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Abstract 

The wound healing is a complex process consisting of inflammatory reaction, proliferation of 

mesenchymal cells, and formation and contraction of granulation tissue. The integrin receptors play 

crucial roles in this process. Recently, α9 integrin has also been detected on keratinocytes within 

wound sites. However, its functional significance at various wound healing processes was not fully 

elucidated. To address the role of α9 integrin in wound healing process, we made a full-thickness 

skin excisional wound and treated mice with anti-α9 integrin antibody. It has been shown that 

wound healing process was divided into three distinct phases; first re-epithelialization phase, second 

phase of granulation tissue formation, and followed by final phase of contraction of granulation 

tissue. We found that contraction of granulation tissue was not impaired by blocking the interaction 

of α9 integrin with its ligands, indicating that α9 integrin is not involved in myofibroblast 

differentiation. Of note, formation of granulation tissue as characterized by dense vimentin and 

CD31 positive area was impaired. The hindrance of granulation tissue formation is due to the 

inhibition of adhesion and migration of α9 integrin positive dermal fibroblasts. In conclusion, α9 

integrin is involved in the formation of granulation tissue via regulating migration and adhesion of 

dermal fibroblasts in the full-thickness skin excisional wound model. 

 

KEYWORDS: integrin; fibroblast; wound healing; osteopontin; tenascin-C 
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After skin injury, a dynamic wound healing process takes place. Wound healing process consists of 

an initial inflammatory response followed by re-epithelialization of wound area, formation of 

granulation tissue, accompanying neovascularization and wound contraction.1, 2 This wound healing 

process is tightly coordinated by the interaction of cells with their surrounding extracellular matrix 

(ECM) proteins and growth factors.3-5 The ECM, initially thought to act simply as a scaffold for cell 

adhesion, however, is now proved to be a dynamic structure, continually remodeling in response to 

various stimuli. The alterations in the composition of ECM, then provides signals into adjacent cells 

via cell surface receptors. Thus, interaction of ECM with cells via cell surface receptors such as 

integrins regulates cell shape, proliferation, intracellular signaling and differentiation, that are 

critical for maintaining normal tissue function and wound healing process.3 

Indeed, it has been reported that various integrins play a critical role during the process of 

wound healing. For example, αvβ3 integrin is important for angiogenesis,6, 7 and many of integrins, 

such as α3β1, α5β1 and α6β4 are shown to be involved in migration of keratinocytes into wound 

site.8, 9 In addition, it became clear that among numerous ECM proteins, there is a group of secreted 

ECM proteins, that are important during development, but expression of those ECM in the adult is 

typically restricted to would repair and remodeling tissue. These proteins are designated as 

`matricellular proteins` including thrombospondins, connective tissue growth factors, osteopontin 

(OPN), and tenascin-C (TN-C). Matricellular proteins interact with integrin or modulate the activity 

of growth factors, and the structural components of classical ECM such as collagen.10 Many studies 
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have focused on the role of matricellular proteins during wound healing and these studies have been 

done using matricellular protein gene-null mice.11 In thrombospondin-2-null mice, full-thickness 

excisional wounds healed at an accelerated rate and resolved with minimal scarring as compared 

with those in wild-type mice.12 On the other hand, absence of a single gene such as OPN or TN-C 

did not display any alteration in the rate of healing except minor histological abnormalities, 

suggesting that these genes have redundancies.13, 14 Indeed, absence of two genes of matricellular 

proteins resulted in significant phenotypic alterations in would healing.15, 16 In this regard, it should 

be noted that OPN and TN-C share α9β1 integrin as a common receptor.17, 18 It has been also 

reported that EDA/EIIIA segment of fibronectin is expressed during the granulation tissue phase of 

wound healing and that it, too, is a ligand for α9β1 integrin.19-22 Thus, it is interesting to examine 

whether α9β1 integrin plays a pivotal role during the wound healing process. However, because of 

the early postnatal mortality of α9-deficient mice,23 a role of α9 integrin during the healing process 

of full-thickness skin wounds in mice still remains unclear. To address whether and how α9β1 

integrin is involved in the wound healing process, we took advantage of using inhibitory anti-α9β1 

integrin antibody (clone: 55A2C) in full-thickness skin excisional wound model.
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Materials and methods 

 

Animals 

C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan). All mice were housed in a 

specific pathogen-free barrier facility and screened regularly for pathogens. All studies and 

procedures were approved by the Committee on Animal Experimentation of Institute for Genetic 

Medicine, Hokkaido University.  

 

Anti murine α9 integrin antibody 

Hamster monoclonal antibodies against murine α9 integrin were developed. To block the function 

of α9 integrin, we used anti-α9 integrin antibody (clone: 55A2C) which has an inhibitory effect on 

the interaction between α9 integrin and its ligands including OPN and TN-C.24 To examine the 

expression of α9 integrin by flow cytometry analysis, we used anti-α9 integrin antibody (clone: 

18R18D) which has not such an inhibitory effect.24 As a control, normal hamster immunoglobulin G 

(NHG) was used. 

 

Wounding 

After shaving the dorsal hair and cleaning the exposed skin with 70% ethanol, full-thickness skin 

(including the panniculus carnosus) excisional wound was made on the back of 8-weeks-old female 
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C57BL/6 mice using 5-mm biopsy punch (Nipro, Osaka, Japan). The edges of the wound were 

traced onto a transparency, and the areas of open wounds were calculated using ImageJ software 

(Version 1.38x, NIH, Bethesda, MD, USA) as previously reported.25 Wounds were left uncovered 

and harvested using 5-mm biopsy punch at 1, 3, 5, 7, 10, and 14 days after wounding. 

 

Tissue harvesting 

For histological analysis, wounds including small margin of surrounding skin were removed and 

bisected. Tissue was embedded in Tissue-Tek OCT compound (Sakura Finetek Japan Co., Ltd., 

Tokyo, Japan) and stored at -80°C. The samples were sectioned at 5μm thickness with a cryostat, 

air-dried for 2 hrs, and then fixed for 7 min in acetone at -20°C. Tissue sections were stored -80°C 

until use. 

 

Culture of primary fibroblasts 

Adult mouse subcutaneous fibroblasts were prepared from 8-week-old C57BL/6 mice. Briefly, a 

full thickness of the back skin was cut out by scissors, and then cut into small pieces. The skin was 

implanted into plastic tissue culture dishes containing TIL medium (IBL, Gunma, Japan) with 10% 

fetal bovine serum (PAA Laboratories GmbH, Pasching, Austria), 2mM glutamine, 100units/ml 

penicillin and 100μg/ml streptomycin (Sigma). After 2 weeks, proliferative cells were harvested and 

subcultured. The fibroblasts were used between passage 3 and 5 for experiments. 
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Immunohistochemistry and immunofluorescence 

Tissue sections were stained with hematoxylin and eosin or used for immunohistochemistry. For 

immunohistochemistry, sections were blocked in 10% normal goat serum (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA, USA) in phosphate-buffered saline (PBS) for 

30 min at room temperature. To further block endogenous peroxidase, sections were treated with 

0.3% H2O2 in PBS for 5 min. Sections were incubated with the primary antibody overnight at 4°C. 

Rat monoclonal antibodies specific for mouse CD31 (BMA Biomedicals, Augst, Switzerland), 

F4/80 (BioLegend, San Diego, CA, USA), mouse monoclonal antibody specific for vimentin 

(Sigma-Aldrich, Inc., St Louis, MO, USA), rat monoclonal antibody specific for Ki-67 (Dako Japan 

Inc., Tokyo, Japan) were diluted 1/400, 1/200, 1/200, 1/200 in 10% goat serum in PBS, respectively. 

The primary monoclonal antibody specific for α-smooth muscle actin (α-SMA) (clone 1A4, Sigma) 

were biotinylated by Biotin Labeling Kit – NH2 (Dojindo Molecular Technologies, Inc, Rockville, 

MD, USA) and diluted at 5μg/ml. Sections were then incubated sequentially for 30 min at room 

temperature with a biotinylated secondary antibody, then Vectastain ABC kit (Vector Laboratories, 

Burlingame, CA, USA) for 30 min at room temperature. After incubation, sections were washed 3 

times with PBS, developed with DAKO EnVision™+ kit/HRP (DAB) (Dako Japan Inc.), and then 

counterstained with hematoxylin. 

For immunofluorescence, 3.0×104 dermal fibroblasts were plated on 0.5% gelatin pre-coated 

Lab-Tek II chamber slide (Thermo scientific, Rockford, IL, USA). After over night incubation, 
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samples were fixed in 2% paraformaldehyde followed by permeabilization with 0.1% TritonX-100. 

Samples were then incubated for 30 min at room temperature with either anti-vimentin (diluted 

1/200) or FITC-conjugated anti-α-SMA (diluted 1/250; clone 1A4, Sigma) in TIL medium 

containing 10% fetal bovine serum. Samples were incubated for 30 min with FITC-conjugated 

anti-mouse IgM (diluted 1/100; Jackson ImmunoResearch Laboratories, Inc.) and/or 

rhodamine-phalloidin (diluted 1/200; Invitrogen/Molecular Probes, Carlsbad, CA, USA) in TIL 

medium containing 10% fetal bovine serum, then counterstained and embedded in VECTASHIELD 

Mounting Medium with DAPI (Vector Laboratories). For negative control, purified mouse IgM 

(diluted 5μg/ml; Invitrogen) was used as a substitute for primary antibody. 

 

Image analysis and morphometry 

The degree of wound healing was evaluated by using sections of wounded skin, stained with 

hematoxylin and eosin. The extent of wound contraction was determined by the wound width as 

described previously,26 and was defined as the distance between the cut ends of the connective 

tissues (as indicated by arrow in Figure 7a). Granulation tissue was defined as the area that 

consisted of collection of vimentin-positive fibroblasts, CD31-positive newly formed blood vessels, 

and F4/80-positive macrophages (as shown in Figure 4a-c), as described previously.27 Using 

free-hand tool of Photoshop (Version 5.5, Adobe Systems, Tokyo, Japan), the areas of granulation 

tissue were gated and measured using ImageJ software. 
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RNA isolation and real-time reverse transcriptase (RT)-PCR 

Total RNA was extracted from homogenized wound tissues or isolated fibroblasts using TRIzol 

(Invitrogen). First strand cDNA was generated with the Transcriptor First Strand cDNA Synthesis 

Kit (Roche Diagnostics GmbH, Mannheim, Germany). Real-time PCR was carried out with the 

LightCycler FastStart DNA Master SYBR Green I Kit (Roche). Primers for α9 integrin, α4 integrin, 

OPN, TN-C, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were as follows, α9 integrin: 

5′-AAAGGCTGCAGCTGTCCCACATGGACGAAG-3′ and 

5′-TTTAGAGAGATATTCTTCACAGCCCCCAAA-3′, α4 integrin: 

5’-TGGAAGCTACTTAGGCTACT-3’ and 5’-TCCCACGACTTCGGTAGTAGTAT-3’, OPN: 

5’-ACGACCATGAGATTGGCAGTG-3’ and 5’-TTAGTTGACCTCAGAAGATGA-3’, TN-C: 

5’-TGTGTGCTTCGAAGGCTATG-3’ and 5’-GCAGACACACTCGTTCTCCA -3’. GAPDH: 

5’-ACCACAGTCCATGCCATCAC-3’ and 5’-TCCACCACCCTGTTGCTGTA-3’. Expression of 

real-time PCR products was normalized to GAPDH. 

 

Western blotting 

Snap-frozen wounds were homogenized in PBS with Protease Inhibitor Cocktail Tablets (Complete 

Mini, Roche). Dermal fibroblasts, NIH3T3 cells and murine α9 integrin transfected-NIH3T3 cells24 

were lysed in 20mM Tris-HCl (pH7.5), 150mM NaCl, 1mM EDTA, 1% TritonX-100, 2.5mM 

sodium pyrophosphate, 1mM β-glycerophosphate, 1mM Na3VO4 containing protease inhibitor 



Nakayama Y et al 

 10 

(Roche). The lysates were centrifuged at 15,000 rpm for 30 minutes to remove cell debris and then 

heated at 100°C for 5 min. Concentration of protein was determined using BCA Protein Assay Kit 

(Thermo scientific). Twenty micrograms protein lysates were separated by SDS-PAGE using 

10-12% gel. Proteins were transferred onto nitrocellulose membranes. Membranes were 

subsequently blocked in 5% nonfat milk in 20mM Tris-HCl/136.9mM NaCl/0.1% Tween 20, 

followed by incubation with primary antibodies: against α-SMA (clone 1A4, Sigma), GAPDH 

(clone 6C5, EMD Chemicals Inc., Darmstadt, Germany) or α9 integrin (R&D systems, Minneapolis, 

MN, USA). After incubation with horseradish peroxides-conjugated secondary antibodies, 

membranes were developed using an enhanced chemiluminescence detection system (GE 

Healthcare UK Ltd., Buckinghamshire, England). 

 

Flow cytometry 

Fibroblasts were trypsinized, washed with PBS, blocked with rat anti-mouse CD16/CD32 (clone: 

2.4G2, 5μg/ml) (BD Biosciences, San Diego, CA, USA) in FACS buffer (0.5% bovine serum 

albumin (BSA), 0.05% NaN3 in PBS) on ice for 30 min, incubated with 5μg/ml 

biotinylated-hamster anti-mouse α9 integrin (clone:18R18D) with 500μg/ml control normal hamster 

immunoglobulin G (NHG) or 500μg/ml non-labeled 18R18D for 30 min on ice and then with 

0.5μg/ml streptavidin-APC in FACS buffer on ice for 20 min. Labeled cells were suspended in PBS 

with 10μg/ml 7-Aminoactinomycin D (Sigma) for detecting dead cells, and fluorescence was 
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determined with a flow cytometer (FACSort, BD Biosciences).  

 

Production of mutated forms of TN-C 

The specific binding domain for α9 integrin within human TN-C exists within a third fibronectin 

type III repeat domain of human TN-C (R797-P896) and this domain also contains a binding site for 

RGD-recognizing integrins.28 To study the α9 integrin-specific interaction of TN-C with 

fiboroblasts, a third fibronectin type III repeat domain of human TN-C (R797-P896) in which RGD 

was mutated to RAA (TN-C(RAA)),29, 30 was generated, thus eliminating the interaction of this 

mutated protein with RGD-recognizing integrins and was cloned into pGEX6p-1 from cDNA 

derived from HT-1080 cells using a pair of primers; TN-C-5': 

5'-GTTGGATCCAGGGTGACCACCACACGCTTG-3' and TN-C (RAA)-3': 

5'-TCTCTCGAGTTAGGGAGCATCGAGGCCTGTTGTGAAGGTCTCTTTGGCTGGGTTGCTT

GACATGGCAGCTCT -3'. pGEX plasmid was transformed to JM109 competent cells. The 

glutathione S-transferase fusion protein was purified with glutathione sepharose 4B beads, cutted 

off from glutathione S-transferase with PreScission protease (GE Healthcare). Purity and 

concentration of product were confirmed by SDS-PAGE followed by Coomassie Blue staining and 

BCA Protein Assay Kit (Thermo scientific), respectively. 

 

Cell adhesion assay 
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Ninety six-well plate was coated with BSA (2.5μg/ml) or TN-C(RAA) (2.5μg/ml) in PBS for 1 hr at 

37°C. Wells were blocked with 0.5% BSA in PBS for 1 hr at room temperature and then washed 

with PBS. Twenty thousand cells were added to each well in 200μl of serum-free TIL medium 

containing 0.25% BSA in the presence or absence of NHG or 55A2C (10μg/ml). Plates were 

incubated at 37°C. After 1 hr, the cells were washed with PBS, fixed, and stained with crystal violet. 

All wells were rinsed three times with water, and adherent cells were then lysed with 20% acetic 

acid. The resulting supernatants from each well were analyzed by an immunoreader (Thermo 

scientific), and the absorbance at 590 nm was measured to determine the relative number of cells 

adhered to wells. 

 

Evaluation of cell migration by haptotaxis assay 

To evaluate the cell migration toward an immobilized TN-C (RAA), haptotaxis assay was 

performed.31 Millicell Culture Plate Insert (pore size: 8μm, Millipore, Tokyo, Japan) were used. The 

undersurface of the insert was coated with BSA (10μg/ml) or TN-C (RAA) (10μg/ml) in PBS for 1 

hr at 37°C and blocked with 0.5% BSA in PBS for 1 hr at room temperature. Primary cultured 

fibroblasts were harvested and suspended in serum-free TIL medium. Then, cells were pre-treated 

by NHG or 55A2C (20μg/ml) in TIL medium for 20 min at 37°C, plated in the upper chamber at a 

density of 1.0×105 in 200μl of medium in the presence or absence of NHG or 55A2C (20μg/ml). 

After 4 hrs incubation, cells in the upper surface of the insert were removed using swab, and then 
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cells in the undersurface of the insert were fixed with methanol and stained with Giemsa’s staining 

solution (Muto pure chemicals Co., LTD., Tokyo, Japan). 6 fields were counted through light 

microscopy and averaged for each condition studied. 

 

Isolation of fibrocytes 

Murine fibrocytes were purified from peripheral blood and cultured as previously described.32 In 

brief, murine peripheral blood mononuclear cells (PBMC) were isolated from heparinized C57BL/6 

mouse blood by centrifugation over Lymphosepar II (IBL) according to the manufacturer’s protocol. 

Murine PBMC were cultured in TIL medium containing 10% fetal bovine serum and 10% mouse 

serum, 2mM glutamine, 100units/ml penicillin and 100μg/ml streptmycin on 24 well plate at a 

density of 2×106 cells in 1ml of medium. After 2 days, nonadherent cells were removed by gentle 

aspiration, and media were replaced. After 10 days, the adherent crude fibrocyte preparations were 

lifted using 0.05% EDTA in PBS for use of flow cytometry and RT-PCR analysis. For flow 

cytometry analysis, anti-CD3, B220, and CD14 antibodies were used. (CD3, CD14: BD 

Biosciences; B220: eBioscience (San Diego, CA, USA)) 

 

Measurement of α9 integrin and type I collagen expression in murine fibrocytes  

The cell surface expression of α9 integrin on isolated fibrocytes was evaluated by flow cytometry. 

The expression of α9 integrin or type I collagen mRNA was evaluated by RT-PCR. For RT-PCR, to 
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control for any difference in quantity of total RNA among the samples, GAPDH mRNA expression 

was evaluated simultaneously. Total RNA was extracted from isolated fibrocyte using TRIzol 

(Invitrogen). First strand cDNA was generated with the Transcriptor First Strand cDNA Synthesis 

Kit (Roche). PCR amplification was performed using gene-specific primers and TaKaRa Ex Taq 

(Takara Bio, Shiga, Japan). The primers for type I collagen were as follows: Type I collagen: 5’- 

TTTGTGGACCTCCGGCTC-3’ and 5’- AAGCACAGCACTCGCCCT-3’. (The primers for α9 

integrin and GAPDH were described above.) PCR was performed with 35 cycles of 30 sec of 

denaturation at 94°C, 30 sec of annealing at 58°C, and 30 sec of extension at 72°C, followed by 5 

min of final extension at 72°C. PCR products were separated by electrophoresis using 1.5% agarose 

gels and viewed under ultraviolet light after ethidium bromide staining. 

 

Statistical analysis 

Student’s t-test was used for comparison of means between groups. A value of P<0.05 was 

considered significant. The error bars indicate the S.E.M. 
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Results 

 

Three distinct phases of wound healing 

In this study, to assess macroscopic healing process, full-thickness skin excisional wounds were 

made in mice using a 5-mm punch and the area of each open wound was traced at 0, 3, 5, 7, 10 and 

14 days after wounding. We found that the area of open wound was significantly reduced at two 

time points; from day 0 to day 5 and from day 7 to day 10. However, the area of open wound 

remained unchanged if any from day 5 to day 7 (Figure 1). According to the previous reports, 

re-epithelialization and contraction of granulation tissue are important processes that can reduce the 

area of open wound,1, 2 and approximate timing of these process are taken place from day 1 to day 2 

and from day 4 to day 14 after wounding, respectively. In addition, granulation tissue formation 

occurs from day 4 to day 7 after wounding between re-epithelialization phase and wound 

contraction phase.33 Therefore, we divided the process of full-thickness skin excisional wound 

healing into three phases; the early phase from day 0 to day 5, middle phase from day 5 to day 7, 

and late phase from day 7 to day 14 after wounding (Figure 1). These early, middle, and late phases 

are thought to correspond to the phases of re-epithelialization, formation of granulation tissue, and 

contraction of granulation tissue, respectively.4, 33, 34 

 

Induction of α9 integrin and its ligands during the process of wound healing 
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Next, we examined whether the expression of α9 integrin and its ligands are induced after skin 

wounding. The gene expression of α9 integrin was induced on day 1 and its up-regulation 

maintained all the time after wounding from day 3 to day 10 (Figure 2a). We tested the expression 

of well known ligands for α9 integrins, OPN and TN-C. Although the both ligands are induced after 

wounding, the peak OPN gene expression was detected at 1 day after wounding (Figure 2c), 

whereas TN-C was at 5 days after wounding (Figure 2d), suggesting the distinct roles of these ECM 

proteins in the healing process. The gene expression of α4 integrin, which possesses a structural 

similarity with α9 integrin35 was induced from day 1 to day 10 (Figure 2b). Thus, the kinetics of 

gene expression between α4 and α9 integrin was very similar. These results suggest that interactions 

of α9 or α4 integrins and their ligands take place in wounds and may be involved in the skin wound 

healing process. 

 

Formation of granulation tissue is hampered by blocking α9 integrin 

To examine the role of α9 integrin in the wound healing process, the blocking antibody against α9 

integrin (clone: 55A2C) was given to the mice twice at 1 day prior to and at 2 days after making 

full-thickness skin excisional wound (Figure 3). It has been demonstrated that α9 integrin is 

involved in the process of re-epithelialization,36 which occurs during the first phase of wound 

healing. Granulation tissue formation critically depends on the proliferation and migration of 

fibroblasts and angiogenesis, which occurs during the middle phase of wound healing. Granulation 
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tissue is defined as the area that consisted of collection of vimentin-positive fibroblasts, 

CD31-positive newly formed blood vessels, and F4/80-positive macrophages (Figure 4a, b, and c). 

Although granulation tissue was not detected at 3 days after wounding, most of wound site were 

occupied by granulation tissue at 10 days after wounding (Figure 4d). It should be noted that 

granulation tissue area was significantly reduced on day 7 in 55A2C-treated mice, as compared with 

NHG-treated mice (Figure 5a and b). Consistent to those data shown in Figure 5, the density of 

vimentin-positive fibroblasts within granulation tissue was significantly reduced on day 7 in 

55A2C-treated mice (Figure 6a). Taken together, we found that the interaction of α9 integrin with 

its ligands plays a pivotal role for the formation of granulation tissue. Angiogenesis is necessary in 

wound healing to sustain the newly formed granulation tissue. Macrophage infiltration into the 

wound site is also important for debridement and provides a source of growth factors to repair skin.2, 

33, 34 Therefore, we examined the density of CD31-positive blood vessels and F4/80-positive 

macrophages within wound site at 7 days after wounding. Neither angiogenesis nor macrophage 

infiltration were altered in 55A2C-treated mice (Figure 6a). It should be pointed out that 

macrophage infiltration is evident at early phase of wound healing and macrophage may influence 

subsequent wound healing process.33 Therefore, we also examined the effect of antibody treatment 

on the macrophage infiltration on day 3. However, we found that macrophage infiltration was not 

impaired by antibody treatment on day 3 (Figure 6b). We then tested whether the reduction of 

vimentin-positive fibroblasts is due to the inhibition of fibroblast proliferation. Therefore, we 
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analyzed Ki-67 positive cells within granulation tissue. In 55A2C-treated mice, although the density 

of fibroblasts within granulation tissue was significantly reduced, the ratio of Ki-67 positive cells 

against fibroblasts within granulation tissue was not altered on day 7 (Figure 6c). These data 

suggested that the interaction of α9 integrin with its ligands is not involved in fibroblast 

proliferation during the formation of granulation tissue. 

 

Wound contraction is not affected by blocking α9 integrin 

The critical process in the late phase of wound healing is the contraction of granulation tissue, 

which is reflected by connective tissue wound width. Wound width is expressed by the distance 

between the cut ends of the connective tissues (as indicated by closed arrows in Figure 7a).  

Kinetics of wound contraction was depicted as representative histology in Figure 7b. As 

summarized in Figure 7c, wound width is markedly reduced between day 7 and day 10, indicating 

that wound contraction occurs from day 7 to day 10, which is consistent with our data that open 

wound area is significantly reduced at late phase (Figure 1). The contraction force is provided by 

the differentiated myofibroblasts within granulation tissue.37 Myofibroblasts were marked as 

α-SMA-positive cells as shown in Figure 7d. The α-SMA staining was peaked on day 7 and 

significantly reduced at 14 days after wounding, again confirming that wound contraction occurs 

from day 7 to day 10 (Figure 7d). However, α-SMA-positive area did not differ between NHG and 

55A2C-treated mice at 7 and 10 days after wounding (Figure 7d). Furthermore, western blot 
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analysis of wounded tissues showed that the expression of α-SMA protein did not differ between 

NHG and 55A2C-treated mice at 7 and 10 days after wounding (Figure 7e and f). Consistent to 

those findings, wound width was not significantly different between NHG and 55A2C-treated mice 

at each time point after wounding (Figure 7c). Thus, our data demonstrated that the interaction of 

α9 integrin and its ligands is not critically involved in the process of wound contraction. 

 

Adhesion and migration of fibroblasts are impaired by blocking α9 integrin 

We then analyzed the molecular basis for the reduction of wound area (Fig 5a, b) and fibroblast 

density (Fig 6a) in granulation tissue in 55A2C-treated mice. We found that fibroblasts isolated 

from wound site at each time point expressed α9 integrin (Figure 8a). Next, dermal fibroblasts 

obtained from uninjured subcutaneous tissue of adult mice were cultured. These cells were F4/80– 

cells (data not shown24) and were positive for vimentin and negative for α-SMA and exhibited 

morphological features of fibroblasts (Figure 8b24). Importantly, dermal fibroblasts expressed α9 

integrin as detected by flow cytometry and western blot analysis (Figure 8c and d, respectively). α9 

integrin, expressed by those fibroblasts is functional since cells were able to bind to its ligand, 

TN-C, and this adhesion was specifically inhibited by 55A2C (Figure 8e). In addition, we found 

that TN-C induced significant migration of dermal fibroblasts and this migration was specifically 

inhibited by 55A2C (Figure 8f). We also found that the interaction between fibroblasts and TN-C 

did not induce cell proliferation and the fibroblast proliferation was not altered by 55A2C (data not 
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shown). Taken together, these data suggest that α9 integrin is involved in granulation tissue 

formation via regulating fibroblast migration and adhesion.  

 

α9 integrin was not expressed on circulating fibrocyte 

Recent study has shown that there is a population of circulating fibrocytes in peripheral blood and 

those fibrocytes are bone marrow-derived mesenchymal progenitors, which is believed to contribute 

to wound healing.38, 39 Therefore, we examined whether α9 integrin is expressed on murine 

fibrocytes that were purified from peripheral blood as previously described.32 Murine PBMC 

contained less than 14% of non-T cells, non-B cells and non-monocytes (Figure 9a). PBMC were 

then cultured in vitro for 12 days as described in materials and methods section and crude fibrocytes 

population was obtained. This population contained approximately 73% of non-T cells, non B-cells 

and non-monocytes (Figure 9b). We could not detect any expression of α9 integrin in fibrocytes by 

both flow cytometric analysis (Figure 9c) and RT-PCR analysis (Figure 9d). Nevertheless, control 

fibroblasts expressed both α9 integrin and type I collagen genes. However, fibrocytes expressed 

only type I collagen gene as expected, but not α9 integrin. 
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Discussion 

 

Wound healing process can be divided into three distinct phases, including 1) re-epithelialization, 

induced by keratinocyte migration and proliferation, judged by epithelial gap and keratinocyte area, 

2) formation of granulation tissue, evidenced by dense vimentin positive dermal fibroblasts and 

CD31 positive blood vessels, and 3) contraction of granulation tissue, facilitated by differentiation 

of dermal fibroblasts into myofibroblasts. Previous reports showed that the interaction of various 

integrins with ECM proteins has critical roles in distinct phases of skin wound healing process via 

the modulation of neutrophil infiltration,40 re-epithlilazation,8, 41 fibroblast migration,42 

angiogenesis6, 7 and myofibroblast differentiation.43, 44 Migrating keratinocytes at the wound edge 

express several intergins, including collagen receptor α2β1, laminin receptors α3β1 and α6β4, 

fibronectin receptors αvβ6 and α5β1, and vitronectin receptor αvβ5.41, 45 These integrins play a 

critical role in keratinocyte migration and proliferation, thus re-epthelialization process. α9β1 

integrin is found to be expressed on migrating keratinocytes.20 It has been shown that the 

proliferation of keratinocytes was suppressed during skin wound healing under the condition in 

which epithelial cell lacks α9 integrin. The reduced keratinocyte proliferation observed in those 

mice negatively impacts on wound healing, resulting in a thinner migrating epithelium, thus 

demonstrating that α9 integrin is crucial for efficient and proper re-epithelialization during 

cutaneous wound healing.36 However, the role of α9 integrin at various healing phases of 
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full-thickness wounds in mice still remains to be elucidated. Therefore, we examined the role of α9 

integrin during the course of wound healing using anti-mouse α9 integrin antibody (clone: 55A2C). 

 

α9 integrin is involved in the formation of granulation tissue 

Around 4 days after injury, granulation tissues, which are composed of macrophages, fibroblasts, 

newly blood vessels and collagens, begin to be formed in wound site. Macrophages are thought to 

be important for debridement of dead cells and provide a source of growth factors to cause the 

proliferation of endothelial cells or fibroblasts.2, 33, 34 Fibroblasts are the most important 

mesenchymal cells involved in wound healing and main source of ECM deposition and 

reorganization within the wound bed. Among several ECM proteins, collagen produced by 

fibroblasts causes fibrinogenesis and strengthens the wounds. Angiogenesis is necessary in wound 

healing to sustain the newly formed granulation tissue. Thus, it has been thought that various types 

of cells in granulation tissue affect the quality of wound healing processes. Dermal fibroblasts 

strongly expressed α9 integrin and dermal fibroblast migration was significantly blocked by 55A2C 

in vitro, indicating that α9 integrin is involved in fibroblast movement (Figure 8). Further, it is 

believed that dermal fibroblasts have a critical role in the formation of granulation tissue.33, 34 

Therefore, we measured the granulation tissue area to evaluate whether administration of 55A2C 

affects the granulation tissue formation. As expected, granulation tissue area was reduced in 

55A2C-treated mice (Figure 5a and b). Moreover, the density of fibroblasts within granulation 
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tissue was significantly reduced on day 7 in 55A2C-treated mice (Figure 6a). In wound healing 

process, the expression of not only α9 integrin but also OPN and TN-C was highly up-regulated 

(Figure 2). In addition, it has been also reported that EDA/EIIIA segment of fibronectin which is a 

ligand for α9β1 integrin is expressed during the granulation tissue phase of wound healing.19-22 It 

should be pointed out that α9 integrin is not involved in fibroblast proliferation (Figure 6c). Taken 

together, these results and reports suggest that the interaction of α9 integrin on the dermal 

fibroblasts with its ligands such as OPN, TN-C and EDA/EIIIA segment of fibronectin is involved 

in the migration of dermal fibroblasts into wound site, thereby facilitating the formation of 

granulation tissue. 

It should be pointed out that the origin of α9 integrin-positive fibroblasts found in wounded skin 

is of still controversial. It is reasonable to assume that fibroblasts migrate into the wounded site 

from surrounding skin tissues. It is possible that both migrated dermal fibroblasts from the 

surrounding skin tissues and residual resident dermal fibroblasts contribute to the α9 

integrin-positive fibroblasts found in wounded skin. In addition, recent study has shown that there is 

a population of circulating fibrocytes in peripheral blood and those fibrocytes are bone 

marrow-derived mesenchymal progenitors, which is believed to contribute to wound healing.38, 39 

Therefore, we examined whether α9 integrin is expressed on murine fibrocytes that were purified 

from peripheral blood. We could not detect any expression of α9 integin on fibrocytes, suggesting 

that the contribution of circulating fibrocytes to the wound healing process is α9 integrin 
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independent (Figure 9). It is also possible that fibrocytes initiate α9 expression as - or subsequent to 

- their entry into the wound bed. 

Other important issue that should be discussed here is the contribution of α9 integrin to the 

angiogenesis. It is known that granulation tissue consists of not only dense collection of 

vimentin-positive fibroblasts but also CD31-positive blood vessels. Mice lacking α9 integrin dies 

due to the deficient development of major lymph vessels, thoracic duct,23 raising the possibility that 

α9 integrin is also involved in angiogenesis. However, we found that the density of CD31-positive 

blood vessels within granulation tissues was not altered in 55A2C-treated mice (Figure 6a). In this 

regard, it should be noted that fibronectin and vitronectin receptors, such as αvβ3 and α5β1 

integrins, were involved in the angiogenesis in skin wound healing models.6, 7, 46, 47 

 

α9 integrin is not involved in wound contraction 

The contraction of granulation tissue, which is the late phase of wound healing, is mainly mediated 

by the differentiated myofibroblasts.48 Wound contraction and the area of α-SMA-positive cells in 

wounded tissue is not affected by blocking α9 integrin, suggesting that α9 integrin is not involved in 

myofibroblast differentiation (Figure 7d). We also found that TGF-β-induced gel-contraction is not 

affected by 55A2C, supporting the idea that the differentiation of myofibroblast is independent of 

the interaction between α9 integrin and ECM proteins (data not shown). 

Although the formation of granulation tissue is impaired, the contraction of granulation tissue as 
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well as the area of open wound is unchanged by blocking α9 integrin. It is possible that the number 

of fibroblasts in granulation tissue of 55A2C-treated mice is sufficient for making wound 

contraction since the preventive effect of 55A2C on the formation of granulation tissues is partial 

(Figure 5a). Furthermore, the other integrins such as αv and α5β1 which mainly involved in the 

fibroblast migration or myofibroblast differentiation may compensate for the function of α9 

integrin. 

In summary, we found that 1) mRNA of α9 integrin was up-regulated in wounded skin. 2) 

Dermal fibroblasts expressed α9 integrin and dermal fibroblast migration was blocked by blocking 

the interaction of α9 integrin with its ligands. 3) In full-thickness excisional wound model, 

contraction of granulation tissue was not affected by blocking the interaction of α9 integrin with its 

ligands. 4) Whereas, formation of granulation tissue was hampered by blocking the interaction of 

α9 integrin with its ligands. These results provide the evidence that α9 integrin has an important 

role in the formation of granulation tissue via regulating fibroblast migration during skin wound 

healing.  
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Titles and legends to figures 

 

Figure 1. Kinetics of wound closure. Wound closure was measured at the indicated time points after 

wounding, and the edges of the wound were traced onto a transparency, and the areas of open 

wounds were calculated. The area of open wound was significantly reduced at two time points; 

during the early phase from day 0 to day 5 and middle-late phase from day 7 to 10. For each time 

point at least 6 wounds were measured. * : p < 0.05. 

 

Figure 2. Induction of gene expression of α9 integrin and its ligands. The gene expression of α9 

integrin (a), α4 integrin (b), OPN (c) and TN-C (d) in wound site at the indicated time points post 

wounding. For each time point at least 4 wounds were examined. N : normal skin. * : p < 0.05. ** : 

p < 0.005. 

 

Figure 3. Treatment protocol of full-thickness skin excisional wound model. Mice were treated by 

administration of the blocking antibody against α9 integrin. NHG or 55A2C was given to the mouse, 

at 1 day prior to and at 2 days after making wounds. 

 

Figure 4. Evaluation of granulation tissue. Granulation tissue (Gt) was defined by dense collection 

of fibroblasts (a) and vimentin-positive cells (b) and formation of CD31-positive blood vessels (c). 

(d) Kinetics of granulation tissue formation. Tissues were obtained at indicated time points and 
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were marked as Gt according to the definition described above. Solid lines encompass granulation 

tissue. Scale bars in c, 500μm (low magnification) and 200μm (high magnification); in d, 200μm. 

(Color images in this figure were mentioned in Supplemental Material 1.) 

 

Figure 5. Formation of granulation tissue is hampered by administration of 55A2C. (a) Area of 

granulation tissue was measured. Granulation tissues were obtained from mice treated with NHG 

(closed bars) or 55A2C (open bars) on day 7. (b) Representative histology used for evaluation in (a). 

Solid lines encompass granulation tissue (Gt). Nine wounds were measured per each group. Scale 

bar in b, 500μm. * : p < 0.05. ** : p < 0.005. 

 

Figure 6. Dermal fibroblast density was significantly decreased in 55A2C-treated wounds. (a) 

Representative histology from mice treated with NHG (left panels; closed bars) or 55A2C (right 

panels; open bars) on day 7. Numbers of dermal fibroblasts, CD31 positive blood vessels and F4/80 

positive macrophages were counted in granulation tissue. (b) Numbers of macrophages were 

quantified for NHG- (closed bars) and 55A2C-treated wounds (open bars) on day 3. (c) Ratio of 

Ki-67 positive proliferative cells against fibroblasts within NHG- (closed bars) and 55A2C-treated 

(open bars) granulation tissue on day 7. Six to nine wounds were measured per each group, and 6 

fields were counted through light microscopy for each section. Scale bars in a, b, and c, 100μm. * : 

p < 0.05. (Color images in this figure were mentioned in Supplemental Material 2.) 



Nakayama Y et al 

 31 

Figure 7. Histological evaluation of wounded skin tissues in 55A2C-treated mice. (a) Arrowheads 

represent the leading edges of migrating epithelial lips and arrows indicate the cut ends of skin 

connective tissue. A distance between two cut ends represents wound width. (c) Quantification of 

wound widths on day 3, 5, 7, 10 and 14. (closed bars): NHG, (open bars): 55A2C. Sections of 

wounded skin from mice treated with NHG (left panels) and 55A2C (right panels) were stained 

with hematoxylin and eosin (b) or anti-α-SMA (d) to evaluate wound width or myofibroblast 

differentiation, respectively at indicated time points. (e) Expression of α-SMA was examined on day 

3, 7 and 10 by western blotting. (f) Semiquantitative analysis of western blotting on day 7 and 10. 

For each time point at least 6 wounds (c) or 5 wounds (e, f) were examined per each group. Scale 

bars in b, 1mm; in d, 500μm. * : p < 0.05. 

 

Figure 8. α9 integrin mediated cell adhesion and migration of dermal fibroblasts. (a) Flow 

cytometry analysis of α9 integrin expression by fibroblasts derived from wound site. (b) Dermal 

fibroblasts obtained from subcutaneous tissue were stained for control Ab (left), anti-vimentin 

(middle) and anti-αSMA (right) (Green). Nuclei and cytoskeletal actin were visualized by DAPI 

(Blue) and phalloidin (Red) staining, respectively. (c) Dermal fibroblasts used in (b) were tested for 

the cell surface expression of α9 integrin by flow cytometry. (d) α9 integrin expression was also 

tested by western blot analaysis. Two lots of cultured dermal fibroblasts (#1 and #2) were used. 

NIH3T3 fibroblasts served for negative control and NIH3T3 cells, transfected with murine α9 
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integrin (α9/NIH) served for positive control. (e) Adhesion of dermal fibroblasts to ligands for α9 

integrin. The adhesion of fibroblasts to the plates coated with 2.5μg/ml TN-C (RAA) or 2.5μg/ml 

BSA was tested in the presence of 10μg/ml NHG or 55A2C. (f) Dermal fibroblasts migration was 

assessed in a Millicell Culture Plate Insert (8.0μm). Cells were added to the upper chamber of the 

membrane coated with 10μg/ml BSA or TN-C (RAA). The migration of fibroblasts to TN-C (RAA) 

was tested in the presence of 20 μg/ml NHG or 55A2C. Six fields were counted through light 

microscopy and averaged for each group. Each value represents the mean ± S.E.M. of three 

experiments. Scale bars in b, 50μm. * : p < 0.05.  

 

Figure 9. Expression of α9 integrin on fibrocytes. Murine peripheral blood mononuclear cells 

(PBMC) (a) and in vitro cultured fibrocyte enriched population (b) were stained with anti-CD3 (T 

cells), anti-B220 (B cells) and anti-CD14 (monocytes) antibodies. Note that non-T cells , non-B 

cells, and non-monocytes within PBMC (a) and fibrocyte enriched population (b) were 14% and 

73%, respectively. (c) CD3-/B220-/CD14- cells in (b) were stained with anti-α9 integrin antibody. 

Note that fibrocyte enriched population was negative for α9 integrin expression. (d) Gene 

expression of fibrocyte marker, type I collagen, and α9 integrin in dermal fibroblasts and fibrocytes 

derived from PBMC. The RT-PCR for GAPDH was used as a control. 
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