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Abstract. Wound healing is a complex physiological process 
in which fibrocytes serve a vital role. However, the mechanism 
underlying the recruitment of fibrocytes during wound healing 
remains largely unknown. The present study aimed to investi-
gate whether endothelial cells are involved in the recruitment 
of fibrocytes in wound healing. To mimic the in vivo angio-
genic process, a co‑culture system consisting of endothelial 
cells and fibrocytes was achieved using a permeable Transwell 
co‑culture system. The expression of chemokines produced by 
endothelial cells with or without co‑culture was then measured 
using a gene chip. Based on the dataset from chip analysis, 
chemokine ligand  15 (CCL15) produced by endothelial 
cells was identified, which likely serves a regulatory role in 
mediating the transmigration of fibrocytes. Overexpression of 
CCL15 in endothelial cells or chemokine receptor 1 (CCR1) 
in fibrocytes promoted the transmigration of fibrocytes, whilst 
silencing the expression of CCL15 in endothelial cells or 
that of CCR1 in fibrocytes attenuated the transmigration of 
fibrocytes. Results from the present study suggested that the 
CCL15‑CCR1 axis between endothelial cells and fibrocytes 
serves a vital role in mediating the recruitment of fibrocytes 
during wound healing.

Introduction

Wound healing is a complex physiological process. In the 
clinic setting, enhancing wound healing has long been a goal 

of physicians. Patients with certain conditions are particu-
larly susceptible to chronic, non‑healing wounds, such as 
those of diabetic wounds (1). In addition, tending to chronic 
and intractable wounds increases the cost of healthcare (2). 
Therefore, elucidating the mechanism underlying wound 
healing so that this process is accelerated is currently necessary 
and urgently sorted.

Circulating fibrocytes (CFs), also termed peripheral blood 
fibrocytes, are bone‑marrow derived mesenchymal stem cells 
that account for ~1%  of the total number of mononuclear 
cells in the blood (3). Chen et al (4) previously reported that 
fibrocytes accelerate wound healing by stimulating cell 
proliferation, re‑epithelialization and angiogenesis in a mouse 
diabetic model. Notably, a previous study demonstrated that 
CFs can differentiate into pericytes, which are indispensable 
components of new blood vessels (5). Additionally, fibrocytes 
have been documented to induce an angiogenic phenotype in 
cultured endothelial cells (6) and contribute to the stabilization 
of newly‑formed vessels during angiogenesis (5). Recruitment of 
fibrocytes into wound areas forms the basis of their functions (4). 
Thymic stromal lymphopoietin has been reported to function 
in airway remodeling by promoting CF recruitment to the lungs 
in mice subjected to chronic allergen exposure (7). In addition, 
contribution of chemokines chemokine ligand (CCL)5, CCL11 
and CCL24 in the recruitment of fibrocytes to the airway in 
severe asthma has also been previously demonstrated (8). Aside 
from asthma, fibrocyte numbers have also been observed to be 
increased in the circulating blood in patients with necrotizing 
enterocolitis, where they may be recruited to the inflammatory 
intestinal tract through the CXC chemokine receptor (CXCR) 
4‑CXC chemokine ligand (CXCL) 12 axis (9). Platelet‑derived 
growth factor (PDGF)‑BB‑PDGF receptor‑β biological axis 
has also been reported to serve a role in the transmigration 
of fibrocytes into fibrotic lungs (10). Although the mechanism 
underlying the transmigration of fibrocytes has been explored 
in numerous studies, an insufficient number studies investi-
gated the mechanism associated with the transmigration of 
fibrocytes during the wound healing process. In particular, 
chemokines that participate in the recruitment of fibrocytes 
during wound healing remain poorly understood. Based on the 
data from gene chip analysis (Pang, unpublished data), it was 
hypothesized that a specific chemokine secreted by endothelial 
cells in newly‑formed blood vessels during wound healing may 
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mediate the chemotaxis of fibrocytes towards endothelial cells 
in the wound through a cognate receptor expressed on fibro-
cytes.

The present study aimed to explore the role of chemokines 
secreted by human umbilical vein endothelial cells (HUVECs) 
in mediating the transmigration of CFs. Gene chip analysis was 
first applied to measure the expression levels of chemokines 
in HUVECs that were co‑cultured with CFs in a permeable 
Transwell system or cultured alone. Based on these data from 
this gene chip, it was hypothesized that some chemokines 
may be involved in mediating the transmigration of fibrocytes 
toward HUVECs. Further transmigration assay experiments 
were performed to identify the functional role of screened 
chemokines and its corresponding receptor. The present study 
demonstrated that the chemokine ligand 15 (CCL15) and its 
receptor chemokine receptor 1 (CCR1) are involved in medi-
ating the recruitment of fibrocytes to HUVECs, which may 
provide a new target for accelerating angiogenesis, which can 
in turn accelerate wound healing.

Materials and methods

Cell isolation and culture. Human CFs were isolated and 
purified as previously described (11). Briefly, human CFs were 
isolated from leukapheresis packs (6 donors; male; age range, 
20‑40 years old) provided by the Xijing Hospital Blood Center 
(Xi'an, China) using the Histopaque®‑1077 (cat. no. 10771; 
Sigma‑Aldrich; Merck  KGaA) density gradient method. 
The leukapheresis sample was mixed with PBS (1:1), before 
the diluted sample was layered over Histopaque®‑1077 (2:1) 
and centrifuged at 800 x g for 20 min at room temperature. 
The peripheral blood mononuclear cell (PBMC) layer was 
acquired by gentle aspiration, which was washed with PBS 
and centrifuged at 1,200 x g for 5 min at room temperature 
three times. The PBMC layer was resuspended in DMEM 
(HyClone; Cytiva) supplemented with 4.0 mM L‑glutamine, 
4,500 mg/l glucose, 100 U/ml penicillin‑G and 100 U/ml 
streptomycin. PBMCs were then seeded into six‑well plates at 
a density of 1x107 cells/ml and 24‑well plates at a density of 
5x105 cells/ml and cultured at 37˚C with 5% CO2. After 7 days 
of culture, non‑adherent cells were removed from the culture 
dishes and CFs were retained, and the media was replaced. 
After 14 days of culture, the resultant enriched human fibro-
cyte populations were >95% pure based on collagen I and 
CD34 immunohistochemical staining, which was performed 
as described previously (11).

HUVECs were purchased from ScienCell Research 
Laboratories (cat.  no.  8000). HUVECs were cultured 
in endothelial cell medium supplemented with 5%  FBS 
(cat.  no.  1001; ScienCell Research Laboratories), 4  mM 
L‑glutamine, 100 U/ml penicillin‑G, 100 U/ml streptomycin 
and 1% endothelial cell growth supplement (v/v; cat. no. 1052; 
ScienCell Research Laboratories) at 37˚C with 5%  CO2. 
HUVECs used in the present study were from passages 3‑4. 
The experimental protocol was approved by the Ethics 
Committee for Experimentation of the Fourth Military 
Medical University (Shaanxi, China).

Cell co‑culture system. Purified CFs and HUVECs were 
separately cultured in six‑well plates for 2  days at 37˚C 

with 5% CO2 prior to co‑culture. In the co‑culture system, 
the HUVECs were suspended in endothelial cell medium 
(ScienCell Research Laboratories, Inc.) at a density 
1x105 cells/ml and added into the lower chamber before the 
CFs were suspended in DMEM at a density 1x105 cells/ml and 
added into the upper Transwell inserts (cat. no. 140640; Thermo 
Scientific; Thermo Fisher Scientific, Inc.). HUVECs and CFs 
co‑cultured for 24 h at 37˚C were then extracted for RNA 
microarray analysis or used for Transwell migration experi-
ments. HUVECs and CFs that were co‑cultured for 48 h were 
detached for reverse transcription‑quantitative (RT‑q) PCR, 
western blotting and ELISA. Separately cultured HUVECs 
and CFs in six‑well plates were used as the control groups.

Gene chip microassay. Gene chip microarray analysis 
was performed using HumanWG‑6_V3 (Illumina, Inc.) 
according to the manufacturer's protocol. HUVECs were 
lysed using TRIzol® (Thermo Fisher Scientific, Inc.) after 24 h 
co‑culture. Total RNA was then extracted using the TRIzol® 
reagent, followed by purification and DNase  I treatment 
using a Qiagen RNeasy mini kit (Qiagen GmbH) according 
to the manufacturer's protocol. An Agilent Bioanalyzer 
(Agilent Technologies GmbH) was used for quality control. 
Biotinylated circular (c)RNA was prepared with the Ambion 
MessageAmp kit (cat.  no.  AM1819; Thermo Scientific; 
Thermo Fisher Scientific, Inc.) for Illumina arrays according 
to the manufacturer's protocol. Labeled cRNA was hybridized 
to the probes on the chip and washed. The results were scanned 
by a SureScan Microarray scanner (cat.  no.  G4900DA; 
Agilent Technologies, Inc,) according to the manufacturer's 
protocol. The data were normalized using quantile normaliza-
tion by GenomeStudio v2.0 (Illumina, Inc.). All data have 
been deposited into the Gene Expression Omnibus database 
and are available with the accession number GSE108626.

RT‑qPCR. The total RNA of CFs and HUVECs was isolated 
using a Takara MiniBEST Universal RNA Extraction Kit 
(cat.  no.  9767; Takara Bio, Inc.) according to the manu-
facturer's protocol. Reverse transcription was performed 
with PrimeScript™  RT  Master  Mix (cat.  no.  RR036A; 
Takara Bio, Inc.) according to the manufacturer's protocol. 
qPCR was subsequently performed using TB  Green™ 
Premix  Ex  Taq  II (cat.  no.  RR820A; Takara Bio, Inc.). 
The sequences of primers used were as follows: CCL15 
forward, 5'‑CTC​TCC​TGC​CTC​ATG​CTT​GT‑3' and reverse, 
5'‑CAG​CAG​CAA​AGT​GAA​AGC​TG‑3'; CCL2 forward, 
5'‑CCCCAGTCACCTGCTGTTAT‑3' and reverse, 5'‑AGA​
TCT​CCT​TGG​CCA​CAA​TG‑3'; CXCL8 forward, 5'‑CTG​
CGC​CAA​CAC​AGA​AAT​TA‑3' and reverse, 5'‑TGA​ATT​CTC​
AGC​CCT​CTT​CAA‑3'; CCR1 forward, 5'‑CTG​GTT​GGA​
AAC​ATC​CTG​GT‑3' and reverse, 5'‑GGA​AGC​GTG​AAC​
AGG​AAG​AG‑3'; CCR3 forward, 5'‑TGG​CGG​TGT​TTT​TCA​
TTT​TC‑3' and reverse, 5'‑CCG​GCT​CTG​CTG​TGG​AT‑3'; and 
GAPDH forward, 5'‑AGA​AGG​CTG​GGG​CTC​ATT​TG‑3' and 
reverse, 5'‑AGGGGCCATCCACAGTCTTC‑3'. All primers 
were obtained from Sangon Biotech Co., Ltd. The PCR ampli-
fications were performed in a CFX Connect Real‑Time System 
(Bio‑Rad Laboratories, Inc.) under standard cycling condi-
tions in accordance with the manufacturer's protocol. The 
following thermocycling conditions were used for the qPCR: 
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Initial denaturation at 95˚C for min; followed by 40 cycles 
of denaturation at 95˚C for 15 sec, annealing and elongation 
at 60˚C for 1 min; then a final extension at 68˚C for 3 min. 
Expression levels were quantified using the 2‑ΔΔCq method (12) 
and normalized to GAPDH. Data were analyzed with CFX 
Manager software version 2.1 (Bio‑Rad Laboratories, Inc.).

ELISAs. The concentrations of chemokines in single culture 
or co‑culture supernatants were detected by ELISAs. CFs 
and HUVECs were co‑cultured as aforementioned. The 
medium volume in each chamber was 2 ml. The media were 
not changed during this experiment. After a 48‑h culture, the 
culture medium of the HUVECs was collected. The medium 
samples were centrifuged at 600 x g for 10 min at room temper-
ature and the supernatant was stored at ‑80˚C for subsequent 
experiments. The supernatants were diluted 1:2 in serum‑free 
endothelial cell medium before ELISAs were performed 
with human CCL2/monocyte chemoattractant protein‑1 
(cat. no. DCP00; R&D Systems, Inc.), interleukin‑8/CXCL8 
(cat.  no.  D8000C; R&D Systems, Inc.) and macrophage 
inflammatory protein 5/CCL15 (cat. no. ab100598; Abcam) 
ELISA kits, according to the manufacturers' protocols. Data 
were acquired by a Tecan Sunrise™ microplate absorbance 
reader (Tecan Group, Ltd.) and normalized based on cell 
numbers. The experiment was repeated three times.

Chemokine blocking experiment. The polyclonal anti-
bodies used to block the corresponding chemokines were 
rabbit polyclonal anti‑CCL2 (1:10; cat.  no.  25542‑1‑AP; 
ProteinTech Group, Inc.), rabbit polyclonal anti‑CCL15 (1:10; 
cat. no. ab221040; Abcam) and rabbit polyclonal anti‑CXCL8 
(1:10; cat. no. ab7747; Abcam). The addition of the antibodies 
to HUVECs cultured in the co‑culture system was performed 
at 37˚C for 24 h with 5% CO2 prior to further experiments. 
Control groups were added with the same amount of TE buffer 
(pH 9.0), which is the solvent of these antibodies only.

Western blotting analysis. Western blotting analysis was 
performed following standard procedures. Briefly, T‑PER™ 
Tissue Protein Extraction reagent (Thermo Fisher Scientific, 
Inc.) was used to extract total protein from cells, and the protein 
content was determined using Bradford assay. Protein samples 
(30‑40 µg/lane) were separated with 8% SDS‑PAGE and trans-
ferred onto PVDF membranes. After blocking with 5% non‑fat 
milk in TBS‑0.05% Tween‑20 for 1 h at room temperature, 
the PVDF membranes were incubated with anti‑CCR1 mouse 
monoclonal (1:1,000; cat. no. ab129002; Abcam) and anti‑actin 
mouse monoclonal (1:1,000; cat. no. ab11003; Abcam) primary 
antibodies for 3h at 37˚C and then incubated with a horseradish 
peroxidase‑conjugated rabbit polyclonal anti‑mouse IgG‑H&L 
secondary antibody (1:2,000; cat. no. ab6728; Abcam) for 
1  h at room temperature. Protein bands were visualized 
with ECL solution and a ChemiDoc XRS+ system (Bio‑Rad 
Laboratories, Inc.). The densities of the specific bands were 
further analyzed with ImageJ software  v1.53a (National 
Institutes of Health).

CCL15 and CCR1 overexpression. 293T cells (American Type 
Culture Collection) were kept in DMEM supplemented with 
10% FBS, 1% glutamine and 1% P/S antibiotics (Thermo Fisher 

Scientific, Inc.) at 37˚C and 5% CO2. Human CCL15 and CCR1 
genes were cloned into pLenti‑CMV‑EGFP‑3FLAG vectors 
(OBiO Technology Corp., Ltd.). Using the calcium phosphate 
transfection protocol (13), 293T cells were transfected with 
lentiviral vectors (4.81x108 TU/ml CCL15; 8.50x108 TU/ml 
CCR1; 8.41x108 TU/ml empty vector) together with pack-
aging vectors pMD2‑VSVG and pPAX2 (OBiO Technology 
Corp., Ltd.). Lentiviral particles prepared by transfecting the 
293T cells empty lentiviral particle vector together with pack-
aging vectors were used as negative controls. Lentiviruses were 
harvested 48 h post transfection and concentrated by ultracen-
trifugation at 3,000 x g for 2 h at 4˚C. HUVECs and CFs were 
then infected with the lentiviral particles at a multiplicity of 
infection (MOI) of 40 in the presence of 8 mg/ml polybrene 
(Sigma‑Aldrich; Merck  KGaA). The cells were harvested 
3‑4 days after transfection for subsequent experimentation.

CCL15 and CCR1 knockdown. CCL15 small interfering (si)
RNA CCL15‑homo‑667 (5'‑CCA​GUA​GUUC​UGA​ACA​GCU​
TT‑3') was synthesized by Sangon Biotech Co. Ltd. HUVECs 
were transfected with either si‑CCL15 or nonsense siRNA 
(cat. no. 4404021; Silencer™ Negative Control No. 1 siRNA; 
Thermo Fisher Scientific, Inc.) using Lipofectamine® 2000 
(cat. no. 11668019; Invitrogen; Thermo Fisher Scientific, Inc.) 
at a concentration of 50 nM according to the manufacturer's 
protocol. Small harpin (sh)RNA of human CCR1 (5'‑CCT​
ACA​ATT​TGA​CTA​TAC​TT‑3') or control shRNA (targeting 
sequence 5'‑TTC​TCG​AAC​GTG​TCA​CGT‑3') was cloned into 
the pLKD‑CMV‑Puro‑U6‑shRNA vector (OBiO Technology 
Corp., Ltd.), following which recombinant lentiviruses were 
generated as aforementioned. CFs were infected with the 
lentiviral particles at MOI=40 in the presence of 8 mg/ml 
polybrene (Sigma‑Aldrich; Merck KGaA). The cells were 
harvested 3‑4  days after transfection for subsequent 
experimentation.

Transwell migration assay. HUVECs were suspended in 
endothelial cell medium at a density of 1x105 cells/ml and 
plated into the lower chamber. The CFs were suspended in 
DMEM at a density of 1x105 cells/ml and plated into the 
upper chamber of the Transwell inserts (cat. no. 140640; 
Thermo Scientific; Thermo Fisher Scientific, Inc.). After 24 h 
of co‑culture at 37˚C, the CFs were fixed with 4% formalde-
hyde for 30 min at room temperature (cat. no. DF0133; Beijing 
Leagene Biotech Co., Ltd.) and stained with 0.1% crystal 
violet (cat. no. C0121; Beyotime Institute of Biotechnology) 
for 5 min at room temperature. The number of CFs that 
migrated through the membrane towards the HUVECs and 
attached on the underside of the membrane was then counted 
under a light microscope (magnification,  x20) in three 
randomly selected fields of view per chamber to obtain an 
average count.

Statistical analysis. All experiments were repeated three times. 
The data were expressed as the mean ± SEM. One‑way ANOVA 
was used to compare differences between > two groups of data. 
Dunnett's post hoc test was performed for the multiple compar-
ison of two groups vs. the control group. Tukey's post hoc test 
was performed for multiple comparisons of > two groups. An 
unpaired two‑tailed Student's t‑test was performed to compare 
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the difference between two groups. Statistical analysis was 
performed using SPSS v19.0 software (IBM Corp.) and figures 
were plotted using GraphPad Prism 8.0 software (GraphPad 
Software, Inc.).

Results

CCL15 is a vital chemokine that mediates the transmigration 
of CFs toward HUVECs. Previous studies have demonstrated 
that fibrocytes migrate towards vascular endothelial cells 
in  vitro  (5,6,12,14). To study the mechanism underlying 
the tropism of CFs for HUVECs, a Transwell co‑culture 
system was used to mimic the in  vivo communication 
between endothelial cells and fibrocytes. HUVECs were 
subjected to gene chip microarray analysis after co‑culture 
with CFs or after culturing alone. The results demonstrated 
that the expression levels of the chemokines CCL2, CCL15 
and CXCL8 were significantly increased in the HUVECs 
co‑cultured with CFs compared with those in HUVECs 
cultured alone (Fig. 1A and B). Additionally, ELISA results 
demonstrated that the concentrations of CCL2, CCL15 and 
CXCL8 were significantly higher in the HUVECs co‑cultured 
with CFs compared with those in HUVECS cultured alone 
(Fig. 1C).

The transmigration of CFs toward HUVECs was next 
assessed using Transwell assay. Polyclonal antibodies were 

used to evaluate the effects of CCL2, CCL15 and CXCL8 on 
modulating the transmigration of CFs. Notably, a fewer number 
of migrated CFs was observed following the addition of the 
CCL15 antibody compared with that following the addition of 
CCL2 or CXCL8 antibodies (Fig. 1D and E).

CCL15 mediates the transmigration of CFs toward HUVECs 
in vitro. To investigate the chemotactic role of CCL15, CCL15 
in HUVECs were either overexpressed or silenced before 
transfection efficiency was examined by RT‑qPCR and 
ELISA. The results demonstrated that the expression levels 
of CCL15 were significantly increased in the CCL15 overex-
pression group (Fig. 2A and B) and significantly decreased in 
the si‑CCL15 group (Fig. 3A and B) compared with those in 
negative control (NC) groups. Subsequently, CCL15 overex-
pression in HUVECs significantly promoted the migration of 
CFs towards HUVECs (Fig. 2C and D), whilst knocking down 
CCL15 expression in HUVECs significantly attenuated the 
transmigration of CFs towards HUVECs in co‑culture condi-
tions (Fig. 3C and D).

CCR1 mediates the migration of CFs toward HUVECs in 
response to CCL15 in vitro. The CCL15‑CCR1 chemokine 
axis has been previously reported to modulate the migration 
and accumulation of numerous cell types (15,16). Therefore, to 
investigate whether CFs were recruited by HUVECs through 

Figure 1. CCL15 is a vital chemokine that mediates the transmigration of CFs toward HUVECs. (A) Expression levels of the three chemokines in mono‑cultured 
and co‑cultured HUVECs were measured by gene chip microarray analysis and expressed as relative fluorescent signals. (B) Relative mRNA expression 
levels of CCL2, CCL15 and CXCL8 in the mono‑cultured HUVECs and co‑cultured HUVECs were measured by reverse transcription‑quantitative PCR. 
(C) Concentrations of CCL2, CCL15 and CXCL8 in the medium of mono‑cultured HUVECs and co‑cultured HUVECs were measured by ELISA. (D) Migratory 
CFs were stained and imaged under a microscope. (D‑a) Control group, (D‑b) CXCL8 blocking group, (D‑c) CCL2 blocking group and (D‑d) CCL15 blocking 
group. n=3. Scale bar, 100 µm. (E) The number of migrated CFs in each group. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. HUVECs (parts A‑C) or Ctr 
(part E). HUVEC, human umbilical vein endothelial cell; CFs, circulating fibrocytes; Ctr, control; CCL, chemokine ligand; CXCL, CXC chemokine ligand.
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Figure 2. CCL15 overexpression in HUVECs promotes the migration of CFs towards HUVECs. (A) The mRNA expression levels of CCL15 in HUVECs 
of each group were measured by reverse transcription‑quantitative PCR. (B) Concentrations of CCL15 in HUVEC culture supernatants in each group were 
measured by ELISA. (C) Migrated CFs were stained and imaged under a microscope. (C‑a) Control group, (C‑b) Negative control group and (C‑c) CCL15 
group. n=3. Scale bar, 100 µm. (D) The number of migrated CFs in each group. Untransfected HUVECs were used in the Ctr groups and empty vector trans-
fected HUVECs were used in the NC groups. ***P<0.001 and ****P<0.0001 vs. NC; ns vs. Ctr. HUVEC, human umbilical vein endothelial cell; CFs, circulating 
fibrocytes; Ctr, control; NC, negative control; CCL, chemokine ligand; ns, non‑significant.

Figure 3. CCL15 knockdown in HUVECs attenuates the migration of CFs towards HUVECs. (A) The mRNA expression levels in HUVECs each group were 
measured by reverse transcription‑quantitative PCR. (B) Concentrations of CCL15 HUVEC culture supernatant in each group were measured by ELISA. 
(C) Migrated CFs were stained and imaged under a microscope (C‑a) Control group, (C‑b) NC group and (C‑c) Si‑CCL15 group. n=3. Scale bar, 100 µm. 
(D) The number of migrated CFs in each group. Untransfected HUVECs were used in Ctr groups and non‑sense siRNA transfected HUVECs were used in 
the NC groups. ***P<0.001 and ****P<0.0001 vs. NC; ns vs. Ctr. HUVEC, human umbilical vein endothelial cell; CFs, circulating fibrocytes; Ctr, control; NC, 
negative control; si, small interfering; CCL, chemokine ligand; ns, non‑significant.
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the CCL15‑CCR1 axis, the expression of homologous CCL15 
receptors CCR1 and CCR3 was examined in CFs. RT‑qPCR 
and western blotting were performed to measure the expres-
sion levels of CCR1 and CCR3. The results showed that the 
expression of CCR1 was increased in the co‑culture compared 
with the CF single culture. Meanwhile, the expression of 
CCR3 could not be detected in either the single culture CFs or 
the HUVECs co‑cultured CFs, which suggests a deficiency in 
CCR3 expression in the CFs (Fig. 4A and B).

To verify if the CCL15‑induced CF transmigration was 
due to interactions between CCL15 and CCR1, CCR1 expres-
sion levels were then manipulated. Transfection efficiency of 
the CCR1 overexpression vector was examined by RT‑qPCR 
and western blotting. The results demonstrated that the expres-
sion levels of CCR1 mRNA and proteins were significantly 
increased in CFs in the CCR1 overexpression group compared 
with those in CFs in NC groups (Fig. 5A and B). CCR1 over-
expression in CFs significantly promoted the migration of CFs 
towards HUVECs in co‑culture conditions (Fig. 5C and D).

The transfection efficiency of CCR1 shRNA in CFs was 
examined by RT‑qPCR and western blotting. The results 
demonstrated that the expression levels of CCR1 in CFs were 
significantly decreased in the sh‑CCR1 group compared 
with those in CFs in NC groups (Fig. 6A and B). In addition, 
knocking down CCR1 expression significantly attenuated the 
migration of CFs towards HUVECs in co‑culture conditions 
(Fig. 6C and D).

Discussion

Chemokines involved in the transmigration of fibrocytes 
in fibrotic diseases have been widely studied  (8,17,18). 
However, chemokines that regulate the transmigration of 
fibrocytes during wound healing remain poorly understood. 
In the present study, chemokines secreted by HUVECs were 
screened using a gene chip, following which changes in their 
expression with or without CFs co‑culture were compared. 
To the best of our knowledge, the present study was the first 
to report that endothelial cell‑derived CCL15 modulated the 
migration of CFs toward HUVECs. CCR1 and CCR3 are 
two homologous receptors for CCL15. Notably, the present 
study demonstrated that CFs only expressed CCR1 when 
co‑cultured with HUVECs. In addition, the present study 
demonstrated that overexpression of CCL15 in HUVECs or 
overexpression of CCR1 in CFs promoted the transmigration 
of CFs towards HUVECs, whilst knockdown of CCL15 or 

CCR1 attenuated the migration of CFs towards HUVECs. 
These results suggest that the CCL15‑CCR1 axis serves a 
vital role in mediating the chemoattraction of CFs towards 
endothelial cells in vitro.

The use of permeable Transwell co‑culture systems to 
explore the interactions between two cell types are widely 
used  (19,20). The present study co‑cultured CFs and 
HUVECs to mimic the angiogenesis process during wound 
healing and measured the expression levels of chemokines 
in HUVECs with or without co‑culture with CFs. Gene chip 
analysis performed in the present study demonstrated that 
the chemokines CCL2, CCL15 and CXCL8 exhibited the 
largest fold‑changes in expression. Therefore, the effects of 
CCL2, CCL15 and CXCL8 on CF migration were compared 
using transmigration assays. The results revealed a poten-
tially vital role for CCL15 in regulating the migration of 
CFs.

A previous study identified that CCL15 can stimulate 
chemotactic endothelial cell migration and differentiation, 
which confirmed the in vitro and in vivo angiogenic activity 
of CCL15 (21). CCL15 has also been observed to increase 
the adhesion of human monocytes to endothelial cells under 
static and shear stress conditions  (22). Results from the 
present study suggested that endothelial cell‑derived CCL15 
serves an important role in modulating the transmigration of 
CFs, which is an additional function of CCL15. The results 
of the present study suggested that the chemokine CCL15 
may participate in the angiogenesis process by promoting 
CF migration, which are the precursors of pericytes  (11). 
Furthermore, the present study also confirmed the expression 
of CCR1 in CFs. The CCL15‑CCR1 axis between endo-
thelial cells and fibrocytes is important. A previous study 
reported that the CCL15‑CCR1 interaction forms a complex 
tumor‑promoting inflammatory microenvironment in human 
hepatocellular carcinoma (23). Unfortunately, in the present 
study, the mechanism downstream of the CCL15‑CCR1 axis 
was not explored further, which may have other functions 
in addition to modulating CF migration. Therefore, future 
studies should focus on exploring the CCL15‑CCR1 axis in 
mediating the differentiation of fibrocytes and the activation 
of downstream signaling pathways related to other functions 
of fibrocytes.

Chemokines that modulate the transmigration of CFs have 
been previously explored. CCL2 has been previously found to 
mediate fibrocyte migration to the lung during asthma, whilst 
CX3CL1 and CXCL2 can also regulate the transmigration of 

Figure 4. Expression of CCR1 and CCR3 in CFs. (A) mRNA and (B) protein expression levels of CCR1 and CCR3 in the CFs with or without co‑culture with 
human umbilical vein endothelial cells. ****P<0.0001 vs. the CFs. CFs, circulating fibrocytes; CCR, chemokine receptor; ns, non‑significant.
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Figure 5. CCR1 overexpression in CFs promotes the migration of CFs towards human umbilical vein endothelial cells in vitro. (A) mRNA and (B) protein 
expression levels in CFs in each group were measured by reverse transcription‑quantitative PCR and western blotting, respectively. Overexpression of CCR1 
in CFs was achieved by transfecting them with lentiviral vectors encoding the CCR1 gene. (C) Migrated CFs were stained imaged under a microscope. 
(C‑a) Control group, (C‑b) NC group and (C‑c) CCR1 group. n=3. Scale bar, 100 µm. (D) The number of migrated CFs. Untransfected CFs were used in the Ctr 
groups and empty vector transfected CFs were used in the NC groups. ****P<0.0001 vs. the NC; ns vs. Ctr. CFs, circulating fibrocytes; Ctr, control; NC, negative 
control; CCR, chemokine receptor; ns, not‑significant.

Figure 6. CCR1 knockdown in CFs attenuates the migration of CFs towards human umbilical vein endothelial cells in vitro. (A) mRNA and (B) protein 
expression levels in each group were measured by reverse transcription‑quantitative PCR and western blotting, respectively. (C) Migrated CFs were stained and 
imaged under a microscope. (C‑a) Control group, (C‑b) NC group and (C‑c) short hairpin‑CCR1 group. n=3. Scale bar, 100 µm. (D) The number of migrated 
CFs. Untransfected CFs were used in Ctr groups and non‑sense shRNA transfected CFs were used in the NC groups. *P<0.05, **P<0.01 vs. NC; ns vs. Ctrl. CFs, 
circulating fibrocytes; Ctr, control; NC, negative control; sh, short hairpin; CCR, chemokine receptor; ns, non‑significant.
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CFs (18,24). In the present study, although gene chip resulted 
in the identification of several chemokines a limitation of the 
present study is that only three chemokines were selected 
based on their fold‑changes in expression. Therefore, the 
roles of other chemokines identified by gene chip analysis in 
mediating fibrocyte migration during angiogenesis may have 
been overlooked. In addition to transmigration, differentiation 
of fibrocytes into pericytes is equally vital in the process of 
angiogenesis (24). However, the present study did not examine 
the differentiation ratio in fibrocytes after co‑culture with 
HUVECs. Whether the CCL15‑CCR1 axis is involved in CF 
differentiation of CFs require further study.

In conclusion, to the best of our knowledge, the present 
study identified an important role of CCL15 in mediating 
the recruitment of fibrocytes by endothelial cells for the first 
time. The present study also confirmed the expression of 
CCR1 in fibrocytes and determined the regulatory role of the 
CCL15‑CCR1 axis during the recruitment process of circu-
lating fibrocytes.
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