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Radiographs of the fractured legs were serially taken at weeks 0, 2, 4 and 8, under anesthesia with 

the animal supine and both limbs fully extended. Fracture union was identified by the presence of 

bridging callus on two cortices. Radiographs of each animal were examined by three observers blind to 

treatment. 

To evaluate the fracture healing process, callus formation was monitored radiographically and 

relative callus areas detected by radiography were quantified with NIH image at week 2 in all groups. 

Histological assessment of the fracture healing 

Histological evaluation (n=3 in each group) was performed with toluidine blue staining to address 

the process of endochondral ossification at weeks 2, 4 and 8. 

The degree of fracture healing was evaluated at week 2, 4, and 8 in each group using a five point 

scale proposed by Allen et al30 as following: Grade 4, complete bony union; Grade 3, an incomplete bony 

union (presence of a small amount of cartilage in the callus), Grade 2, a complete cartilaginous union 

(well-formed plate of hyaline cartilage uniting the fragments) , Grade 1, an incomplete cartilaginous 

union (retention of fibrous elements in the cartilaginous plate), and Grade 0, the formation of a 

pseudoarthrosis (most severe form of arrest in fracture repair). All morphometric studies were performed 

by 2 orthopedic surgeons blind to treatment. 

Biomechanical assessment of the fracture union 

At week 8, six rats in each treatment group were used for biomechanical evaluation 31-34. 

Following euthanization, the fractured femurs and the contralateral nonfractured intact femurs were 

dissected free from the surrounding muscle. After the intramedullary K -wires were removed, a 

standardized three-point bending test was performed on the fractured site and the same portion of the 

intact contralateral femur using a load torsion and bending tester (Computer Control System Shimazu 
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Autograft, Simazu Co., Kyoto, Japan). The bending force was applied with cross-head at a speed of 2 

mm/min until fracture occurred. The ultimate stress (N/mm2
), the extrinsic stiffness (N/mm) and the 

failure energy (Nmm) were interpreted and calculated from the load deflection curve, which was 

recorded continuously in the computerized monitor linked to the tester. The percentage ratio of each 

parameter in the fractured (right) femur versus un-fractured (left) femur was calculated in each animal. 

Statistical Analysis 

All values were expressed as mean ± SE. Paired t tests were performed for comparison of data before and 

after treatment. The comparisons among three groups were made using the one-way analysis of variance 

(ANOVA). Post hoc analysis was performed by Fisher's PLSD test. A probability value <0.05 was 

considered to denote statistical significance. 

Results 

Augmented mobilization of mouse Seal +Lin- cells by fracture stress 

To confirm the kinetics of peripheral blood mouse Scal +Lin- cells in the natural course of 

fracture healing, we serially performed FACS analysis to assess number of Scal +Lin- cells in the 

peripheral blood post-fracture. The MNCs obtained from the mice were 38.9±4.8x104 cells and the 

number of Lin-MNCs after Lineage maker depletion by MACS system was 26.5±3.0x104 cells. The 

percentage of peripheral blood Scal + Lin- cells in relation to Lin- MNCs by FACS analysis had a 

tendency to peak at day 1 post-fracture and gradually decrease thereafter, however these changes were 

not statistically significant (pre-fracture, 45.4±0.6; 1 day post-fracture, 59.3±3.l; 4 days post-fracture, 

57.7±1.1; 7 days post-fracture, 54.3±1.0; 14 days post-fracture, 52.6±2.4%) (Fig.lA). The number of 

Scal +Lin- cells, calculated from the number of Lin- MNCs and the percentage of Scal + cells in the 
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number of Lin- MNCs, significantly increased at day 1 post-fracture and then gradually decreased 

(pre-fiacture, 8.3±1.4; I day post-fracture, 22.1±6.l; 4 days post-fracture, 15.6±9.7; 7 days post-fracture, 

12.9±5.7; 14 days post-fracture, 8.4±1.9 X 104 cells/mI. P<0.05 for pre-fiacture vs 1 day post-fracture) 

(Fig. IB). 

These results indicate that mouse Sca1 +Lin-cells, quite similar to human CD34+ cells, were 

mobilized into the peripheral blood at an early phase of the fracture healing process. 

Phenotypic characterization of CD34+ cells obtained from adult human volunteers 

Peripheral blood total mononuclear cells (MNCs) were obtained from healthy male volunteers 

aged 31.7±1.2 years (n=3) and CD34+ cells were isolated from the MNCs by AutoMACS. The MNCs 

contained a CD34+ cell fraction at the rate of < 0.5% and the CD34+ cell fraction had a purity of> 97% 

as determined by FACS analysis (Fig. 2A). The freshly isolated CD34+ cells were also characterized as 

positive for cell surface markers ofCD45, CD133, c-Kit, CD31 and CD 105 (Fig. 2B). RT-PCR analysis 

of the CD34+ cells revealed weak expression of the human-specific genes, hCD31 and hOC, but not of 

another EC marker, hVE-cad, and another bone;elated marker, hCollAl (Fig. 2C, D). RT-PCR analysis 

at the single cell level of the CD34+ cells revealed that 4 out of 20 CD34+cells expressed hOC (Fig.2E). 

These results indicate that human peripheral blood CD34+ cells contain not only endothelial 

progenitor but also osteo-progenitor cells 19,35. 

Massive recruitment of CD34+ cells into the fracture site 

To simulate the clinical situation of the non-healed fracture, a reproducible model of femoral 

fracture 23 with cauterized periosteum, which led to nonunion 8 weeks post-fracture I2
,24, was applied in 

nude rats. Human CD34+ cells isolated from peripheral blood were labeled with the Qtracker cell 

labeling kit (Qtracker, Quantum Dot Corporation) and intravenously administered via the tail vein 30 
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minutes after fracture creation. MNCs labeled with Qtracker or PBS alone was similarly infused into 

control animals. Rats were sacrificed 1 week after the cell infusion and then histochemical staining for 

isolectin B4, a rat-specific EC marker, was performed. Fluorescent microscopy demonstrated a massive 

recruitment of human cells with tubular structure, which were morphologically compatible with vascular 

cells, and the enhancement of neovascularization by rat ECs around the granulation area (zone a in Fig. 

3M) in animals treated with CD34+ cells (CD34+ group) (Fig. 3A). In contrast, recruitment of human 

cells into this area was rarely observed in rats receiving MNCs, and augmentation ofrecipient vascularity 

was not obvious in animals receiving MNCs or PBS (Fig. 3B, C). To further confirm the human cell 

incorporation into the fracture site, especially into the arterioles, tissue samples were stained with 

HLA-ABC and SMA. The double immunostaining demonstrated the massive recruitment of the human 

cells in the granulation area with relatively rare incorporation along the inner layer of SMA-positive 

smooth muscle cells in CD34+ group. The human cells lining along the inner layer were morphologically 

compatible with endothelial cells (Fig. 3D). In contrast, less recruitment of human cells in the granulation 

area and no human cells along the inner layer of arterioles were observed in animals receiving MNCs 

(Fig. 3E). No human cells were found in the area of PBS group (Fig. 3F). The number of human cells in 

the granulation area was significantly higher in the CD34+ group compared with the other groups 

(CD34+, 93.1±11.3; MNC, 43.1±1D.4; PBS, O.O±O.O Imm2
, respectively. P<O.Ol for CD34+ vs MNC or 

PBS group) (Fig. 30). 

Fluorescent microscopy 1 week after the cell infusion also demonstrated abundant recruitment 

and distribution of human cells in the newly bone formed area (zone b in Fig. 3M) as well as the 

granulation area in CD34+ group (Fig. 3G). In contrast, recruitment of human cells into zone b was rarely 

observed in other groups (Fig. 3H, I). To quantitatively assess the number of recruited cells, tissue 

samples were stained with HLA-ABC and the number ofHLA-ABC-positive cells was morphometrically 

counted in the newly bone formed area. Fluorescent microscopy demonstrated a massive recruitment of 
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human cells in CD34+ group (Fig. 3J). In contrast, there was less recruitment ofHLA-positive cells in 

animals receiving MNCs (Fig. 3K) and no human cells were seen in the PBS group (Fig. 3L). The 

number ofHLA-ABC-positive cells in the newly bone formed area was significantly greater in the 

CD34+ group compared with the other groups (CD34+, 84.7±13.5; MNC, 47.2±9.0; PBS, O.O±O.O Imm2 

respectively. P<O.05 for CD34+ vs MNC, P<O.Ol for CD34+ vs PBS group) (Fig. 3P). 

These morphological findings indicate that human peripheral blood CD34+ cells infused 

intravenously are recruited into not only the granulation zone but also the newly bone formed zone in the 

fracture healing process. 

Human CD34+ cell-derived vasculogenesis and osteogenesis 

Next, we performed experiments to characterize the human cells recruited into the fracture sites. 

To histologically prove the phenomenon of human cell-derived vasculogenesis, immunohistochemical 

staining for hCD31, a human-specific EC marker, was performed using tissue samples obtained 2 weeks 

after cell infusion. Differentiated human ECs derived from the transplanted CD34+ cells were detected as 

hCD31 + cells in the vasculature in the peri-fracture area (Fig. 4A, D), while hCD31 + cells were not 

identified in the MNC (Fig. 4B) or PBS group (Fig. 4C). To further confirm this phenomenon in terms of 

transcription, RT -PCR analysis of tissue RNA isolated from the peri-fracture site was performed. The 

molecular approach revealed the gene expression of human-specific EC markers (hCD31 and h VE-cad) 

in the CD34+ group, but not in the other groups (Fig. 4E). 

To identify human cell-derived osteogenesis, immunohistochemical staining for hOC, a 

human-specific OB marker was performed using tissue samples obtained 2 weeks after cell infusion. 

Human OBs derived from the transplanted CD34+ cells were observed as lining cells along the newly 

formed bone surface (Fig. 4F, I), while only a few human OBs were identified in the MNC group (Fig. 

4G) and no human OBs were identified in the PBS group (Fig. 4H). RT -PCR analysis of tissue RNA 
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isolated from the peri-fracture site demonstrated the expression of human-specific bone-related markers 

(hOC and hCollAl) in the CD34+ group, but not in other groups (Fig. 4J). 

These results indicate that human peripheral blood CD34+ cells differentiate into both ECs and 

OBs in a fracture-induced environment. 

Enhancement of intrinsic angiogenesis and osteogenesis in animals receiving CD34+ cells 

Enhanced angiogenesis and osteogenesis by recipient's cells following cell transplantation were 

further confirmed by immunostaining for rat-specific markers. Vascular staining with isolectin B4 

(marker for rat EC, but not human) using tissue samples at week 2 post-fracture demonstrated enhanced 

neovascularization around the granulation area (zone a in Fig. 3M) in CD34+ group compared with MNC 

or PBS group (Fig. 5A). Neovascularization assessed by capillary density was significantly enhanced in 

CD34+ group compared with the other groups (CD34+, 1187.5±79.3; MNC, 562.5±36.6; PBS, 

532.5±49.3 Imro2
, respectively. P<O.Ol for CD34+ vs MNC or PBS group) (Fig. 5A). 

OB staining for rat-specific OC (marker for rat OB but not human) using tissue samples at week 2 

post-fracture revealed augmentation of osteogenesis in the area of new bone formation (zone b in Fig. 

3M) in animals treated with CD34+ cells compared with those receiving MNCs or PBS alone (Fig. 5C). 

Osteogenesis assessed by the OB density was significantly enhanced in CD34+ group compared with 

other groups (CD34+, 468.0±25.3; MNC, 321.6±28.8; PBS, 141.6±14.0 Imro2
, respectively. P<O.Ol for 

CD34+ vs MNC or PBS group) (Fig. 5C). 

These results indicate that administration of human CD34+ cells enhances both intrinsic 

angiogenesis and osteogenesis by recipient cells. 

Improvement of blood flow and enhancement of callus formation in animals receiving CD34+ cells 

after fracture 
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To evaluate blood flow recovery at the fracture site by physiological approach, LDPI was serially 

performed after fracture. LDPI analysis demonstrated severely low blood flow at the fracture sites 1 hour 

after fracture creation and its recovery at week 2 in all groups (Fig. SB). The ratio of fractured / intact 

(contralateral) blood flow was significantly increased by week 2 in all groups (Fig. SB). There was no 

significant difference in the blood flow ratio 1 hour after fracture creation among the groups, while the 

ratio at day 14 was significantly higher in CD34+ group compared with the other groups (CD34+, 

l.344±O.079; MNC, l.096±O.037; PBS, l.08S±O.024, respectively. P<O.OS for CD34+ vs MNC or PBS 

group) (Fig.SB). 

To evaluate the fracture healing process, callus formation was monitored radiographically and the 

relative callus area detected by radiography was quantified with NIH image at week 2 in all groups (Fig. 

SD). The relative callus area was significant larger in CD34+ group compared with the other groups 

(CD34+, 13.67±1.76; MNC, 7.00±O.S7; PBS, S.OO±1.1S, respectively. P<O.OS for CD34+ vs MNC or 

PBS group) (Fig. SD). 

These results indicate that administration of human peripheral blood CD34+ cells contribute to 

improvement of tissue perfusion and enhancement of bone formation following fracture. 

Inhibitionn of intrinsic angiogenesis and osteogenesis by antiangiogenic agent in animals receiving 

CD34+ cell transplantation 

At first, we confirmed that transplanted human CD34+ cells released a greater amount of 

angiogenic factors (hVEGF, hFGF2, hHGF) than the MNCs at the fracture site (Fig. 6A), Next, to 

investigate the hypothesis that neovascularization is essential to support endogenous bone regeneration 

after CD34+ cell infusion, we used an antiangiogenic agent, sFltl. Rat-specific vascular staining with 

isolectin B4 at week 2 demonstrated reduced capillary density in zone a in animals treated with CD34+ 

cells and sFltl compared with those receiving CD34+ cells and PBS (sFltl, 908.3±90.6; PBS, 
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l258.3±69.1imm2
, respectively. P<O.05 for sFltl vs PBS group) (Fig. 6B). The skin blood flow within 

the fractured site and the intact contralateral site were calculated by LDPI. By week 2, the ratio of 

fractured I intact contralateral blood flow was significantly reduced in the sFltl treated group compared 

to the PBS group (sFltl, 1.180±O.096; PBS, 1.428±O.159, respectively. P<O.05 for sFltl vs PBS group) 

(Fig.6C). 

RaHpecific OC staining at week 2 revealed a reduction of OB density, a parameter of intrinsic 

osteogenesis, in zone b in animals treated with CD34+ cells and sFltl compared to those receiving 

CD34+ cells and PBS (sFltl, 352.0±17.3; PBS, 440.7±30.0/mm2
, respectively. P<O.05 for sFltl vs PBS 

group) (Fig. 6D). The relative callus area assessed by radiograph at week 2 was significant smaller in 

sFltl treated group compared to PBS group (sFltl, 7.33±O.67; PBS, l2.33±1.53, respectively. P<O.05 for 

sFltl vs PBS group) (Fig. 6E). 

These findings indicate that the administration of human CD34+ cells contributed in an 

autocrine/paracrine manner to fracture healing by releasing angiogenic factors. 

Morphological and functional recovery of fractured bone in animals receiving CD34+ cell 

transplantation 

Morphological recovery of fractured bone in each group was evaluated by radiographic and 

histological examinations. In 66 percent of rats (9 of 12) at week 4 and all rats at week 8 (9 of 9) in the 

CD34+ group, the fracture radiographically healed with bridging callus formation, while the fracture site 

in the other groups showed no bridging callus formation and resulted in nonunions, consistent with a 

previous report showing the natural course of this animal model20 (Fig. 7 A). Histological evaluation with 

toluidine blue staining demonstrated enhanced endochondral ossification consisting of numerous 

numbers of chondrocytes and newly formed trabecular bone at week 2, bridging callus formation at week 

4, and complete union at week 8 in CD34+ group (Figure 7B). In contrast, although a thick callus 
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formation was observed at week 2, the healing process had stopped by week 4 and finally the callus was 

absorbed at week 8 in the other groups (Fig. 6B). The degree of fracture healing assessed by Allen's 

c1assification25 was significantly higher value in CD34+ group compared with other groups at week 4 and 

8 (2W: CD34+, l.3±O.3; MNC, O.7±O.3; PBS, 0.3±O.3, not significant for CD34+ vs other groups, 4W: 

CD34+, 2.3±0.3; MNC, O.3±0.3; PBS, 0.3±O.3, P<O.OS for CD34+ vs other groups, 8W: CD34+, 

3.7±0.3; MNC, O.O±O.O; PBS, O.O±O.O, P<O.Ol for CD34+ vs other groups, respectively.) (Fig. 7C). 

Furthermore, to confirm the functional recovery of the fractured bone, biomechanical evaluation 

by a three-point bending test was performed at week 8 in all groups. Specimen length was similar in 

CD34+ cell group (lS.2±1.9 mm), MNC group (lS.S±2.1mm) and PBS group (14.8±1.3 mm). The 

percent ratios of all parameters in the fractured femur versus contralateral intact femur in CD34+ group 

were significantly superior to those in the other groups (%ultimate stress: CD34+, 112.3±S.3; MNC, 

2S.5±8.3; PBS, 13.l±4.3%, P<O.Ol for CD34+ vs other groups, %extrinsic stiffness: CD34+, 121.1±8.1; 

MNC, 12.l±3.8; PBS, 6.8±2.6%, P<O.Ol for CD34+ vs other groups; % failure energy: CD34+, 127.3± 

12.1; MNC, S7.3± 10.7; PBS, 40.3± 8.2%, P<O.OS for CD34+ vs other groups) (Fig. 7D). 

These results indicate that the femoral fractures with cauterized periosteum in the 

immunodeficient rats were morphologically and functionally healed by the administration of human 

peripheral blood CD34+ cells. 

Discussion 

Severe skeletal injury accompanied by fracture and loss of blood supply results in delayed union 

or established nonunion. Recovery of blood flow at the injury site is considered to be essential for 

adequate fracture healing I5
,16. Therefore, appropriate neovascularization is emerging as a prerequisite for 

bone development and regeneration through developmental reciprocity between ECs and OBsI6. One of 
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the most promising approaches for overcoming this clinical issue is by grafting the vascularized bone, 

however, this process requires painstaking microvascular surgical skill I2
. Thus, the development of a 

more practical strategy for fracture healing is required and many surgeons have begun looking at 

therapeutic neovascularization to answer this need. Recent advances in stem cell biology have suggested 

the feasibility and effectiveness of cell-based therapy. Human circulating CD34+ cells, EPC- and 

HSC-enriched fraction, have been shown to have therapeutic potential for ischemic diseases through 

vasculogenesis mechanism in our previous studies5
-
7

. As we anticipated, mouse Scal +Lin-cells, quite 

similar to human CD34+ cells, were mobilized into peripheral blood in the natural course of fracture 

healing and human CD34+ transplantation induced significant vasculogenesis in regenerating tissues and 

enhanced functional recovery from non-healing fracture in small animal models. 

However, human CD34+ cells are reported to be not only hematopoietic and vasculogenic but 

also capable of differentiating into OBs in vitro17
-
19

. Quite recent reports demonstrated that the murine 

BM side population (SP) cells, which contain hematopoietic repopulating cells38
, can engraft in bone 

after intravenous transplantation39 and that a nonadhesive population of cultured BM cells contains 

primitive cells capable of generating into both hematopoietic and osteogenic lineages in viv040
• In 

addition, Ford et al recently reported that CD34+ osteoblastic cells line the cavities of the cartilage in the 

fracture site of rabbit tibial osteotomy model20
• Although several reports suggest the commitment of 

HSC- or EPC-rich cell population into osteogenic lineage cells, the morphological and physiological 

incorporation of these cells for medical application has never been proved. 

In the present study, we utilized a reproducible animal model of non -healing femur fracture with 

severe decrease in local blood flow, physiologically proven by LDPI examination. The natural history of 

this model is clearly relevant to the clinical situation of delayed union or nonunion. We identified in vivo 

multi-lineage plasticity of human peripheral blood CD34+ cells into OBs as well as ECs by not only 

immunohistochemistry but RT -PCR for human-specific cell markers. Recent reports demonstrated in vitro 
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or in vivo trans-lineage differentiation of CD34+ cells into cardiomyocytes41 -44, and peripheral blood 

CD34+ cells were also shown to contain a cell fraction expressing not only hematopoietic and endothelial, 

but also cardiac, skeletal, hepatic and neural lineage markers after G-CSF administration or myocardial 

ischemia45,46. However, the exact mechanism of the phenomena is not yet fully understood. Considering 

that CD34+ cells are EPC and HSC-enriched but still a heterogeneous cell population, there may be 

several possible mechanisms underlying the multHineage differentiation: 1) differentiation of original 

multipotent stem cells into multiple lineages; 2) differentiation of multiple kind of lineage-committed 

progenitor cells into each lineage; 3) transdifferentiation of hematopoietic/ endothelial lineage cells into 

mesenchymal lineage; 4) cell fusion between transplanted cells and recipient cells. The present RT-PCR 

results revealed a weak gene expression of human"'pecific OC in freshly-isolated human CD34+ cells, 

strongly supported by single-cell PCR analysis (before transplantation), and enhancement of the gene 

expression 14 days after transplantation. These findings indicate that CD34+ cell fraction contains a few 

multipotent stem and/or committing osteogenic progenitor cells, subsequently representing the osteogenic 

activity under the microenvironment of fracture. Enhbali-Fatourechi et al. quite recently demonstrated 

that sorted OC-positive cells in human peripheral blood formed mineralized nodules in vitro and bone in 

an in vivo transplantation assay47. Their novel report may support the hypothesis that CD34+ cell fraction 

contains a few osteo/endothelial progenitor cells, contributing to an enhanced functional recovery of the 

fracture. 

In addition to these sensitive assessments of donor cell differentiation at the incorporated site, 

quantitative histochemical analysis for rat ECs and OBs revealed the enhancement of intrinsic 

angiogenesis and osteogenesis by recipient cells following the administration of human CD34+ cells. 

Human CD34+ cells were reported to secrete numerous angiogenic factors, including VEGF, HGF, FGF2 

and IGF1 in vitro36
,37. Our in vivo data also demonstrated that gene expression levels of human 

angiogenic factors including VEGF, FGF2 and HGF at the fracture site were greater in CD34+ cell group 
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compared with the MNC group. Moreover, we proved that the inhibition of angiogenesis by sFltl 

suppressed not only angiogenesis/vasculogenesis but also intrinsic osteogenesis, indicating that 

angiogenic factors released by the transplanted CD34+ cells, at least in part, contribute to fracture healing 

in paracrine manner. Although the detailed mechanism of the paracrine effect of human CD34+ cells is 

still unclear, a co-operative signal between HSCs/ EPCs and OBs may need to be further considered as a 

mechanism of multi-lineage regeneration by CD34+ cell transplantation. The niche regulating birth and 

differentiation of HSCs is known to consist of OBs, which line the inner surface of BM48
,49. Zhang et al50 

reported that depleting the receptor of bone morphogenic protein (BMP) in OBs caused a doubling in 

both OB and HSC populations, offering same insight into the native of HSCs. Calvi et al51 found the 

parallel expansion of HSCs when the number of OBs increased by parathyroid hormone infusion. In 

addition, Ponomaryov et al reported that immature OBs and ECs control homing, retention, and 

repopulation of SRC (severe combined immunodeficiency repopulating cells) by secreting SDF-I as a 

host defence in response to DNA damage52
• These findings indicate that osteogenesis and hematopoiesis/ 

vasculogenesis closely regulate each other in terms of microenvironmental interaction for regenerative 

activity in BM. Microenviromental interaction between osteogenic and vasculogenic lineage cells may 

involve not only paracrine regulatory factors, but also direct cellular communications in developing 

CD34+ cells. Enhanced angiogenesis/vasculogenesis signal could exert a cellular commitment and the 

development of CD34+ cells into the osteogenic lineage in response to a rigorous demand for skeletal 

tissue repair as a co-operative organogenesis mechanism. 

The present results, showing the potential of CD34+ cells for multHineage plasticity, suggest that 

CD34+ cell transplantation contributes to forming an ideal local environment for fracture healing by 

supplying adequate blood flow and stimulating osteogenesis. The environmental contribution of CD34+ 

cells resulted in morphological and physiological healing of the fracture. Radiographic examination and 

histological toluidine blue staining demonstrated enhancement of endochondral ossification leading to 
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bridging callus formation only after CD34+ cell transplantation but not in the MNC and PBS groups. 

Finally, the biomechanical three-point bending test confirmed significant functional recovery from 

fracture following administration of CD34+ cells. These findings strongly suggest that peripheral blood 

CD34+ cells have significant potential for therapeutic application to the damaged skeletal tissue. 

On the basis of preclinical achievements of cell-based therapy for injured bone53 or osteogenesis 

imperfecta54
, transplantation of whole BM cells or BM mesenchymal stem cells has been clinically 

applied for bone/ cartilage regeneration55
,56. It remains to be clarified whether circulating CD34+ cell 

transplantation is superior to the BM cell therapy in terms of efficacy and safety for fracture healing; 

however, cell harvest from peripheral blood dose provide positives in that (1) it is less invasive and safer 

than BM aspiration under general anesthesia, and (2) magnetic sorting of CD34+ cells has been clinically 

applied in the hematology field for many years57
,58. The technical feasibility in a clinical situation and the 

present preclinical findings demonstrating morphological and functional fracture healing through 

concurrent vasculogenesis and osteogenesis strongly suggest promising results for the future clinical 

application of circulating CD34+ cells for non-healing fracture. 

In conclusion, human circulating CD34+ cells have potent vasculogenic and osteogenic plasticity 

in the fracture-induced environment, enabling them to make a remarkable contribution to morphological 

and functional bone healing. 
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Figure legends 

Figure I 

Mobilization of mouse Seal + Lin - cells by fracture stress 

(A) Percentage of peripheral blood Seal + Lin- cells to Lin- MNCs shows an increase with the peak at 

day I post-fracture. Black line represents isotype control (negative control) and blue line indicates 

sample data. X axis shows fluorescent intensity of cells, and Y axis demonstrates the number of 

cells. 

(B) Number of Seal +Lin- cells significantly peaked at day I post-fracture, then gradually decreased. 

Figure 2 

Phenotypic characterization of human peripheral blood mononuclear cells (MNCs) and CD34+ cells by 

jluorescence-activated cell sorting (FACS) and RT-PCR analysis. 

(A) FACS analysis to evaluate positivity for CD34 in MNCs (left panel) and CD34+ cells (right panel). 

Numbers are percentages of the cells positive for CD34. 

(B) FACS analysis to characterize CD34+ cells by positivity for various cell surface markers. Human 

CD34+ cells were positive for CD133, c-Kit, CD45, CD31 and CD105, and negative for VE-<:ad, 

KDR and Tie2. Numbers are percentages of double-positive cells for CD34 (Y axis) and each 

antibody (X axis). 

(C, D) RT -PCR analysis for human-specific genes of endothelial (C) and osteoblastic (D) lineages was 

performed in freshly isolated CD34+ cells and MNCs. The analysis of CD34+ cells revealed weak 

expression of hCD31 and human osteoca1cin (hOC) but not of the other endothelial marker (h VE-<:ad) 

and bone-related marker (hCollAI). Cultured human umbilical vein endothelial cells (HUVECs) and 

osteoblasts (OBs) were used for positive control for human-specific endothelial and bone-related 
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genes. 

(E) RT -PCR analysis at the single cell level of the CD34+ cells. Four out of 20 CD34+ cells expressed 

both CD34 and hOC. 

Figure 3 

Recruitment of fluorescent-labeled CD34 + cells into fracture site 

(A-C) Histochemical staining for isolectin B4 (green), a rat-specific endothelial cell (EC) marker, using 

tissue samples of fracture sites obtained from rats receiving Qtracker-labeled human cells (red) 1 

week post-fracture in the granulation area shown as zone a in Figure 3M. More efficient recruitment 

of human cells with neovasculature-like structure was accompanied with enhancement of 

neovascularization by recipient rat cells in animals treated with CD34+ cells (A) compared with those 

receiving MNCs (B) or PBS alone (C) (x 100). 

(D-F) Double fluorescent immunostaining for human leukocyte antigen (HLA)-ABC (red) and smooth 

muscle actin (green) using the tissue sample of granulation area. The massive recruitment of the 

human cells in the granulation area with relatively rare incorporation along the inner layer of 

SMA-positive smooth muscle cells were observed in CD34+ group. The human cells lining along 

the inner layer were morphologically compatible with endothelial cells (D). In contrast, less 

recruitment of human cells in the granulation area and no human cells along the inner layer of 

arterioles were observed in animals receiving MNCs (E). Human cells were not found in PBS group 

(F) (x 200). 

(G-I) Persuit of Qtracker-labeled human cells 1 week post-fiacture in newly bone formed area shown as 

zone b in Figure 3M. Human cell (red) recruitment into the newly formed bone area (surrounded by 

broken lines) was more abundantly observed in animals treated with CD34+ cells (G) compared with 

those receiving MNCs (H) or PBS alone (I) (x 100). 
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(J -L) Fluorescent immunohistochemistry for HLA-ABC demonstrated massive recruitment of human 

cells (red: arrows) in CD34+ group (J). In contrast, less recruitment of the HLA-ABC-positive cells 

was observed in animals receiving MNCs (K) and no human cells in PBS group (L) (x 200). 

(M) Representative photomicrograph of immunostaining for isolectin B4 (brown) and toluidine blue 

counter staining for anatomical indication of following areas: zone a, granulation zone; zone b, newly 

formed bone zone; cb, cortical bone; ca, cartilage; wb, woven bone) (x 40) 

(0) The number of HLA-ABC-positive cells observed in zone a was significantly greater in CD34+ 

group compared with other groups. **, P<O.Ol. 

(P) The number of HLA-ABC-positive cells in zone b was significantly greater in CD34+ group 

compared with other groups. *, P<0.05; **, P<O.Ol. 

Blue fluorescence indicates DAPI for nuclear staining. Scale bars in A-C and G-F: 100/lm; scale bars 

in D-F and J-L: 50/lm. 

Figure 4 

Human CD34+ cell-derived vasculogenesis and osteogenesis 

Immunohistochemical staining and RT-PCR for human-specific EC or OB markers was performed using 

tissue samples harvested at week 2. 

(A-D) Differentiated human ECs were identified in zone a as hCD31-positive cells (red) in animals 

receiving CD34+ cells (A: x 200, D: x 400) compared with MNC (B) or PBS group (C) (x 200). 

(E) RT -PCR analysis of tissue RNA isolated from the peri-fracture site demonstrated the expression of 

human specific EC markers (hCD31, hVE-cad) in animals treated with CD34+ cells, but not in 

control animals. Cultured HUVECs were used for positive control, and no RNAs were for negative 

control. 

(F-I) Differentiated human OBs were identified in zone b as hOC-positive cells (red) in animals receiving 
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CD34+ cells (F: x 200, I: x 400) compared with MNC (G) or PBS group (H) (x 200). 

(J) RT-PCR analysis of RNA isolated from the peri-fracture site demonstrates the expression of human 

specific bone;:elated markers (hOC, hCollAl) in animals treated with CD34+ cells, but not in 

control animals. Cultured hOBs were used for positive control. 

Blue fluorescence represents DAPI. Broken lines; newly formed bone suface, Scale bars in A-C and 

F-H, 50llm; scale bars in D and I: 20llm 

Figure 5 

Enhanced intrinsic vascularization and osteogenesis by recipient's cells and serial improvement of blood 

flow and enhancement of callus formation following CD34 + cell transplantation 

(A) Rat-specific vascular staining with isolectin B4 (brown) at week 2 demonstrated enhanced 

neovascularization in zone a in animals treated with CD34+ cells compared with those receiving 

MNCs or PBS alone (x200). Intrinsic angiogenesis assessed by capillary density at week 2 was 

significantly enhanced following CD34+ cell transplantation compared with other treatments. **, 

P<O.Ol. 

(B) Representative laser Doppler perfusion imaging (LDPI) at week 0 (1 hour after fracture) and week 2 

in each group. In these digital color-coded images, maximum perfusion values are indicated in white, 

medium values in green to yellow, and lowest values in dark blue. The skin blood flow within 

fracture site (red square) and intact contralateral site (black square) were evaluated as mean flux, and 

ratio of the mean flux in the fractured site with that in the contralateral site (mean flux ratio) was 

calculated. Severe reduction of the blood flow was similarly observed 1 hour after fracture with the 

periosteum cauterized in all groups, whereas the mean flux ratio at week 2 was significantly greater 

in animals treated with CD34+ cells compared with those receiving MNCs or PBS alone. *, P<0.05. 

(C) Rat-specific OC staining (brown) to detect intrinsic OBs at week 2 revealed augmentation of 
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osteogenesis in zone b in animals treated with CD34+ cells compared with those receiving MNCs or 

PBS alone (x200). Intrinsic osteogenesis assessed by the OB density at week 2 was significantly 

enhanced following CD34+ cell transplantation compared with other groups. **, P<O.Ol. Scale bar: 

50llm 

(D) Relative callus area assessed by radiograph at week 2 was significantly larger in CD34+ group 

compared with other groups. *, P<O.05. 

Figure 6 

Inhibition of intrinsic angiogenesis and osteogenesis by antiangiogenic agent in animals receiving 

CD34+ cell transplantation 

(A) RT -PCR revealed that fractured tissue sample contained higher amount of angiogenic factors 

(hVEGF, hFGF2 and hHGF) in human CD34+ group compared to MNC group. 

(B) Rat-specific vascular staining with isolectin B4 (brown) at week 2 demonstrated reduced 

neovascularization in zone a in animals treated with CD34+ cells and sFltl compared with those 

receiving CD34+ cells and PBS (x200). Intrinsic angiogenesis assessed by capillary density at week 

2 is significantly reduced following sFltl treatment compared to PBS. *, P<O.05. 

(C) Representative LDPI at weeks 0 and 2 in each group (red square, fracture site; black square, intact 

contralateral site). Mean flux ratio at week 2 was significantly less in animals treated with sFltl 

compared to rats receiving PBS. *, P<O.05. 

(D) Representative rat-specific OC staining (brown) to detect intrinsic OBs at week 2 in zone b in 

animals treated with CD34+ cells and sFltland those receiving CD34+ cells and PBS (x200). 

Intrinsic osteogenesis assessed by the OB density at week 2 was significantly inhibited following 

sFltl treatment compared to PBS. *, P<O.05. 

(E) Relative callus area assessed by radiograph at week 2 was significantly smaller in sFltl treated group 

36 



compared to PBS group. *, P<O.05. 

Figure 7 

Radiographical, histological and biomechanical evidence of fracture healing following CD34 + cell 

transplantation 

(A) Fracture healing was serially assessed by radiographs. By week 8, fracture was healed with bridging 

callus in all animals receiving CD34+ cells, but in no rats treated with MNCs or PBS alone. 

(B) Serial assessment of fracture healing by histological examination with toluidine blue staining. 

Histological evaluation demonstrated the enhanced endochondral ossification consisting of numerous 

chondrocytes and newly formed trabecular bone at week 2, bridging callus formation at week 4 and 

complete union at week 8 in animals receiving CD34+ cell transplantation. Although a thick callus 

formation at week 2 was observed, the healing process had stopped by week 4 and finally the callus 

was absorbed at week 8 in animals receiving MNCs or PBS. 

(C) The degree of fracture healing was assessed by Allen's classification. The degree of fracture healing 

at weeks 4 and 8 was significantly higher following CD34+ cell transplantation compared with other 

treatments. *, P<O.05; **, P<O.Ol. 

(D) Functional recovery following fracture is assessed by biomechanical three-point bending test at week 

8. The percentage of all parameters (%ultimate stress, %extrinsic stiffness, %failure energy) showing 

the ratio of each value in fractured side with contralateral side in animals receiving CD34+ cells was 

significantly superior to those in animals receiving MNCs or PBS. *, P<O.05. 
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Figure 6 
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Figure 7 
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