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Accumulating evidence supports that circulating fibrocytes play important roles in angiogenesis.
However, the specific role of fibrocytes in angiogenesis and the underlying mechanisms remain unclear.
In this study, we found that fibrocytes stabilized newly formed blood vessels in a mouse wound-healing
model by inhibiting angiogenesis during the proliferative phase and inhibiting blood vessel regression
during the remodeling phase. Fibrocytes also inhibited angiogenesis in a Matrigel mouse model. In vitro
study showed that fibrocytes inhibited both the apoptosis and proliferation of vascular endothelial cells
(VECs) in a permeable support (Transwell) co-culture system. In a three-dimensional collagen gel,
fibrocytes stabilized the VEC tubes by decreasing VEC tube density on stimulation with growth factors
and preventing VEC tube regression on withdrawal of growth factors. Further mechanistic investigation
revealed that fibrocytes expressed many prosurvival factors that are responsible for the prosurvival
effect of fibrocytes on VECs and blood vessels. Fibrocytes also expressed angiogenesis inhibitors,
including thrombospondin-1 (THBS1). THBS1 knockdown partially blocked the fibrocyte-induced inhi-
bition of VEC proliferation in the Transwell co-culture system and recovered the fibrocyte-induced
decrease of VEC tube density in collagen gel. Purified fibrocytes transfected with THBS1 siRNA
partially recovered the fibrocyte-induced inhibition of angiogenesis in both the wound-healing and
Matrigel models. In conclusion, our findings reveal that fibrocytes stabilize blood vessels via prosurvival
factors and anti-angiogenic factors, including THBS1. (Am J Pathol 2014, 184: 556e571; http://
dx.doi.org/10.1016/j.ajpath.2013.10.021)
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Angiogenesis is the growth of new blood vessels from pre-
existing ones. It plays important roles during physiological
processes, such as growth, development, wound healing, and
the female reproductive cycle, and in many deadly and
debilitating diseases, including cancer,1 skin diseases, age-
related blindness, diabetic ulcers, cardiovascular disease, and
stroke.2 Thus, it is crucial to define the mechanisms underlying
angiogenesis to combat angiogenesis-related diseases.
Remarkable progress has led to the identification of specific
factors that regulate angiogenesis.3 These molecules are
divided into two categories, based on their functions in
angiogenesis3: angiogenic growth factors, which promote
angiogenesis, including vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (FGF2), platelet-
derived growth factor (PDGF), and angiogenin (ANG); and
angiogenesis inhibitors, which inhibit angiogenesis, including
stigative Pathology.

.

thrombospondin (THBS), angioarrestin, and angiostatin. Only
a few studies have focused on the roles of different cells in
angiogenesis, even though angiogenesis is orchestrated by
multiple cell types.
Circulating fibrocytes (alias fibrocytes or peripheral blood

fibrocytes) are bone marrowederived mesenchymal pro-
genitors that co-express hematopoietic stem cell markers
(eg, CD34), monocyte lineage markers (eg, CD11bþ, CD13,
and CD86), the leukocyte common antigen (CD45), and
fibroblast proteins (eg, collagens I, III, and IV, procollagen
I, and lamin B).4e7 Fibrocytes comprise 0.1% to 1% of the
nucleated cells in the peripheral blood. Fibrocytes play an
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Fibrocytes Stabilize Blood Vessels
important role in granulation tissue formation during wound
healing and in some fibrotic diseases, such as airway
remodeling in asthma,8 interstitial pulmonary fibrosis, car-
diac fibrosis,9 chronic pancreatitis and cystitis,10 and neph-
rogenic systemic fibrosis.11 In these diseases, fibrocytes
infiltrate the diseased tissue and differentiate into myofi-
broblasts that deposit extracellular matrix (ECM) and sub-
sequently induce fibrosis.

The hypothesis that fibrocytes regulate angiogenesis was
based on the observation that fibrocytes secrete angiogenic
growth factors, including VEGF, PDGF, and FGF2.12

Further investigations from different groups found that
conditioned medium from the fibrocytes promoted angio-
genesis both in vitro and in vivo,13 and injection of the
circulating fibrocytes enhanced angiogenesis during wound
healing in diabetic mice.14 However, these findings only
provided indirect evidence because fibrocytes were not co-
cultured with vascular endothelial cells (VECs) and had
not been injected into the peripheral blood of healthy mice
when using angiogenesis models. Thus, the role of fibro-
cytes in angiogenesis remains unclear.

The current study was designed to investigate the roles
and underlying mechanisms of fibrocytes in angiogenesis.
In this study, we co-cultured fibrocytes and VECs in a
permeable support (ie, Transwell) co-culture system and
three-dimensional (3D) collagen gels. In addition, we
injected fibrocytes into the peripheral blood of healthy mice
with a wound-healing model or a Matrigel model. In addi-
tion to the widely accepted pro-angiogenic role of fibro-
cytes, we demonstrate that fibrocytes also stabilized blood
vessels during angiogenesis both in vitro and in vivo. Our
mechanistic study showed that fibrocytes expressed many
factors that are responsible for the prosurvival role of
fibrocytes in angiogenesis and some anti-angiogenic factors,
including THBS1, which partially mediated the fibrocyte-
induced inhibition of angiogenesis.

Materials and Methods

Animals

Balb-C and C57BL/6J mice, aged 8 to 10 weeks, were pur-
chased from the Animal Center of the Fourth Military
Medical University (Xi’an, China). Green fluorescent protein
(GFP) transgenic mice on a C57BL/6J mouse background
(Hr-GFPTg/þ) were purchased from Cyagen Biosciences Inc.
(Guangzhou, China). All animal procedures were conducted
in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Fourth Mili-
tary Medical University’s Institutional Animal Care and Use
Committee.

Cell Culture

Human and mouse circulating fibrocytes were isolated and
purified, as described previously,15 with some modifications.
The American Journal of Pathology - ajp.amjpathol.org
Briefly, human circulating fibrocytes (CFs) were isolated
from leukapheresis packs (kindly provided by the Xijing
Hospital Blood Center, Xi’an, China) using a Percoll density
centrifugation. Then, the cells were purified by negative
immunomagnetic selection, which removed contaminating
T cells, B cells, and monocytes using pan-T, anti-CD2, pan-
B, anti-CD19, and anti-CD14 Dynabeads (Dynal Inc., Lake
Success, NY). Mouse fibrocytes were isolated from Balb-C
and C57BL/6J mouse blood (heparinized) collected via the
inferior vena cava. Mouse fibrocytes were isolated using
Percoll density centrifugation and purified by immuno-
magnetic removal of contaminating T cells, B cells, and
monocytes using pan-T Dynabeads (anti-CD90), pan-B
Dynabeads (anti-B220), and anti-mouse CD14 attached to
Dynabeads, respectively. The resultant enriched human and
mouse fibrocyte populations were >95% pure based on
collagen I and CD13 staining.

Human dermal microvascular endothelial cells (HDMECs;
catalog number 2000) were purchased from ScienCell
Research Laboratories (Minneapolis, MN). HDMECs were
cultured according to the manufacturer’s protocol. Briefly,
HDMECs were cultured in ECM supplemented with 5% fetal
bovine serum (FBS; ScienCell Research Laboratories), 4
mmol/L L-glutamine, 100 U/mL penicillin-G, 100 U/mL
streptomycin, and 1% endothelial cell growth supplement
(v/v; ScienCell Research Laboratories). HDMECs were used
from passage 4 to 5.

Skin Wounding

Balb-C or C57BL6/J mice were weighed and anesthetized by
100 mL/20 g body weight i.p. injection of 1% sodium pento-
barbital. After the hair on the dorsum was shaved and then
removed by Nair hair-removal lotion (Church & Dwight Co,
Inc., Princeton, NJ), the dorsal skin was disinfected with 70%
ethanol, and one full-thickness wound was generated asepti-
cally with a biopsy punch (7 mm in diameter in Balb-C mice
and 6 mm in diameter in C57BL/6J mice). Fifty-nine wounds
were generated on Balb-C mice, and the mice were randomly
divided into the control group (n Z 17), the peripheral blood
mononuclear cell (PBMC) group (n Z 16), and the fibrocyte
group (nZ 26). Immediately after the woundswere generated,
100 mL of 0.85% sterile sodium chloride was injected into the
control groupmice via the tail vein; 4� 104 PBMCs/10 g body
weight were injected into the mice in the PBMC group via the
tail vein; and fibrocytes isolated and purified from 65 Balb-C
mice were injected into the mice in the fibrocyte group via the
tail vein (4 � 104 cells/10 g body weight). The wounds were
harvested at 3, 6, and 10 days after wounding (six, six, and five
mice, respectively, in the control group; six, five, and five
mice, respectively, in the PBMC group; and eight, eight, and
five mice, respectively, in the fibrocyte group). Parts of the
specimens were fixed in 4% paraformaldehyde and embedded
in paraffin for immunohistochemistry; parts of the specimens
were stored in liquid nitrogen for division into frozen sections
or myeloperoxidase (MPO) activity determination; and parts
557
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of the specimens were processed for transmission electron
microscopy (TEM). Five wounds in the fibrocyte group were
allowed to heal undisturbed to observe the wound area and
wound closure time. Skin specimens were harvested from five
mice fromeachof the control, PBMC, andfibrocyte groups and
were processed to observe capillary vessel density, fibrocyte
infiltration, and MPO activity at baseline for each group.

Six additional wounds were generated in Balb-C mice. A
total of 4 � 104 fibrocytes per 10 g body weight were
injected into these mice via the tail vein 6 days after
wounding. Then, the wounds were harvested 4 days after
injection (10 days after wounding) and processed for
immunofluorescent staining.

Twenty-one wounds (diameter, 6 mm) were generated in
the C57BL/6J mice to investigate the role of THBS1 in
fibrocyte-regulated angiogenesis. The mice were randomly
divided into the following groups: the control group (nZ 5),
in which 100 mL of 0.85% sterile sodium chloride was
injected into the mice via the tail vein; the fibrocyte group
(n Z 8), in which 4 � 104 fibrocytes per 10 g body weight
isolated fromHr-GFPTgþmice and transfected with a control
siRNA were injected into the recipient mice via the tail vein;
and the fibrocyte/THBS1 siRNA group (nZ 8), in which 4�
104 fibrocytes per 10 g body weight isolated from Hr-
GFPTgþ mice and transfected with THBS1 siRNA were
injected into the recipient mice via the tail vein. The wounds
were harvested 6 days after wounding, and the specimens
were stored in liquid nitrogen for further measurements.

In Vivo Matrigel Angiogenesis Model

An in vivo Matrigel angiogenesis model was generated as
described previously.16,17 Briefly, Matrigel (catalog number
354248; BD Bioscience, Franklin Lakes, NJ) was diluted
with serum-free Dulbecco’s modified Eagle’s medium to 10
mg/mL and mixed with FGF2 (catalog number GF003-AF;
Millipore Corp, Billerica, MA) at a final concentration of
0.2 mg/mL and heparin at a final concentration of 30 mg/mL.
Balb-C mice were anesthetized as previously described.
Matrigel (400 mL) supplemented with FGF2 and heparin
was injected s.c. in the back of the mice. Twenty-one mice
were injected with Matrigel supplemented with FGF2 and
heparin and randomly divided into three groups: the control
group (n Z 5), in which 100 mL of 0.85% sterile sodium
chloride was injected into the mice; the fibrocyte group
(n Z 8), in which Hr-GFPTg/þ 4 � 104 fibrocytes per10 g
body weight transfected with a control siRNA were injected
into the mice via the tail vein; and the fibrocyte/THBS1
siRNA group (n Z 8), in which Hr-GFPTg/þ 4 � 104

fibrocytes per 10 g body weight transfected with the THBS1
siRNA were injected into the mice via the tail vein. For each
group, Matrigel mixed with heparin only was injected into
five mice as a control. The Matrigel plugs were dissected
and imaged 7 days after the Matrigel injection. The plugs
were stored in liquid nitrogen for division into frozen
sections.
558
Wound Area Measurement

The wound area was quantified by computerized planimetry,
as described previously.18e20 Briefly, the wounds were
imaged with a scale adjacent to the wound, and the wound
area was calculated with Image-Pro Plus version 6.0 (Media
Cybernetics, Inc., Warrendale, PA).

Histological Staining

A rabbit anti-platelet endothelial cell adhesion molecule
(PECAM) 1 (cell marker of vascular endothelial cells) poly-
clonal antibody and a rabbit anti-von Willebrand factor
(VWF) were purchased from Abcam Inc. (Cambridge, MA;
catalog numbers ab28364 and ab6994, respectively). Amouse
anti-CD13 monoclonal antibody was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA; catalog number
sc-13536). A rabbit anti-collagen I polyclonal antibody was
purchased from Boster Biotechnology (Wuhan, China; cata-
log number BA0325). A biotin-conjugated goat anti-mouse
antibody and a biotin-conjugated goat anti-rabbit antibody
were purchased from Santa Cruz Biotechnology, Inc. (catalog
numbers sc-2039 and sc-2040, respectively). Streptavidin-
conjugated Alexa Fluor 488 and streptavidin-conjugated
Alexa Fluor 594 were purchased from Life Technologies/
Invitrogen (Grand Island, NY; catalog numbers S32354 and
S32356, respectively). Immunofluorescent staining was per-
formed as described previously.15,21 Toluidine blue staining of
the vasculature in the collagen gel was performed as described
previously.22

Measurement of Blood Vessel Density

Blood vessel density in the granulation tissue and theMatrigel
plugs was measured as described previously.20 Briefly, the
specimens were labeled with VEC markers, CD34, VWF, or
platelet/endothelial cell adhesion molecule 1 (PECAM1 or
CD31) by immunofluorescent staining and then observed
under an Olympus FV1000 MPE SIM Laser Scanning
Confocal Microscope (Olympus Corp, Center Valley, PA).
Because CD34, VWF, and PECAM1 are not exclusive cell
markers of VECs and are expressed by other cell types, only
lumens formed by CD34�, VWF�, or PECAM1þ cells were
counted as blood vessels. For each wound or Matrigel spec-
imen, four sections were processed, and eight fields of view
(two per section) were imaged using a 30� objective lens. The
area of the field (A) was calculated using Image Pro Plus
version 6.0 (Media Cybernetics, Inc.). The number of the
blood vessels (N) in the eight fields was counted, and themean
of the blood vessel density (D) was calculated using the
following equation: DZ N/A.

Transwell Co-Culture of Fibrocytes and VECs

A total of 1 � 105 purified human fibrocytes per well were
cultured in 6-well plates (catalog number 3516; Corning Life
ajp.amjpathol.org - The American Journal of Pathology
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Science, Lowell, MA). The HDMECs (2 � 104 per insert)
were cultured in the Transwell insert (0.4-mm pore size; cat-
alog number 3491; Corning Life Science). The fibrocytes and
HDMECs were cultured separately for 2 days before initiating
the co-culture experiments. In some groups, the fibrocytes
were transfected with control siRNA or THBS1 siRNA before
seeding. Then, the fibrocytes and HDMECs were co-cultured
in starvationmedium (ECMsupplemented with 0.5%FCS and
0.1% endothelial cell growth supplement, v/v) for 24 hours,
followed by 20 ng/mL FGF2 or 20 ng/mL VEGF, with or
without 40 ng/mL exogenous THBS1 stimulation, for 48
hours. Some HDMECs and fibrocytes were cultured sepa-
rately in the inserts and culture plates, respectively, in starva-
tion medium, with or without FGF2 or VEGF stimulation.
Cells were lysed to isolatemRNAor protein for real-time PCR
or Western blot analysis, respectively.

[3H]-Thymidine Incorporation

The [3H]-thymidine incorporation assay was performed as
described previously.23 Briefly, 5 � 104 HDMECs per well
and 1 � 104 fibrocytes per well were cultured separately for
24 hours in 24-well plates (catalog number CLS3524;
Corning Life Science) and inserts (0.4-mm pore size; catalog
number 3495; Corning Life Science), respectively. The
fibrocytes were transfected with THBS1 siRNA or control
siRNA before seeding. Then, the cells were treated with
FGF2, VEGF, and exogenous THBS1, as described in
Transwell Co-Culture of Fibrocytes and VECs. [3H]-thymi-
dine (catalog number 2403095; MP Biomedicals, Solon, OH)
was added to the medium to a final concentration of 1 mCi/mL
6 hours after VEGF or FGF2 treatment. After washing twice
with ice-cold PBS, the cells were precipitated with 5% ice-
cold trichloroacetic acid (model T9159; Sigma-Aldrich, St.
Louis, MO) for 20 minutes. Then, the cells were washed
twice with 5% ice-cold trichloroacetic acid, washed twice
with ice-cold PBS, and then lysed with 0.2 mL of 0.5 mol/L
NaOH for 30 minutes at 37�C. [3H]-thymidine radioactivity
was measured with a Beckman LS6000 scintillation counter
(Beckman Coulter, Inc., Fullerton, CA).

3D Collagen Gel Culture

The 3D collagen gel was prepared as described previ-
ously.24 Briefly, the collagen gel was prepared by mixing
collagen I solution (3.0 mg/mL collagen I; Advanced Bio-
Matrix, Inc., San Diego, CA), 10� M199 solution (Sigma-
Aldrich), and 0.2 N HEPES (pH 9.0; Sigma-Aldrich) at a
ratio of 8:1:1. All solutions were kept on ice to prevent gel
formation. HMDECs and fibrocytes were diluted to a 6 �
106/mL cell suspension in M199 supplemented with 1%
FBS, 40 ng/mL VEGF, 40 ng/mL FGF2, and 100 U/mL
penicillin and streptomycin. In the VEC-only group, the
HMDEC cell solution was mixed with the collagen gel so-
lution and ECM medium at a ratio of 1:8:1. In the VEC and
CF group, the HMDEC cell solution, fibrocyte solution,
The American Journal of Pathology - ajp.amjpathol.org
ECM medium, and collagen gel solution were mixed at the
following ratio:

1: X : ð1 � XÞ: 8 ð1Þ

where X is determined by the ratio of VECs/CFs in the
indicated groups. The gel was placed in a 37�C incubator
without CO2 for 30 minutes, and M199 supplemented with
1% FBS, 40 ng/mL VEGF, 40 ng/mL FGF2, and 100 U/mL
penicillin and streptomycin was carefully added on top of
the gel.

To assess cell-cell interactions in 3D collagen gel culture,
VECs were labeled with Vybrant Dil cell tracer (Invitrogen
Corp.) and CFs were labeled with Vybrant carboxyfluorescein
diacetate, succinimidyl ester (CFDASE) cell tracer (Invitrogen
Corp.). Images were obtained using laser scanning confocal
microscopy, and 3D rendering was performed using Volocity
software version 6.0 (PerkinElmer Inc., Waltham, MA).

TEM and SEM

The wounds and the collagen gels were harvested and fixed
in 2.5% glutaraldehyde/0.1 mol/L cacodylate buffer. The
wounds and part of the collagen gels were processed for TEM
using a standard protocol, and part of the collagen gels was
processed for scanning electron microscopy (SEM) following
a standard protocol and using critical point drying to preserve
the structure of the collagen gel.

Western Blot Analysis

Cell lysates were subjected to Western blot analysis using
an anti-THBS1 antibody (catalog number sc-59887; Santa
Cruz Biotechnology, Inc.), an anti-chemokine (C-X-C
motif) ligand 12 (CXCL12) antibody (catalog number
ab9797; Abcam Inc.), an antieC-X-C chemokine receptor
type 4 (CXCR4) antibody (catalog number ab2074; Abcam
Inc.), and an anti-activated caspase 3 antibody (catalog
number 9661; Cell Signaling Technology, Inc., Danvers,
MA), as described previously.21

Real-Time qPCR

Quantitative real-time PCR (qPCR) was performed as
described previously.23 Total RNA was extracted from the
cells using the RNeasy Mini kit (catalog number 74104;
Qiagen Inc., Valencia, CA), and reverse transcription re-
actions were performed with 0.5 mg of DNase I (Qiagen)e
treated RNA using the SuperScript III First-Strand Synthesis
System (catalog number 18080-051; Invitrogen Corp,
Carlsbad, CA). PCR and qPCR were performed using a
Mastercycler EP Realplex (Eppendorf, Westbury, NY). The
expression levels of target genes were normalized to glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) expres-
sion, which was measured concurrently, as described by
Pfaffl.25
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Figure 1 Mouse circulating fibrocytes
decreased blood vessel density in a mouse wound-
healing model. A: Representative images of the
wounds at 0, 4, 8, and 12 days after wounding;
quantified wound area data for the control group
(Con), PBMC group (PBMCs), and fibrocyte group
(circulating fibrocytes; CFs). The numbers in blue,
red, and green indicate the number of animals in
the Con, PMBC, and CF groups, respectively. B:
Representative images of the VWF (VEC cell
marker) immunofluorescent staining of granula-
tion tissue specimens 3, 6, and 10 days after
wounding (green); the blood vessel density. The
numbers in the data plot indicate the number of
samples. *P < 0.05 versus Con. yP < 0.05 versus
PBMCs.

Li et al
Transfection of THBS1 siRNA

THBS1 siRNA was transfected into human or mouse
circulating fibrocytes using Nucleofector 2b (Lonza Wal-
kersville, Inc., Walkersville, MD), according to the manu-
facturer’s protocol. The optimal concentration of THBS1
siRNA was determined by transfecting 1 � 106 293 cells
with THBS1 siRNA at a different concentration and 5 mg of
pcDNA3 hTHBS1 using Nucleofector 2b. The cells were
cultured for 48 hours; then, the expression of THBS1 pro-
tein was determined by using Western blot analysis. A
concentration of 50 nmol/L of THBS1 siRNA was chosen
based on the results shown in Supplemental Figure S1.
Live/Dead Cell Viability Assay

A live/dead cell viability assay was performed according to
the manufacturer’s protocol. Briefly, cells were washed once
with HBSS and then incubated with live green and dead red
solutions (Live/Dead Cell Imaging Kit, catalog number
R37601; Invitrogen Corp) for 15 minutes at room tempera-
ture. The cells were then imaged using SimplePCI Image
Analysis Software (Compix Inc., Sewickley, PA) with phase-
contrast, red fluorescence, and green fluorescence channels.
560
Statistical Analysis

The data are presented as the means � SD. The means were
compared by analysis of variance, followed by a t-test with
Bonferroni correction for multiple comparisons.

Results

Circulating Fibrocytes Delay Wound Closure in Mice

We expected that the injection of fibrocytes into healthy
recipient mice would accelerate wound healing based on
previous reports.13,14 We generated skin wounds on the
backs of Balb-C mice and then injected purified circulating
fibrocytes into the mice via the tail vein. Surprisingly, our
data showed that wound closure in the fibrocyte group, in
which fibrocytes were transplanted into the recipient mice,
was significantly delayed compared with the control mice,
in which PBS was injected. The wound area in the control
group was significantly smaller than that in the fibrocyte
group at 2, 4, 6, 8, and 10 days after wounding (P < 0.05)
(Figure 1A). Moreover, wound closure required 18 days in
the fibrocyte group but only 10 days in the control group.
To exclude the effects of transplantation on wound

healing, PBMCs were injected into recipient mice, and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Mouse circulating fibrocytes
migrated to the granulation tissue of the healing
wound. A: Immunofluorescent staining of CD34
(red) and procollagen I (green), which are fibro-
cyte cell markers, in the granulation tissue 6 days
after wounding. The white arrowheads indicate
the fibrocytes. The number of fibrocytes per square
millimeter in the granulation tissue 3, 6, and 10
days after wounding. The numbers in the data
plots indicate the number of specimens. *P <

0.05 versus the control group (Con). yP < 0.05
versus the PBMC group (PBMCs). B: Representative
TEM images of the granulation tissue specimens 6
days after wounding. Shown are the newly formed
capillary vessels, myofibroblasts, inflammatory
cells, and some unknown cells in the control group
(Con) and PBMC group (PBMCs). Nearly no capil-
laries were observed in the fibrocyte group (CFs),
but this group had some cells with specific cell
phenotypes, shown in the bottom left corner and
the bottom right corner, with the former in a
deeper layer of the wound and the latter in the
superficial layer of the wound. Image (right) is
magnified from the area noted with the red
rectangle.

Fibrocytes Stabilize Blood Vessels
wounds were generated in the skin on the backs of recipient
mice (PBMC group). The wound area in the PBMC group
was comparable to that in the control group (P > 0.05)
(Figure 1A) and was significantly smaller than that in the
fibrocyte group at 2, 4, 6, 8, and 10 days after wounding
(P < 0.05) (Figure 1A).

Circulating Fibrocytes Decrease Blood Vessel Density
during Wound Healing

We investigated blood vessel density to determine the
mechanism by which fibrocytes delayed wound healing.
When fibrocytes were transplanted into recipient mice, the
blood vessel density in the wounds was significantly lower
compared with the control mice, in which PBS was injected.
Newly formed blood vessels were rarely observed in the
granulation tissue of the fibrocyte group at 3 and 6 days after
wounding (Figure 1B), whereas many newly formed vessels
were observed in the control group. The blood vessel density
in the PBMC group was comparable to that in the control
group, which indicated that the effect of fibrocytes on the
blood vessel density was not solely the result of the
The American Journal of Pathology - ajp.amjpathol.org
transplantation procedure (Figure 1B). However, 10 days
after wounding, the density of the newly formed blood ves-
sels in the granulation tissue of the fibrocyte group was
higher than that of the control and PBMC groups (Figure 1B).

Because fibrocytes were injected into the peripheral blood
of recipient mice, one question was whether the fibrocytes
infiltrated the wounds. By using CD34 and pro-collagen I as
markers to identify fibrocytes, the number of fibrocytes was
shown to be significantly higher in the wounds of the
fibrocyte group than in the control and PBMC groups (P <
0.05) (Figure 2A). A full-size version of Figure 2A is pro-
vided in Supplemental Figure S2, and CD34 and pro-
collagen I double-positive CFs were evident.

TEM was used to investigate the ultrastructure of the
granulation tissue in the fibrocyte group. Six days after
wounding, granulation tissue in the control and PBMC
groups contained numerous capillary vessels, whereas no
capillary vessels were observed in the eight wounds from the
eight specimens in the fibrocyte group (Figure 2B). Many
myofibroblasts in the fibrocyte group contained dense parti-
cles in the cytoplasm (Figure 2B), and these particles were
absent in the control and PBMC groups. The ultrastructure of
561
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inflammatory cells in the three groups was comparable. One
specific cell phenotype, low-density mononuclear cells with a
high nuclear/cytoplasmic ratio and many pseudopodia, was
observed in the fibrocyte group (Figure 2B). Considerably
fewer cells with this phenotype were observed in the control
and PBMC groups. We postulate that cells with this pheno-
type might be fibrocytes.

Fibrocytes are involved in inflammation as antigen-
presenting cells and secrete chemotactic factors, such as che-
mokine ligand 2.26 We subsequently tested whether the
fibrocytes were interfering with the infiltration of inflamma-
tory cells into the wounds because inflammatory cells are
known to play important roles in angiogenesis. Our results
indicated that MPO activity, an indicator of inflammatory
cells, in the granulation tissue of the fibrocyte group was
comparable to that of the control and PBMC groups 3, 6, and
10 days after wounding (P> 0.05) (Supplemental Figure S3).

Circulating Fibrocytes Inhibit Angiogenesis in a
Matrigel Model in Mice

To further confirm that fibrocytes inhibited angiogenesis, a
Matrigel angiogenesis model was generated in mice, and
fibrocytes were injected via the tail vein. PBS or PBMCs
were injected via the tail vein in the control and PBMC
groups, respectively, and these groups served as controls for
the fibrocyte group. Fibrocyte injection significantly
inhibited angiogenesis in the Matrigel, and the control and
PBMC groups had more capillary vessels than the fibrocyte
group (Figure 3). The blood vessel density of the Matrigel
plug in the control and PBMC groups was approximately
30-fold greater than that in the fibrocyte group (P < 0.05)
(Figure 3).

Circulating Fibrocytes Enhance Formation of Multicell
Networks, Inhibit Apoptosis and Necrosis, and Inhibit
Proliferation of VECs in a Transwell Co-Culture System

We co-cultured VECs and fibrocytes in a Transwell system to
investigate the mechanism through which fibrocytes inhibi-
ted angiogenesis. After 48 hours, evidence of multicell
562
networks was observed when the VECs were co-cultured
with fibrocytes with or without VEGF stimulation
(Figure 4A). These multicell networks were regarded as tube
formation by some researchers.27 No such network was
observed when VECs were cultured alone in the Transwell
system. Previous studies have reported that fibrocytes ex-
press FGF2, VEGF, and ANG.12 These molecules could
potentially mediate the formation of VEC networks observed
in the VEC co-culture group.
We then tested whether fibrocytes affect VEC prolifera-

tion. In the VEC-only group, FGF2/VEGF stimulation
increased the number of VECs by approximately 90% (P <
0.05) (Figure 4B). When co-cultured with fibrocytes (the
VEC co-culture group), this VEGF/FGF2-induced prolifer-
ation of VECs was completely blocked (P < 0.05). The re-
sults of real-time PCR on proliferation-related molecules
further confirmed that fibrocytes inhibited VEC proliferation
(Figure 4C). In the VEC-only group, the mRNA levels of
aurora kinase A (AURKA), polo-like kinase 1, CDK1, cell
division cycle 25 homologue A (CDC25A), CDC25C, cyclin
A1 (CCNA1), CCNA2, CCNB2, and transcription factor
E2F2 increased significantly after FGF2 or VEGF stimula-
tion, whereas the FGF2- or VEGF-induced increases in these
genes were blocked by fibrocytes in the VEC co-culture
group. Some of the proliferation inhibitory molecules, (eg,
growth arrest and DNA-damageeinducible, b, and choline
kinase a) were decreased in the VEC-only group after FGF2
stimulation, and the FGF2-induced decrease of these genes
was blocked by fibrocytes in the VEC co-culture group
(Supplemental Figure S4).
Interestingly, fibrocytes inhibited the apoptosis of serum-

starved VECs. After culture in serum-free medium for 24
hours, approximately 7% of VECs underwent apoptosis. With
FGF2 stimulation, VEGF stimulation, or co-culture with
fibrocytes, the percentage of apoptotic cells decreased to 3% to
4% (Figure 5, A and B). Western blot analysis also indicated
that the expression of cleaved caspase 3 decreased signifi-
cantly after FGF2 stimulation, VEGF stimulation, or co-
culture with fibrocytes (Figure 5C). Real-time PCR analysis
indicated that FGF2 stimulation or fibrocytes significantly
decreased the mRNA expression of fas-associated via death
Figure 3 Mouse circulating fibrocytes inhibi-
ted angiogenesis in a mouse Matrigel model.
Representative images of the Matrigel plugs, H&E
staining, and PECAM1 (VEC cell marker) staining;
the quantified blood vessel density in the Matrigel
plugs. The numbers in the data plot indicate the
number of samples. *P < 0.05 versus vehicle. yP <
0.05 versus control (Con). zP < 0.05 versus
PBMCs.

ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 4 Human fibrocytes induced VECs to
form multicell networks and inhibited VEC prolif-
eration in a Transwell co-culture system. A:
Representative images of VECs on the insert
membrane of the VEC-only group (VECs alone) and
the VEC co-culture group (co-culture, co-cultured
with fibrocytes). Original magnification, �200.
B: The cell number for the VEC-only group and the
VEC co-culture group, with or without FGF2 or
VEGF stimulation; the results of the [3H]-thymi-
dine incorporation assay. C: Real-time PCR results
for the genes that enhanced VEC proliferation. The
data for each group in B and C are from four
separate experiments with duplicate wells. *P <

0.05 versus vehicle. yP < 0.05 versus the VEC-only
group.

Fibrocytes Stabilize Blood Vessels
domain (FADD), a pro-apoptotic factor, in VECs (P <
0.05). In addition, the mRNA expression of several factors
that have anti-apoptotic effects, such as tissue inhibitor of
metalloproteinase 2 (TIMP2), v-ets erythroblastosis virus
E26 oncogene homologue 1, and CCAAT/enhancer binding
protein g, was significantly increased in VECs by co-culture
with fibrocytes, whereas FGF2 stimulation alone had the
same effect on most of the same factors, except with respect
to TIMP2, which was only up-regulated in co-culture with
FGF2 (Figure 5D). The main function of TIMP2 is to sup-
press extracellular matrix degradation, whereas v-ets
erythroblastosis virus E26 oncogene homologue 1 and
CCAAT/enhancer binding protein g are involved in various
biological processes, including development, differentia-
tion, proliferation, and the immune response. However,
fibrocytes significantly increased the mRNA expression of
several pro-apoptotic factors in VECs, such as KLF10,
TRAIL, TL1A, and TRAIL R4. Furthermore, fibrocytes
The American Journal of Pathology - ajp.amjpathol.org
also increased the mRNA expression of forkhead box O1,
which has a pro-apoptotic effect but whose main function is
to suppress proliferation and regulate gluconeogenesis and
glycogenolysis. These data indicate that the impact of
fibrocytes on VEC apoptosis and the underlying mecha-
nisms are complicated.

Because rounded VECs were found in both the VEC-
only group and the VEC co-culture group, we then tested
whether these cells undergo necrosis. We cultured VECs in
the Transwell co-culture system with (VEC co-culture
group) or without (VEC-only group) fibrocytes in M199
supplemented with 5% FBS for 24 hours and then cultured
them in serum-free M199 medium for another 24 hours. The
cells were stained with the Live/Dead Cell Imaging Kit
(Invitrogen Corp). Our results showed that some of the
rounded VECs underwent necrosis, and the percentage of
necrotic cells in the VEC-only group was significantly
higher than that in the VEC co-culture group (Figure 5E).
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Figure 5 Human fibrocytes inhibited VEC
apoptosis and necrosis in a Transwell co-culture
system. A: Representative images of the flow
cytometry results. Cells in quartile (Q) 1, Q2, Q3,
or Q4 are necrotic, late apoptotic, live, or early
apoptotic cells, respectively. B: The percentage of
apoptotic cells in the VEC-only group (VECs alone)
and the VEC co-culture group (VEC co-culture),
with or without FGF2 or VEGF stimulation. C:
Representative image of the Western blot data for
cleaved caspase 3. D: Real-time PCR results for
genes related to apoptosis. The data for each
group in B and D are from four separate experi-
ments with duplicate wells. *P < 0.05 versus
vehicle. yP < 0.05 versus the VEC-only group with
vehicle. zP < 0.05 versus the VEC-only group with
FGF2 stimulation. E: Live/dead staining of VECs.
The VECs in the VEC-only group and the VEC co-
culture group were stained with the Live/Dead
Cell Imaging Kit; the live cells were stained green,
and the dead cells were stained red. The per-
centage of necrotic cells. *P < 0.05 versus the
VEC-only group (n Z 4). PI, propidium iodide.
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Circulating Fibrocytes Stabilize VEC Tubes in a 3D
Collagen Gel by Decreasing VEC Tube Density and
Preventing VEC Tube Regression

Fibrocytes induced VEC tube formation in the Transwell
co-culture system, which contradicts the fibrocyte-induced
inhibition of angiogenesis observed in vivo. Therefore, we
tested whether fibrocytes affect VEC tube formation in a 3D
collagen gel system. In the VEC-only group, in which
VECs were seeded in 3D collagen gel, VEC tubes formed
after 24 hours of FGF2 and VEGF stimulation, and VEC
tube networks formed after 72 hours of incubation
(Figure 6A). CFs decreased VEC tube density in a dose-
dependent manner (Figure 6A). The lumen area of the
VEC tubes in the VEC þ CF groups, in which VECs and
fibrocytes were seeded together in a collagen gel at a ratio of
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4:1, 2:1, and 1:1, was approximately 50%, 20%, and 15%,
respectively, of that in the VEC-only group (Figure 6A).
When the collagen gel was observed by SEM, evident lu-
mens formed in both the VEC-only and VEC þ CF groups
(Figure 6B).
CFs prevented VEC tube regression when the growth

factors were withdrawn from the culture medium. After
culturing in culture medium containing FGF2 and VEGF for
3 days, VEC tubes formed in both the VEC-only and the
VEC þ CF groups. When cultured in growth factorefree
medium for 4 more days, the VEC tubes in the VEC-only
group disappeared, whereas most of the VEC tubes in the
VEC þ CF groups were preserved (Figure 6C). These data,
along with the data that fibrocytes inhibit both VEC apoptosis
and proliferation in the Transwell co-culture system, indicate
that fibrocytes stabilize the vasculature in vitro.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Human fibrocytes decreased VEC
tube density but stabilized VEC tubes in the 3D
collagen gel. A: Representative images of VEC
tubes in the VEC-only group (VECs) and the VEC co-
culture groups (VECs þ CFs) with VEC/CF ratios of
4:1, 2:1, and 1:1 (toluidine blue staining). The
quantified lumen area of the VEC tubes per square
millimeter. *P < 0.05 versus the VEC-only group;
yP< 0.05 versus the VEC co-culture group (VECsþ
CFs) with a VEC/CF ratio of 4:1. The numbers in the
data plot indicate the number of specimens. B:
Representative SEM images of the VEC-only group
(VECs) and the VEC co-culture group (VECs þ CFs)
with a VEC/CF ratio of 4:1 (VECsþ CFs, 4:1). C: VECs
alone (VECs) or VECs co-cultured with CFs (5:1)
were cultured with FGF2 and VEGF stimulation for
72 hours and then cultured in growth factorefree
medium for 4 days. Representative images of to-
luidine blue staining, and representative SEM im-
ages. The black arrowheads indicate the nuclei in
live VECs. D: Morphological characteristics of VECs
and CFs in collagen gel. Representative laser
confocal microscopic image of VECs (red) and CFs
(green) with fluorescent cell tracers (Vybrant Dil
and Vybrant CFDA SE, respectively) after 3D
rendering; representative SEM image of CFs and CFs
and VECs. White arrowheads indicate contact
between fibrocytes and VECs. E: Six days after
wounding, PBS or fibrocytes were injected into the
recipient blab-c mice of the control group (Con) or
the fibrocyte group (CFs), respectively. Represen-
tative images of the immunofluorescent staining
of the granulation tissue from six wounds from
each group 10 days after wounding (4 days after
injection); the white arrowheads indicates circu-
lating fibrocytes. The graph on the right presents
the quantified blood vessel density data for the
images on the left. *P < 0.05 versus Con.

Fibrocytes Stabilize Blood Vessels
To determine whether fibrocytes physically interact with
VECs, we labeled VECs and fibrocytes with Vybrant Dil and
CFDA SE cell tracers, respectively. In the VEC þ CF group
(VECs/CFs, 4:1), approximately 40% of the fibrocytes had
direct physical contact with VECs (Figure 6D). The contact
between VECs and fibrocytes was confirmed by SEM. As
observed using SEM, the circulating fibrocytes had many
cytoplasmic protrusions andwere covered bymembrane ruffles
(Figure6D). Somefibrocytesmigrated to thesurfaceof theVEC
tubes (Figure 6D).As observedusing lightmicroscopy, some of
the fibrocytes were morphologically round, and had cyto-
plasmic protrusions; in contrast, all fibrocytes had cytoplasmic
protrusions under SEM. Possible explanations are that the
Vybrant CFDA SE cell tracer does not distribute in the cyto-
plasmic protrusions or that some of the protrusions are too
slender to be observed under light microscopy.
The American Journal of Pathology - ajp.amjpathol.org
Circulating Fibrocytes Inhibit Blood Vessel Regression
during the Remodeling Phase of Wound Healing

Because fibrocytes inhibited VEC tube regression on with-
drawal of growth factors in the 3D collagen gel, we then tested
whether fibrocytes inhibit blood vessel regression in vivo.
Blood vessels in the granulation tissue of the mouse wound-
healing model were most abundant 6 days after wounding;
then, they underwent remodeling and regressed. Therefore,
we injected fibrocytes 6 days after wounding (the fibrocyte
group) and observed the blood vessel density 4 days later. In
the control group, we injected PBS 6 days after wounding.
Four days after injection (10 days after wounding), the
blood vessel density of the fibrocyte group was significantly
higher than that of the control group (P< 0.05) (Figure 6E).
These data indicate that fibrocytes inhibit the regression of
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the capillary vessels during the remodeling phase. The
wounds in the control group closed 10 days after wounding,
whereas the wounds in the fibrocyte group still had a wound
area of 9.4 � 2.13 mm2. Together with the data that fibro-
cytes inhibited angiogenesis in the wound-healing model
and the Matrigel model, these data indicate that fibrocytes
stabilize blood vessels during angiogenesis in vivo.

Different numbers of fibrocytes infiltrated into the wounds,
depending on when they were injected during wound healing.
When the fibrocytes were injected 6 days after wounding, the
fibrocyte density was 75.6 � 18.52/mm2 (Figure 6E) 4 days
after injection. When fibrocytes were injected immediately
after the wounds were generated, the fibrocyte densities were
approximately 235/mm2 and 161/mm2 in samples collected 3
and 6 days after injection, respectively (Figure 2A). A possible
reason for this difference is that the concentration of the
chemotactic factors during the inflammatory phase of wound
healing is much higher than that during the proliferative phase.
This difference might also explain why we did not obtain
positive results in the Matrigel model. We injected fibrocytes
into mice 7 days after the injection of Matrigel, but the density
of fibrocytes in the Matrigel did not increase (data not shown),
and the blood vessel regression was comparable to the control
group, in which PBS was injected. A possible reason for this
observation is that the concentration of the chemotactic factors
in the Matrigel 7 days after injection is too low to attract the
fibrocytes.

Knockdown of THBS1 Partially Reverses the Fibrocyte-
Induced Inhibition of VEC Proliferation

As shown in Figures 4 and 5, fibrocytes inhibited both the
proliferation and apoptosis of VECs in the Transwell co-
culture system, even though VECs and fibrocytes did not
directly interact. In addition, fibrocytes delayed angio-
genesis during the first 6 days of wound healing, when no
VECs were observed. We, therefore, speculated that mol-
ecules secreted by fibrocytes into the culture medium might
inhibit VEC proliferation and apoptosis. To further identify
which molecules play important roles in this process, we
used real-time PCR to detect the differential expression of
angiogenesis-related genes in fibrocytes that were cultured
alone or co-cultured with VECs. We tested >50 genes that
are involved in cell proliferation. This study did not
exclude the possibility that physical contact between VECs
and fibrocytes (Figure 6D) plays an important role in sta-
bilizing the vasculature; further studies are warranted to
address this concern.

After co-culturing fibrocytes with VECs in Transwells, the
morphological characteristics of fibrocytes changed from long
and slender to relatively short and wide, with multiple cyto-
plasmic protrusions (Figure 7A). Consistent with the previous
publications,12 we found that fibrocytes expressed many
angiogenic growth factors at themRNA level, including ANG,
PDGFs, thymidine phosphorylase, and IL-8 (Supplemental
Figure S5). In addition, we found that fibrocytes also
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expressed some angiogenesis inhibitors, including tumor ne-
crosis factor, TIMPs, and THBS1 (Supplemental Figure S5).
Because the angiogenic growth factors expressed by fibrocytes
have been extensively investigated during angiogenesis and
their prosurvival roles are evident, we, therefore, focused our
mechanistic study on the angiogenesis inhibitors, which are
responsible for the fibrocyte-induced inhibition of angiogen-
esis. Because the mRNA level of THBS1 increased>18 times
in fibrocytes after co-culture with VECs, we further tested its
protein level. OurWestern blot results showed that the level of
THBS1 in fibrocytes significantly increased after co-culture
with VECs (Figure 7B). Because VECs also express
THBS1, we tested whether fibrocytes changed THBS1
expression in VECs. Consistent with the results of previous
publications, VECs expressed THBS1; however, fibrocytes
did not change the expression of THBS1 in VECs at the
mRNA or protein level (Supplemental Figure S6).
To further determine whether the fibrocytes inhibited VEC

proliferation via THBS1, fibrocytes were transfected with
THBS1 siRNA and then co-cultured withVECs in a Transwell
co-culture system. The efficiency of the THBS1 siRNA is
shown in Figure 7D and Supplemental Figure S1. Exogenous
THBS1 protein was used to confirm its inhibitory role in VEC
proliferation in the Transwell co-culture system. FGF2- or
VEGF-inducedVEC proliferation was inhibited by exogenous
THBS1 and was completely blocked by co-culture with
fibrocytes. The fibrocyte-induced inhibition of VEC prolifer-
ation was partially reversed by THBS1 knockdown and was
restored by adding exogenous THBS1 (Figure 7C and
Supplemental Figure S7).
THBS1 knockdown in fibrocytes also partially reversed

the fibrocyte-induced inhibition of VEC tube formation in
the 3D collagen gel (Figure 7E). The lumen area formed in
the VEC þ CF group, in which VECs were co-cultured with
CFs at a ratio of 2:1, was approximately 20% of that in the
VECs alone group. THBS1 knockdown increased the lumen
area in the VEC þ CF group to approximately 44% of that
in the VEC-only group (Figure 7E).
THBS1 knockdown in mice increases the mRNA and pro-

tein expression of CXCL12 (alias stromal cellederived factor-
1 a) in megakaryocytes and subsequently increases expression
in platelets that migrate to the wound and enhance angiogenesis
in wound healing.28 In addition, THBS1 does not affect the
mRNA expression of CXCR4 in megakaryocytes. In this
study, we found that the increased expression of THBS1 in CFs
induced by VECs inhibited the mRNA and protein expression
of CXCL12 in CFs. Furthermore, THBS1 knockdown in CFs
co-cultured with VECs partially reversed the inhibition of
CXCL12 expression regulated by THBS1 (Figure 7D and
Supplemental Figure S8). The mRNA and protein expression
of CXCR4 in CFs was not affected by either co-culture with
VECs or THBS1 knockdown. We did not detect expression of
stromal cellederived factor-1 a in VECs. Because platelets are
the main source of CXCL1228 and injected CFs did not migrate
to the bone marrow,29 we did not investigate whether CFs
inhibited angiogenesis in wound healing via CXCL12.
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Figure 7 Human circulating fibrocytes inhibited VEC proliferation via THBS1 in the Transwell co-culture system. A: Representative images of CFs in the CF-only
group (CFs alone) and the CFs co-cultured with the VEC group (VECs þ CFs). B: Western blot results of THBS1 in the CF-only group and the VEC þ CF group. C: The
number of VECs (top panel) and [3H]-thymidine incorporation (bottom panel) in VECs in the VEC-only group (VECs alone), the VECs co-cultured with CFs transfected
with control siRNA (VECsþ CFs), and the VECs co-cultured with CFs transfected with THBS1 siRNA (VECsþ CFs/THBS1 siRNA) stimulated with or without FGF2. The
data for each group were obtained from four separate experiments with duplicate wells. *P< 0.05 versus vehicle. yP< 0.05 versus the VEC-only group with VEGF and
without THBS1. zP < 0.05 versus the VEC þ CF/THBS1 siRNA group with VEGF and without THBS1. D: Representative Western blot data. The expression of THBS1,
CXCL12, CXCR4, and GAPDH in CFs, which were cultured alone (CFs alone), co-cultured with VECs (VECsþ CFs), or transfected with THBS1 siRNA and co-cultured with
VECs (VECsþ CFs/siRNA), was detected using Western blot analysis. The CFs in the CF-only group and the VECþ CF group were transfected with control siRNA. The
experiment was repeated three times. E: CFs inhibited VEC tube formation in 3D collagen gel via THBS1. Representative images of toluidine blue staining for the VEC-
only group (VECs), the VECs co-cultured with CFs transfected with control siRNA (VECs þ CFs, at a ratio of 2:1), and the VECs co-cultured with CFs transfected with
THBS1 siRNA (VECsþ CFs/THBS1 siRNA); representative images of SEM. The quantified VEC tube lumen area data based on the toluidine blue staining. The numbers in
the data plots in C and E indicate the number of specimens. *P < 0.05 versus VECs. yP < 0.05 versus VECs þ CFs.

Fibrocytes Stabilize Blood Vessels
THBS1 Knockdown in Fibrocytes Reverses the
Fibrocyte-Induced Inhibition of Angiogenesis in the
Wound-Healing and Matrigel Models

To further investigate the role of THBS1 in the fibrocyte-
induced inhibition of angiogenesis in vivo, we injected
fibrocytes transfected with THBS1 siRNA into recipient
mice via the tail vein and generated skin wounds or injected
Matrigel s.c. Not surprisingly, the wound area of the
fibrocyte/THBS1 siRNA group, in which fibrocytes isolated
from Hr-GFPTgþ mice were transfected with THBS1 siRNA
and injected into recipient mice, was significantly smaller
than that of the fibrocyte group, in which Hr-GFPTgþ

fibrocytes transfected with the control siRNA were injected
into recipient mice (P < 0.05) (Figure 8A). However, the
wound area of both the fibrocyte group and the fibrocyte/
THBS1 siRNA group was significantly larger than that of
the control group (P < 0.05) (Figure 8A). In both the
wound-healing model and Matrigel model, the number of
newly formed blood vessels increased significantly in the
fibrocyte/THBS1 siRNA group compared with the fibrocyte
group (P < 0.05) (Figure 8, B and C). However, the number
of newly formed blood vessels in the control group was
The American Journal of Pathology - ajp.amjpathol.org
higher than that in either the fibrocyte group or the fibrocyte/
THBS1 siRNA group (P < 0.05).

Hr-GFPTg�
fibrocytes, along with other cell types, did not

migrate to the center of the Matrigel in the fibrocyte group
(Figure 8C), although they did migrate to the margin area of
the Matrigel in the fibrocyte group (Supplemental Figure S9).
The blockade of the cells migrating to the center of the
Matrigel plug might be the result of the direct impact of
fibrocytes on other cells. The accumulation of fibrocytes in
the margin of the Matrigel may attract inflammatory cells via
the expression of many chemotactic cytokines,30 but it inhibit
their further infiltration via unknown mechanisms. However,
the blockade also might be a consequence of the fibrocyte-
induced inhibition of angiogenesis.
Discussion

Angiogenesis is tightly controlled by the balance of angio-
genic factors and inhibitors. Remarkable progress has been
achieved in identifying angiogenic factors and inhibitors in
the past several decades. At the cellular level, however, only
pro-angiogenic cell types have been discovered, such as
567

http://ajp.amjpathol.org


Figure 8 Mouse circulating fibrocytes inhibi-
ted angiogenesis via THBS1 in a wound-healing
model and Matrigel model. A: Representative im-
ages of the wounds in the control group (Con), CF
group (CFs), and CF/THBS1 siRNA group (CFs/
THBS1 siRNA), in which PBS, CFs transfected with
control siRNA, or CFs transfected with THBS1
siRNA, respectively, were injected into the mice via
the tail vein. The quantified wound area data in
the control group, CF group, and CF/THBS1 siRNA
group. *P < 0.05 versus Con; yP < 0.05 versus CFs.
B: Representative images of the immunofluorescent
staining of VWF (red) and CFs isolated from GFP
transgenic mice (GFPTg� CFs), the quantified blood
vessel density data, and the number of GFPTg� CFs.
*P < 0.05 versus Con; yP < 0.05 versus CFs. C:
Representative images of the Matrigel plugs,
including H&E staining, PECAM1 staining (red), and
GFPTg� CFs in the control group, CF group, and CF/
THBS1 siRNA group; only the center area of the plug
is shown in the H&E staining images, PECAM1
staining images, and GFP images. Original magni-
fication, �200. The quantified blood vessel density
data in the Matrigel plugs. The numbers in the data
plots in AeC indicate the number of specimens.
*P< 0.05 versus vehicle; yP< 0.05 versus Con with
FGF2 stimulation; zP < 0.05 versus CFs with FGF2
stimulation.
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fibroblasts,31,32 inflammatory cells,33 and adipose-derived
stem cells.34 In this study, we found that circulating fibro-
cytes stabilize blood vessels during angiogenesis both in vivo
and in vitro. Our further mechanistic study showed that
fibrocytes inhibited angiogenesis partly via THBS1 while
preventing blood vessel regression via angiogenic factors.
Thus, fibrocytes are the first cell type ever discovered that can
counterbalance the effect of pro-angiogenic cells and sub-
sequently maintain the balance of angiogenesis at the cellular
level. Because angiogenesis in physiological and patholog-
ical conditions, such as wound healing, tumor formation, and
rheumatic arthritis, shares common mechanisms,35 the cur-
rent study will further our understanding of the critical roles
played by fibrocytes as an angiogenesis stabilizer in these
conditions. In addition, fibrocytes participate in fibrotic dis-
eases, including pulmonary fibrosis, cardiac fibrosis, chronic
pancreatitis, and cystitis. In these fibrotic diseases, circulating
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fibrocytes may differentiate into myofibroblasts and subse-
quently produce collagen.36 The current study indicates that
fibrocytes potentially function as a stabilizer of blood vessels
in the granulation tissue formed in fibrotic diseases before
they differentiate into pro-angiogenic myofibroblasts.
The role of fibrocytes as a positive regulator of angio-

genesis has been widely accepted for decades,37 but our
results challenge this paradigm. After careful scrutiny of the
evidence available to support this notion, we found that
critical evidence is lacking. Although fibrocytes express
many pro-angiogenic factors, such as VEGF, PDGF, and
FGF2, they also expressed anti-angiogenic factors, such as
tumor necrosis factor.26 This fact was confirmed by our
data, which showed that fibrocytes expressed many anti-
angiogenic factors. The data from the study of Hartlapp
et al13 indicate that the fibrocyte culture medium promotes
the proliferation of cultured VECs and angiogenesis in an
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Fibrocytes Stabilize Blood Vessels
in vivo Matrigel model.13 In our study, fibrocytes expressed
THBS1 after co-culture with VECs, whereas THBS1 was
not detected in the fibrocytes cultured alone. Based on these
data, it is tempting to hypothesize that fibrocytes acquire
their anti-angiogenic phenotype after interacting with VECs.
This hypothesis is further confirmed by the study of Har-
tlapp et al,13 in which they incorporated fibrocytes into
Matrigel and found that this incorporation enhances angio-
genesis in the margin area of the Matrigel plug (Figure 5E in
the study of Hartlapp et al13). The newly formed capillary
vessels were rarely observed in the center of the Matrigel,
whereas the newly formed capillary vessels were evident in
the center of the Matrigel in the heparin/FGF1 (acidic
fibroblast growth factor) group, fibrocyte culture medium
group, and NIH 3T3 cell group (Figure 5, A, C, and F in the
study by Hartlapp et al,13 respectively).

A recent study by Kao et al14 indicated that injecting
fibrocytes into diabetic mice enhances the wound-healing
process, including re-epithelization, wound contraction,
and angiogenesis. The authors did not investigate the role of
fibrocytes in angiogenesis and re-epithelization in wounds
in healthy mice. Our data show that fibrocytes stabilized the
vasculature in healthy wound healing. Although a high
density of fibrocytes inhibited angiogenesis, a low density
of fibrocytes led to regression and a lack of capillary vessels.
The fibrocytes in a diabetic wound may have impaired
functions and, thus, cannot prevent the regression of capil-
lary vessels; thus, the injection of healthy fibrocytes could
restore their regulatory functions associated with angio-
genesis. In fact, one of the pathological features of diabetic
wounds is insufficient angiogenesis.38,39 Another possible
explanation is that fibrocytes have an antigen-presenting
function during inflammation. Diabetic fibrocytes may fail
to fulfill the antigen-presenting role, thus leading to sus-
tained bacterial contamination or infection, whereas the in-
jection of healthy fibrocytes restores the antigen-presenting
function of fibrocytes, leading to the removal of bacteria and
enhanced angiogenesis.

Our data and data from other groups support the hy-
pothesis that fibrocytes play important roles in controlling
the scale and pace of the angiogenesis. The density of newly
formed capillaries is critical for angiogenesis. Too few
capillaries are associated with a lack of nutrients, whereas
too many capillaries impair tissue hemodynamics, because
the blood supply for a certain area is limited. Fibrocytes
prevent overgrowth of the capillaries by expressing anti-
angiogenic factors, including THBS1. Simultaneously,
fibrocytes prevent the regression of the capillaries by
expressing angiogenic growth factors. In addition, fibro-
cytes might function as a pace-control machinery for the
dynamic process of angiogenesis. During wound healing,
for instance, fibrocytes are found at a high density in the
early stages (the first 3 or 4 days),4,14,29 and they function
as potent antigen-presenting cells.6,40,41 Our data showed
that the high density of fibrocytes in this phase inhibited
angiogenesis (Figure 2A). In fact, angiogenesis is not
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necessary during the inflammatory phase, when the in-
flammatory cells are preparing the wound for the prolifer-
ative phase by removing the debris and the bacteria. In the
deeper layer of the granulation tissue or during the prolif-
erative phase, the density of the fibrocytes decreases, and
capillary vessels form. If the fibrocyte density further
decreased during the remodeling phase, then the capillaries
regressed (Figure 2A).

In our study, the fibrocytes induced VECs to form multi-
cell networks in Transwell cultures. These multicell networks
are regarded by many researchers as VEC tube formation in a
two-dimensional culture system.27 In our previous study, we
also found similar multicell networks formed by VECs when
they were co-cultured directly with fibrocytes in two-
dimensional culture.15 These data seem to contradict the
data that the fibrocytes decreased VEC tube density in 3D
collagen gel. One possible explanation is that the angiogenic
growth factors expressed by fibrocytes are sufficient for VEC
tube formation, but that some molecules expressed by the
fibrocytes, such as THBS1, can inhibit VEC tube extension
and, subsequently, decrease the VEC tube density. However,
we do not have data to prove this hypothesis.

Our study provides evidence that fibrocytes inhibited
angiogenesis partially through THBS1. THBS1 is amember of
an extracellular protein family called THBSs,42 which partic-
ipate in cell-cell and cell-matrix communication.43 THBS1
inhibits VEC migration via the CD36-fyn pathway42,44 and
VEC proliferation through an unknown mechanism.45 Our
data indicate that THBS1 knockdown in fibrocytes partially
reverses the fibrocyte-induced inhibition of VEC proliferation
in a Transwell co-culture system and the fibrocyte-induced
inhibition of angiogenesis in both the wound-healing and
Matrigel models. Because angiogenesis involves a variety of
cell types and signaling pathways, THBS1 is not the only
mechanism through which fibrocytes inhibit angiogenesis.
The real-time PCR results indicate that the mRNAs of secreted
phosphoprotein 1, TIMP1, and TIMP2 were highly expressed
in fibrocytes cultured alone and co-cultured with VECs
(Supplemental Figure S5). Because secreted phosphoprotein
1, TIMP1, and TIMP246 inhibit angiogenesis, fibrocytesmight
also partially inhibit angiogenesis through these molecules. In
addition, interactions among fibrocytes, inflammatory cells,
residing fibroblasts, and VECs might play important roles in
the regulation of angiogenesis.

THBS1 induces cell apoptosis via the CD36-Src-p38-
mitogen-activated protein kinase-caspase 3 pathway.42 How-
ever, when the fibrocytes were co-cultured with VECs, the
expression of THBS1 was significantly increased and VEC
apoptosis was inhibited. As shown in Supplemental Figure S5,
many angiogenic factors, such as ANG, IL-8, matrix metal-
loproteinase 9, thymidine phosphorylase, and PDGF, were
highly expressed in the co-cultured fibrocytes, and these
angiogenic factors might offset the apoptosis-inducing effect
of THBS1.

Although this study presents evidence that fibrocytes
stabilize blood vessels via paracrine-secreted molecules, it
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does not exclude the possibility that physical contact be-
tween VECs and fibrocytes also plays important roles in this
process. Cell-cell interactions have already been demon-
strated to play important roles in blood vessel stabiliza-
tion.47 Thus, fibrocytes likely stabilize blood vessels, in
part, via cell-cell interactions. Further studies are warranted
to reveal what types of cell junctions are formed between
VECs and fibrocytes, the mechanism by which fibrocytes
migrate to VECs, and the effect and mechanism of the cell
junctions on blood vessel stabilization.

In this study, the number of fibrocytes injected was
approximately equal to the number in the recipient mouse.
Because 1 mL of whole mouse blood contains 5� 106 to 12�
106 white blood cells and the average blood volume for a
laboratory mouse is approximately 8% of the total body
weight, every 10 g of mouse body weight contains approxi-
mately 4 � 106 to 9.6 � 106 white blood cells. Because
PBMCs comprise 50% of white blood cells and CFs comprise
0.1% to 1% of PBMCs, every 10 g of mouse body weight
contains approximately 0.2 � 104 to 4.8 � 104 CFs. In this
study, the fibrocytes that were isolated and purified from
approximately 60 mL of blood were injected into 28 recipient
mice that contain approximately 56 mL of blood. Considering
the loss of fibrocytes during isolation and purification, the
number of fibrocytes injected into the recipient mouse, which
is 4 � 104 fibrocytes/10 g of mouse body weight, was
approximately equal to the number in each recipient mouse.

More than 10 drugs targeting angiogenesis have been
approved by the US Food and Drug Administration48 for the
treatment of malignant tumors. These drugs include bev-
acizumab (a VEGFA antibody),49 along with sorafenib and
sunitinib (inhibitors of VEGF receptor tyrosine kinases).50

The therapeutic efficacy of these drugs is evident51e53;
however, these drugs bind to target molecules throughout the
body and cause severe adverse effects, such as impaired
wound healing, hypertension, and cardiac ischemia.49,50 If
the drugs or other therapeutic approaches were exclusively
delivered to the diseased tissue and targeted angiogenesis, the
adverse effects of the drugs would be mitigated. Fibrocytes
exclusively infiltrate wounds, tumors, fibrotic diseases, and
other angiogenesis-related diseases,29 and our study indicates
that fibrocytes play several important roles in the regulation
of angiogenesis.7,54 Therefore, fibrocytes might possess
therapeutic potential as drug carriers or effector cells. How-
ever, the mechanisms underlying fibrocyte infiltration from
peripheral blood to diseased tissue, fibrocyte-induced inhi-
bition of angiogenesis, and fibrocyte differentiation into
myofibroblasts or pericytes must be extensively investigated
before fibrocytes can be modified accordingly and adminis-
tered in vivo to treat angiogenesis-related diseases.
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