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Abstract

Aims—It is increasingly appreciated that coordinated regulation of angiogenesis and osteogenesis 

is needed for bone formation. How this regulation is achieved during peri-implant bone healing, 

such as osseointegration, is largely unclear. This study examined the relationship between 

angiogenesis and osteogenesis in a unique model of osseointegration of a mouse tibial implant by 

pharmacologically blocking the vascular endothelial growth factor (VEGF) pathway.

Materials and Methods—An implant was inserted into the right tibia of 16-week-old female 

C57BL/6 mice (n = 38). Mice received anti-VEGF receptor-1 (VEGFR-1) antibody (25 mg/kg) 

and VEGF receptor-2 (VEGFR-2) antibody (25 mg/kg; n = 19) or an isotype control antibody (n = 

19). Flow cytometric (n = 4/group) and immunofluorescent (n = 3/group) analyses were 

performedat two weeks post-implantation to detect the distribution and density of CD31hiEMCNhi 

endothelium. RNA sequencing analysis was performed using sorted CD31hiEMCNhi endothelial 

cells (n = 2/group). Osteoblast lineage cells expressing osterix (OSX) and osteopontin (OPN) were 

also detected with immunofluorescence. Mechanical pull-out testing (n = 12/group) was used at 

four weeks post-implantation to determine the strength of the bone-implant interface. After pull-

out testing, the tissue attached to the implant surface was harvested. Whole mount 

immunofluorescent staining of OSX and OPN was performed to determine the amount of 

osteoblast lineage cells.

Results—Flow cytometry revealed that anti-VEGFR treatment decreased CD31hiEMCNhi 

vascular endothelium in the peri-implant bone versus controls at two weeks post-implantation. 

This was confirmed by the decrease of CD31 and endomucin (EMCN) double-positive cells 

detected with immunofluorescence. In addition, treated mice had more OPN-positive cells in both 

peri-implant bone and tissue on the implant surface at two weeks and four weeks, respectively. 

More OSX-positive cells were present in peri-implant bone at two weeks. More importantly, anti-

VEGFR treatment decreased the maximum load of pull-out testing compared with the control.

Conclusion—VEGF pathway controls the coupling of angiogenesis and osteogenesis in 

orthopaedic implant osseointegration by affecting the formation of CD31hiEMCNhi endothelium.

It is increasingly appreciated that the cementless joint arthroplasty can preserve bone stock, 

increase the ease of revision, and avoid cement fatigue and bone-cement interface failure.1,2 

The long-term survival and success of cementless implants requires osseointegration, which 

is the structural and functional connection between the bone and implant.3 Early 

osseointegration and primary stability play a critical role in cementless joint arthroplasty and 

depend on predictable biological responses to foreign materials and incorporation of the 

endosseous implant fixture into the bone. Poor osseointegration of cementless implants is 

the leading clinical cause of implant loosening, subsidence, and arthroplasty failure, which 
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require costly and technically challenging revision surgery.4 The mechanism of 

osseointegration requires further elucidation.

Vascular endothelial growth factor (VEGF) is one of the most important growth factors 

controlling vascular development and angiogenesis.5 It also plays a crucial role in skeletal 

development and bone repair/regeneration and signals mainly via binding to VEGF 

receptor-1 (VEGFR-1) and VEGF receptor-2 (VEGFR-2).6,7 Upon surgical placement, 

implants create a bone injury, and the mechanisms underlying their osseointegration appear 

similar to those occurring during bone repair and fracture healing. Following a fracture or 

placement of titanium implants in bone, a blood clot is formed and platelets release 

cytokines and growth factors including VEGF.8–10 Thus, there is great interest in identifying 

cellular and molecular mechanisms of osseointegration by studying the role of VEGF in 

osseointegration. Recently, a specialized subset of vascular endothelium displaying high cell 

surface expression of CD31 and endomucin (EMCN; CD31hiEMCNhi endothelium) has 

been reported to promote bone mass accrual and enhance fracture healing, raising the 

possibility that these cells are crucial targets of VEGF stimulation during osteogenesis or 

osseointegration.11,12 However, the role of VEGF and CD31hiEMCNhi endothelium during 

peri-implant bone healing is still largely unclear. We previously developed a novel mouse 

tibial implant that maintains in vivo knee joint function and provides an intra-articular and 

load-bearing environment for the study of osseointegration.13 Here, we sought to understand 

the role of VEGF and CD31hiEMCNhi endothelium in osseointegration using this model. 

Given the established angiogenic functions of VEGF, we hypothesized that blocking the 

VEGF pathway would also impair the skeletal specific elaboration of CD31hiEMCNhi 

vascular endothelium in response to the implant.

Materials and Methods

Study design.

The experimental protocol was approved by our Institutional Animal Care and Use 

Committee. A total of 38, 16-week-old female C57BL/6 mice (Jackson Laboratory, Bar 

Harbor, Maine) underwent surgical implantation of a titanium implant in the right tibia. 

After the surgery, the animals were randomly divided into two groups: control group (n = 

19) and anti-VEGFR group (n = 19). Intraperitoneal injections of 25 mg/kg of monoclonal 

antibodies MF1 (VEGFR-1 antibody, ImClone Systems, New York, New York) plus 25 

mg/kg DC101 (VEGFR-2 antibody, ImClone Systems) in phosphate buffered saline (PBS) 

were administered for the anti-VEGFR group starting immediately after surgery and were 

given every third day until euthanasia. Isotype-matched control antibodies, which match the 

antibody characteristics but lack specificity of the target antigens, were administered to the 

control group. Flow cytometry and immunofluorescence were performed at two weeks post-

surgery to quantitate and detect the spatial distribution of CD31hiEMCNhi endothelium cells 

around the implant. Biomechanical testing was performed at four weeks post-implantation to 

determine the strength of the bone-implant interface.
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Implant and surgical technique.

The mouse titanium implants were produced on a 3D direct metal laser sintering system 

(EOSINT M 270; EOS Electro Optical Systems, Munich, Germany). The implantation was 

performed as previously described.13

Fluorescence-activated cell sorting (FACS).

The right tibia (n = 4/group) was collected after the surrounding soft tissue was removed.
14,15 The proximal one-third tibia was crushed in Hanks Balanced Salt Solution (Life 

Technologies, Carlsbad, California) containing 10 mM HEPES (N-2-

hydroxyethylpiperazine-N-2-ethane sulfonic acid, pH 7.2; Corning Life Sciences, Oneonta, 

New York) and enzymatically digested with 2.5 mg/ml Collagenase A (Roche, Basel, 

Switzerland) and 1 unit/ml Dispase II (Roche) for 15 minutes at 37°C under gentle agitation. 

The resulting cell suspensions were filtered (40 μm) and washed using PBS (pH 7.2) 

containing 0.5% bovine serum albumin (BSA; Fraction V, Sigma–Aldrich Corp, St Louis, 

Missouri) and 2 mM ethylenediaminetetraacetic acid (EDTA). After washing, equal numbers 

of cells per mouse were blocked with Purified Rat Anti-Mouse CD16/CD32 (BD 

Biosciences, San Jose, California) for 30 minutes on ice, then stained with allophycocyanin 

(APC)-conjugated EMCN antibody (eBioscience 50-5851-80), phycoerythrin (PE)-

conjugated CD31 (eBioscience 12-0311-81), Alexa Fluor-conjugated CD45 (BioLegend 

103128; Bio-Legend, San Diego, California), Brilliant Violet 711-conjugated CD146 (BD 

Biosciences 740827; BD Biosciences), and AP/Cy7-conjugated Ter119 (BioLegend 116223; 

BioLegend) for 45 minutes on ice. After washing, cells were resuspended in PBS (pH 7.2) 

with 2 mM EDTA and 1 μg/ml 4–6, diamidino-2-phenylindole (DAPI; live/dead exclusion) 

for analysis on an LSRII flow cytometer system (BD Biosciences) and analyzed using 

FlowJo software (TreeStar, Ashland, Oregon). Cell sorting was performed with an FACS 

Aria II SORP cell sorter (Becton Dickinson, Franklin Lakes, New Jersey) with exclusion of 

DAPI+ cells and doublets (Fig. 1).

Immunofluorescence.

For immunofluorescence, the right tibia (n = 3/group) was dissected immediately after 

euthanasia and fixed overnight in ice-cold 4% paraformaldehyde solution.14,15 The bone 

samples were then kept in 5M EDTA at 4°C with constant shaking for 12 days for 

decalcification. All samples were embedded in OCT (optimal cutting temperature) 

compound, VWR Corporate, Radnor, Pennsylvania) and cut into 25 μm thick sagittal 

sections using a cryostat (Leica, Amsterdam, Netherlands). Immunofluorescence staining 

and analysis was performed as described previously.16,17 Briefly, after treatment with 0.2% 

Triton X-100 (Sigma–Aldrich) for ten minutes, sections were blocked with 5% donkey 

serum at room temperature for 30 minutes and incubated overnight at 4°C with antibodies: 

CD31 (553370, BD Pharmingen, 1:100; BD Biosciences), CD31 conjugated to Alexa Fluor 

488 (FAB3628G, R&D Systems, 1:50; R&D Systems, Minneapolis, Minnesota), EMCN 

(sc-65495, Santa Cruz, 1:100; Santa Cruz Biotechnology, Inc., Dallas, Texas), or beta-

galactosidase antibody (GTX77365, GeneTex, 1:100; GeneTex, Inc., Irvine, California). 

Primary antibodies were visualized with species-appropriate Alexa Fluor-coupled secondary 

antibodies (1:400; Molecular Probes, Eugene, Oregon). Nuclei were counterstained with 
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DAPI. An Olympus IX81 confocal microscope (Olympus, Tokyo, Japan) or Zeiss LSM-880 

confocal microscope (Carl Zeiss, Oberkochen, Germany) was used to image samples. 

Quantification of skeletal vasculature was performed as previously described.16 Briefly, the 

CD31-postive or EMCN-positive (red) area relative to the total basement membrane (BM) 

area (visualized in blue) was calculated using Image J software (open source; http://

rsbweb.nih.gov/ij/).

To analyze the tissue on the implant surface, we scraped off tissue from the implant surface 

after pull-out testing at four weeks post-implantation. The tissue was pooled as the treated 

and control group, fixed in block, and cut into 25 μm-thick sagittal sections using a cryostat 

(Leica). After treatment with 0.2% Triton X-100 for ten minutes, sections were blocked with 

5% donkey serum at room temperature for 30 minutes and incubated overnight at 4°C with 

antibodies: osteopontin (OPN; AF808, R&D Systems, 1:100; R&D Systems) and osterix 

(OSX; ab209484, Abcam Inc., 1:250; Abcam, Inc., Cambridge, Massachusetts). Primary 

antibodies were visualized with species appropriate Alexa Fluor-coupled secondary 

antibodies (1:400; Molecular Probes). Nuclei were counterstained with DAPI. An Olympus 

IX81 confocal microscope or Zeiss LSM-880 confocal microscope was used to image 

samples.

Biomechanical testing.

The strength of the bone-implant interface was measured with pull-out testing (n = 12/

group). Specimens obtained at week four were wrapped in 0.9% saline solution-soaked 

gauze and were frozen at −20°C. Before testing, each tibia was thawed to room temperature. 

The distal end was potted in polymethylmethacrylate. Bone at the proximal end was 

dissected with a number-11 scalpel blade to allow the clamp of a custom fixture18 to hold 

the implant beneath its plateau. Care was taken to minimize the amount of tissue removed 

and to not disturb the implant in the process. The long axis of the implant was aligned with 

the axis of pull-out loading. The implant was pulled out of the tibia at 0.03 mm/second 

under displacement to failure with an EnduraTEC ELF 3200 system (Bose, Eden Prairie, 

Minnesota). Maximum pull-out load (N) was calculated from the load-displacement curves.

RNA sequencing and analysis.

A total of 500 sorted CD31hiEMCNhi endothelial cells were used for RNA sequencing (n = 

3/group). One sample from each group was excluded due to the degradation of RNA. Total 

RNA (2.1 to 4.5 μg/mouse) was extracted using RNeasy Mini Kit (Qiagen, Hilden, 

Germany), and reverse transcription was performed with normalized amount of RNA using 

the High-Capacity cDNA Reverse Transcription Kit from Applied Biosystems (Foster City, 

California) according to the manufacturer’s instructions.

The readings were aligned to the mm9 mouse genome (STAR version 2.3.0e)19 using default 

parameters and resulting BAM files were sorted and indexed using the same tools. Gene 

counts were obtained by applying feature counts (version 1.4.3)20 to sorted BAM files, and 

only unique-mapping readings were used. Genes without any expression counts in any 

sample were discarded. The DESeq2 (version 1.4.5) R package (Bioconductor)21 was 

employed to normalize gene count data, and then detect differentially expressed genes 
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(DEGs) between anti-VEGFR treatment mice and control groups (false discovery rate < 0.1 

and absolute log2 fold-change > 0.5). Mosaic version 1.1 was used to retrieve gene ontology 

(GO) information for all genes of the mouse genome.22 Functional analysis was performed 

on DEGs using DAVID52 (version 6.7) and biological process GO terms with enrichment p 

< 0.05 were selected as overrepresented functions.

Statistical analysis.

Student’s t-test was used to detect the difference between the anti-VEGFR and control 

group. A p-value < 0.05 was considered as significant.

Results

Both immunofluorescence and FACS revealed that anti-VEGFR treatment strongly 

decreased CD31hiEMCNhi vascular endothelium in the peri-implant bone (Figs 2a to 2c). 

Furthermore, RNA sequencing transcriptional profiling demonstrated that the expression of 

a number of osteogenic factors such as bone morphogenetic protein 2 (BMP2) and fibroblast 

growth factor 2 (FGF2) in CD31hiEMCNhi endothelial cells derived from implanted tibiae 

was reduced in anti-VEGFR treated mice relative to controls (Figs 2d and 2e). In summary, 

blocking VEGF signalling dramatically reduced the amount of CD31hiEMCNhi vascular 

endothelium and its osteogenic ability during osseointegration.

At 28 days post-implantation, mechanical testing revealed that the maximum pull-out load 

of the implant in the anti-VEGFR group was 12.8 N (95% confidence interval (CI) 6.7 to 

19.0), which was 35.7% lower than the value in the control group (19.9 N (95% CI 17.1 to 

22.7); Fig. 3). Thus, post-implantation blockade of VEGF pathway significantly decreases 

mechanical strength of the bone-implant interface, indicating impaired osseointegration. No 

evidence of toxicity associated with anti-VEGFR treatment was observed, including no 

observable change in body weight (data not shown).

Consistent with decreased osteogenic factors derived from CD31hiEMCNhi vascular 

endothelium after anti-VEGFR treatment, immunofluorescence showed that the treatment 

decreased both OPN- and OSX-positive cells in the peri-implant area at two weeks post-

implantation (Fig. 4a). To further evaluate whether these decreases observed in the tissue 

were present on the implant surface, we isolated the peri-implant tissue that was attached to 

the implant surface after pull-out testing at four weeks (Fig. 4c). Immunofluorescence 

showed that anti-VEGFR treatment decreased OPN-positive cells while no OSX-positive 

cells were found in either group (Fig. 4b). Thus, the decrease of CD31hiEMCNhi vascular 

endothelium caused by anti-VEGFR treatment is associated with a corresponding decrease 

in osteoblast-lineage cells.

Discussion

Bone repair following injury is usually a rapid and efficient process. Though osteoblasts are 

central to this process, other tissue types also present in bone, especially vascular 

endothelium, are also key participants. Thus, it is crucial to have temporal and spatial 

linkage of osteoblast activity with angiogenesis.7,23,24 Most recently, osteoblast-derived slit 
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guidance ligand 3 (SLIT3) has been identified as a key factor linking osteoblast activity to 

the formation of CD31hiEMCNhi endothelium at sites of osteoanabolic activity.15 The 

manner in which angiogenesis and osteoanabolic responses are linked in the context of 

osseointegration of orthopaedic implants is still unclear. Similar to trauma or fractures, 

surgical insertion of implants creates a bone injury. However, it is not known how similar the 

mechanisms of implant osseointegration are to those of bone repair and fracture healing. In 

the present study, we used a murine model of osseointegration of an intra-articular titanium 

implant that was loaded through the knee joint and supported by the cancellous bone bed of 

the proximal tibia13 to test the hypothesis that blocking of VEGF signalling impairs 

osseointegration and leads to a decrease in the peri-implant elaboration of CD31hiEMCNhi 

endothelium.

Indeed, blockade of VEGF signalling decreased osseointegration and CD31hiEMCNhi 

endothelium in the peri-implant bone. These findings are broadly consistent with other 

studies suggesting the linkage between osteogenesis and angiogenesis,6 especially with 

respect to CD31hiEMCNhi vessels.12

Bimodality was present in the maximum pull-out load but did not correlate with radiological 

placement of the implant or other parameters. Therefore, we cannot exclude that this simply 

represents a response pattern produced by experimental variation.

Furthermore, blockade of VEGF signalling decreased the expression of osteogenic factors 

such as BMP2 and FGF2 in isolated CD31hiEMCNhi cells and correspondingly decreased 

the density of the OPN- or OSX-positive osteoblast lineage cells in the peri-implant bone. 

This suggests a model whereby osteoprogenitor cells differentiating into bone-forming 

osteoblasts preferentially associate with CD31hiEMCNhi endothelial cells as a source of 

several growth factors relevant for the survival and proliferation of osteoprogenitors.11 

Although CD31hiEMCNhi cells are relatively rare in number, CD31hiEMCNhi endothelium 

and the osteoblast lineage cells’ physical proximity may act to amplify each other’s 

physiological effects.15 Importantly, VEGF has pleiotropic effects on several cell types in 

the skeleton,7 raising the possibility that, in addition to its angiogenic roles, VEGF may have 

direct effects on mesenchymal cells in addition to effects on CD31hiEMCNhi vessels.

To confirm that VEGF pathway controls the coupling of angiogenesis and osteogenesis 

during implant osseointegration, it is important to measure the bone-implant contact area 

and the abundance of blood vessels in the peri-implant region directly; however, the current 

technologies available pose limitations in trying to examine this bone-implant region. Some 

limitations are the beam hardening effects around metal surfaces in micro CT, difficulty of 

precise cutting and grinding of samples with metal for histomorphometric analysis, and the 

challenge of visualizing vessels of small calibre with an angiograph.

Cementless total joint arthroplasties provide superior long-term fixation compared with 

conventional cemented implants.25 However, such implants can fail due to implant 

movement, inflammation and bone resorption, and osteolysis caused by poor 

osseointegration, leading to costly and technically challenging revision surgery.26 From this 

perspective, developing a means for medical therapy to promote early osseointegration 
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would be valuable. These data suggest that supplementation of exogenous VEGF or 

modulation of VEGF signalling should be further explored as a means to enhance 

osseointegration. In addition, we have here developed a system to run flow cytometric 

analysis and perform immunofluorescent staining on the limited tissue around the implant in 

this mouse model. This will be a powerful platform for future mechanistic studies on 

osseointegration.
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Take home message

• Vascular endothelial growth factor (VEGF) is critical to achieving early 

osseointegration.

• The positive result will warrant more studies on pro-VEGF agents as target 

agents to enhance osseointegration in patients receiving a cementless implant.
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Fig. 1. 
The strategy used for flow cytometry for analysis of CD31hiEMCNhi endothelial cells. 

DAPI, diamidino-2-phenylindole; FSC, forward scatter; SSC, side scatter; APC, 

allophycocyanin.
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Fig. 2. 
a) and b) Anti-vascular endothelial growth factor receptor (VEGFR) treatment decreased the 

number of CD31hiEMCNhi cells in peri-implant bone detected by flow cytometry (the 

middle line indicates the mean, and the other two lines represent the standard deviation). c) 

Anti-VEGFR treatment decreased the CD31 and endomucin (EMCN) double-positive cells 

(yellow) detected by immunofluorescence. d) Anti-VEGFR inhibited bone morphogenetic 

protein 2 (BMP2) and insulin-like growth factor 2 (IGF2) expressions in these sorted 

CD31hiEMCNhi cells. e) Gene ontology (GO) enrichment analysis of differentially 

expressed genes between control mice and anti-VEGFR treated mice. Each bar is coloured 

and labelled according to p-value of enrichment analysis. *p < 0.05. Scale bar: 250 μm. 

DAPI, diamidino-2-phenylindole; FGF2, fibroblast growth factor 2.
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Fig. 3. 
Anti-vascular endothelial growth factor receptor (VEGFR) treatment decreased the 

maximum load of pull-out testing (the middle line indicates the mean, and the other two 

lines represent the standard deviation). *p = 0.036.
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Fig. 4. 
a) Anti-vascular endothelial growth factor receptor (VEGFR) treatment decreased 

osteopontin (OPN) and osterix (OSX) in peri-implant tissue at two weeks post-implantation. 

b) The treatment also decreased OPN in tissue on implant surface at four weeks. c) 

Representative image of tissue on implant surface. Scale bar: 250 μm. DAPI, diamidino-2-

phenylindole.
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