
Frontiers in Immunology | www.frontiersin.

Edited by:
Amiram Ariel,

University of Haifa, Israel

Reviewed by:
Bruno Rivas-Santiago,

Unidad de Investigación Biomédica de
Zacatecas (IMSS), Mexico

Stefania Madonna,
Istituto di Dermatologia Immacolata

(IRCCS), Italy

*Correspondence:
François Niyonsaba

francois@juntendo.ac.jp

Specialty section:
This article was submitted to

Inflammation,
a section of the journal

Frontiers in Immunology

Received: 21 May 2021
Accepted: 27 August 2021

Published: 14 September 2021

Citation:
Takahashi M, Umehara Y, Yue H,

Trujillo-Paez JV, Peng G, Nguyen HLT,
Ikutama R, Okumura K, Ogawa H,
Ikeda S and Niyonsaba F (2021)

The Antimicrobial Peptide Human
b-Defensin-3 Accelerates Wound

Healing by Promoting Angiogenesis,
Cell Migration, and Proliferation

Through the FGFR/JAK2/STAT3
Signaling Pathway.

Front. Immunol. 12:712781.
doi: 10.3389/fimmu.2021.712781

ORIGINAL RESEARCH
published: 14 September 2021

doi: 10.3389/fimmu.2021.712781
The Antimicrobial Peptide Human
b-Defensin-3 Accelerates Wound
Healing by Promoting Angiogenesis,
Cell Migration, and Proliferation
Through the FGFR/JAK2/STAT3
Signaling Pathway
Miho Takahashi1,2, Yoshie Umehara1, Hainan Yue1,2, Juan Valentin Trujillo-Paez1,
Ge Peng1,2, Hai Le Thanh Nguyen1,2, Risa Ikutama1,2, Ko Okumura1, Hideoki Ogawa1,2,
Shigaku Ikeda1,2 and François Niyonsaba1,3*

1 Atopy (Allergy) Research Center, Juntendo University Graduate School of Medicine, Tokyo, Japan, 2 Department of
Dermatology and Allergology, Juntendo University Graduate School of Medicine, Tokyo, Japan, 3 Faculty of International
Liberal Arts, Juntendo University, Tokyo, Japan

In addition to its antimicrobial activity, the skin-derived antimicrobial peptide human b-
defensin-3 (hBD-3) promotes keratinocyte proliferation and migration to initiate the wound
healing process; however, its effects on fibroblasts, which are the major cell type
responsible for wound healing, remain unclear. We investigated the role of hBD-3 in cell
migration, proliferation and production of angiogenic growth factors in human fibroblasts
and evaluated the in vivo effect of hBD-3 on promoting wound healing and angiogenesis.
Following hBD-3 treatment, the mouse wounds healed faster and showed accumulation
of neutrophils and macrophages in the early phase of wound healing and reduction of
these phagocytes 4 days later. hBD-3-treated wounds also displayed an increased
number of fibroblasts and newly formed vessels compared to those of the control
mice. Furthermore, the expression of various angiogenic growth factors was increased
in the hBD-3-treated wounds. Additionally, in vitro studies demonstrated that hBD-3
enhanced the secretion of angiogenic growth factors such as fibroblast growth factor,
platelet-derived growth factor and vascular endothelial growth factor and induced the
migration and proliferation of human fibroblasts. The hBD-3-mediated activation of
fibroblasts involves the fibroblast growth factor receptor 1 (FGFR1)/Janus kinase 2
(JAK2)/signal transducer and activator of transcription 3 (STAT3) pathways, as
evidenced by the inhibitory effects of pathway-specific inhibitors. We indeed confirmed
that hBD-3 enhanced the phosphorylation of FGFR1, JAK2 and STAT3. Collectively, the
current study provides novel evidence that hBD-3 might be a potential candidate for the
treatment of wounds through its ability to promote wound healing, angiogenesis and
fibroblast activation.
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INTRODUCTION

The skin is the most external organ that protects the body from
physical and chemical environmental challenges. Therefore, once
skin injury occurs, an immediate and coordinated response is
initiated to repair the wound. The skin wound healing process
consists of three distinct but overlapping stages, denoted as the
inflammatory phase, proliferative phase, and remodeling phase, and
involves several mediators, such as inflammatory cells, growth
factors and cellular and extracellular elements (1). In the
inflammatory phase, both neutrophils and macrophages are
attracted to the wound site to ingest and kill microbes, remove
damaged tissues and release proinflammatory cytokines and growth
factors that recruit and activate fibroblasts and keratinocytes. In the
proliferative phase, keratinocytes and fibroblasts proliferate and
migrate to the wound site, where fibroblasts synthesize extracellular
matrix (ECM) to form granulation tissues. In this phase,
angiogenesis also plays an important role by supplying newly
formed tissue. In the remodeling phase, ECM maturation and
turnover and homeostasis are regulated by metalloproteinases
(MMPs). In addition to the ECM, MMPs cleave many cytokines,
growth factors and cytokine/growth factor receptors that regulate
several steps of the wound healing process (2).

Angiogenesis is tightly regulated by a complex of angiogenic
growth factors, such as epidermal growth factor (EGF), fibroblast
growth factor (FGF), platelet-derived growth factors (PDGF), and
vascular endothelial growth factor (VEGF). During the wound
healing process, these angiogenic growth factors promote
angiogenesis by binding to their respective receptors, such as EGF
receptor (EGFR), FGF receptor (FGFR), PDGF receptor (PDGFR),
and VEGF receptor (VEGFR). Following binding to their
corresponding ligands, these receptors undergo phosphorylation,
resulting in activation of the downstream signaling pathways,
therefore leading to cell proliferation, migration, angiogenesis,
and wound healing (3–6). Among the various downstream
signaling pathways of angiogenic receptors, Janus kinase (JAK)/
signal transducer and activator of transcription (STAT) pathway
transmits extracellular signals to the nucleus for the transcription of
numerous genes that promote cell proliferation, differentiation and
angiogenesis. JAKs belong to the tyrosine kinase family of enzymes,
and their activation leads to the transfer of extracellular signals
provided by growth factors, cytokines, and chemokines (7). The
JAK family comprises JAK1, JAK2, JAK3 and TYK2. Activation of
STATs is typically mediated via the cytokine receptor associated
with the JAK family of nonreceptor tyrosine kinases (8). To date,
sevenmammalian STAT familymembers, STAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b and STAT6, have been identified (9, 10).
In nonhealing chronic wounds, the levels of many angiogenic
growth factors and their receptors are downregulated, therefore
delaying wound healing (11–13). Consequently, there is an unmet
need for the development of drugs capable of activating angiogenic
growth factor receptors and their downstream cascades to promote
wound healing.

Antimicrobial peptides not only kill invading pathogenic
microorganisms but also contribute to host defense and
homeostasis by exhibiting a wide range of immunomodulatory
functions (14). Several types of antimicrobial peptides, including
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humanb-defensins (hBDs), cathelicidinLL-37, psoriasin (S100A7),
and ribonuclease RNase-7, have been identified in human skin.
Some are permanently expressed in healthy skin, and some are
increased following infections, injury, proinflammatory cytokines
andultraviolet B irradiation (14). The hBD family is one of themost
important antimicrobial peptide families found in human skin, and
these peptides are well known for their wide range of microbicidal
activities and immunomodulatory properties. Todate, sixmembers
of hBDs, namely, hBD-1 to hBD-6, have been identified in the
humanbody.Among them, hBD-1 tohBD-4 areprimarily found in
the epithelia of the skin, eyes, and oral, respiratory and urogenital
tracts, while hBD-5 and hBD-6 are only present in the epididymis
(15, 16). Among hBDs present in the skin, only hBD-1 is
constitutively expressed, whereas the expression of hBD-2 to
hBD-4 is enhanced upon infection or inflammation (17). In
addition to killing a broad spectrum of invading microorganisms
such as bacteria, viruses and fungi, hBDs also act as
immunoregulators and represent a link between innate and
adaptive immune responses. Various hBD-mediated
immunomodulatory functions include the regulation of pro- and
anti-inflammatory responses, neutralization of lipopolysaccharide,
chemoattraction and activation of numerous immune cells,
induction of cell proliferation, promotion of wound healing and
maintenance of the skin barrier (17). It has been documented that
hBDs activate various cell types, such as mast cells, neutrophils,
macrophages and keratinocytes, which largely contribute towound
healing (14). Furthermore, hBD-2 and hBD-3 expression levels are
upregulated by keratinocytes at skin wound sites and promote cell
migration and proliferation (14, 18). hBD-induced keratinocyte
proliferation andmigration aremediated through phosphorylation
of the EGFR and STAT proteins (19). Notably, the accelerating
effects of hBDs on wound healing are not restricted to the skin but
extend to other tissues, such as the eye and gut (20–22). To date, the
effects of hBDs on fibroblasts, which play a crucial role in wound
healing, have not been reported.

In the present study, among the hBDs tested, only hBD-3
showed the strongest stimulatory effect on human fibroblasts. hBD-
3 induced the production of various angiogenic growth factors,
such as FGF, PDGF and VEGF, promoted fibroblast migration and
proliferation and accelerated in vitro wound healing. hBD-3-
mediated activation of fibroblasts involved the FGFR1/JAK2/
STAT3 signaling pathway. Moreover, hBD-3 markedly
accelerated in vivo wound healing, increased the number of
neutrophils, macrophages and fibroblasts at the wound site, and
enhanced the formation of vessels and the expression of angiogenic
growth factors in mice. These findings provide novel evidence that
hBD-3 may contribute to wound healing via activation
of fibroblasts.
MATERIALS AND METHODS

Reagents
Antimicrobial peptide hBD-3 was purchased from Peptide
Institute (Osaka, Japan), whereas recombinant mouse b-
defensin 14 (mBD-14) was obtained from ProSpec (Rehovot,
Israel). Fruquintinib, imatinib mesylate and mitomycin C were
September 2021 | Volume 12 | Article 712781
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obtained from Sigma-Aldrich (St Louis, MO). Cryptotanshinone
and AZD1480 were purchased from Selleck Chemicals
(Houston, TX). SSR 128129E was purchased from Cayman
Chemical (Ann Arbor, MI), recombinant basic FGF and VEGF
were purchased from Peprotech (Cranbury, NJ). Antibodies
against phosphorylated and unphosphorylated FGFR1, JAK1,
JAK2, JAK3, STAT1 and STAT3 and RIPA buffer that consisted
of 20 mM Tris-HCl (pH 7.5), 150 mMNaCl, 1 mMNa2 EDTA, 1
mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM
sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM
Na3VO4 and 1 µg/ml leupeptin were obtained from Cell
Signaling Technology (Beverly, MA). Type 1 collagen was
purchased from Calbiochem (La Jolla, CA). Rabbit polyclonal
antibody against ionized calcium-binding adapter molecule 1
(Iba1) was purchased from Fujifilm Wako Pure Chemical
Corporation (Tokyo, Japan). Rabbit polyclonal antibody
against myeloperoxidase (MPO) was obtained from CiteAb
(Bath, United Kingdom). Mouse monoclonal antibody against
heat shock protein 47 (HSP47) was obtained from Santa Cruz
Biotechnology (Dallas, TX), whereas rabbit polyclonal antibody
against mBD-14 was purchased from MyBioSource (San Diego,
CA). Rabbit polyclonal antibody against CD163 was obtained
from Proteintech (Rosemont, IL). Rabbit polyclonal antibody
against CD80 was obtained from Abcam (Cambridge, UK).

Animal Experiments
Eight-week-old male C57BL/6 mice (Japan SLC, Inc., Ibaraki,
Japan) were maintained under specific pathogen-free conditions
and fed a standard diet and water ad libitum. All procedures were
approved and performed in accordance with the Institutional
Animal Care and Use Committee of Juntendo University School
of Medicine (approval number: 2021255) and complied with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Following anesthesia with 2.5% isoflurane,
hairs of the dorsal skin were shaved, and two 6-mm-diameter
full-thickness wounds were created in the dorsal skin of mice
using a circular biopsy punch under aseptic conditions. Ring-
shaped silicone splints were sutured to the wound perimeter to
avoid and prevent contraction. The mice were randomized into a
control group that was treated with 0.01% acetic acid (solvent)
and an hBD-3 group. In total, 200 µg/ml hBD-3 or mBD-14 in 20
µl of 0.01% acetic acid was topically applied every 2 days until the
wounds were completely healed. After surgery, the wounds were
covered with a hydrocolloid dressing (Tegaderm; 3 M Health
Care, Tokyo, Japan) and cleaned with normal saline before each
treatment. Digital photographs of each wound were taken, and
the wound areas were calculated using ImageJ software (NIH,
Bethesda, MD). After anesthesia, the mice were sacrificed, and
wound skin samples were collected for further experiments.

Immunohistochemistry
Wound skin tissues were obtained after fixation with 10%
paraformaldehyde (pH 7.4) in phosphate-buffered saline (PBS),
processed and embedded in paraffin. The sections were
deparaffinized, hydrated and blocked with normal goat serum
(1:20 dilution) for 30 minutes at room temperature before being
incubated at 4°C overnight with anti-MPO antibody (1:1000
Frontiers in Immunology | www.frontiersin.org 3
dilution) for neutrophil identification, anti-Iba1 antibody
(1:2000 dilution) for macrophage detection, anti-HSP47
antibody (1:1000 dilution) for fibroblast identification, anti-
mBD-14 antibody (1:500 dilution), anti-CD80 antibody (1:100
dilution) and anti-CD163 (1:100 dilution) for M1 and M2
identification, respectively. After three washes in PBS, the
sections were allowed to react with horseradish peroxidase-
conjugated streptavidin (1:300 dilution) for 30 minutes at
room temperature. Diaminobenzidine tetrahydrochloride
solution was then added and incubated at room temperature
for 1 minute (for anti-Iba-1 antibody, anti-CD163 antibody), 2
minutes (for anti-MPO antibody and for anti-mBD-14
antibody), and 3 minutes (for anti-HSP47 antibody) and 5
minutes (for anti-CD80 antibody). Sections were stained with
hematoxylin, dehydrated in an ethanol gradient, cleared in
dimethyl benzene, and mounted. Images were acquired using a
phase-contrast microscope (Keyence, Osaka, Japan) at 400×
magnification, and images were recorded. The wound tissue
areas were measured using ImageJ software. The number of
MPO-, Iba1-, HSP47-, CD80- and CD163-positive cells was
counted in three microscopic fields for each sample in the
fields with the highest numbers of target cell.

Cell Culture
Normal human dermal fibroblasts were purchased from Lifeline
Cell Technology (Osaka, Japan) and cultured in FibroLife serum-
free medium (Lifeline Cell Technology) containing L-glutamine
(7.5 mM), human basic FGF (5 ng/ml), insulin (5 mg/ml),
ascorbic acid (50 mg/ml), hydrocortisone (1 mg/ml),
gentamycin (30 mg/ml), amphotericin B (15 ng/ml) and fetal
bovine serum (2% vol/vol). All experiments were performed
using subconfluent cells (from 60% to 80% confluence) grown in
FibroLife serum-free medium without supplements but
with antibiotics.

RNA Extraction and Real-Time PCR
Wound skin tissues were immediately stored in RNAlater
solution (Ambion, Austin, TX) to stabilize and protect the
RNA integrity before disruption in QIAzol Lysis Reagent
(Qiagen, Hilden, Germany). Total RNA from wound tissues
was extracted using the RNeasy Plus Universal Mini kit
(Qiagen, Hilden, Germany), while RNA extraction from
fibroblasts was performed using an RNeasy Plus Micro kit
(Qiagen) according to the manufacturer’s instructions. cDNA
was synthesized from 1 mg of total RNA using the ReverTra Ace
qPCR RT kit (Toyobo, Osaka, Japan). Real-time PCR was
performed using a QuantiNova SYBR Green PCR kit (Qiagen),
and cDNA was amplified and detected using the StepOne Plus
Real-time PCR System (Applied Biosystems). The primer
sequences used for Pdgfc were forward: 5′-GTGGAGGAAATT
GTGCCTGT-3′ and reverse: 5′-TCCAGAGCCACATCAG
TGAG-3′, for Fgf2 were forward: 5′-GGACGGCTGCTGGCTT
CTAA-3′ and reverse: 5′-CCAGTTCGTTTCAGTGCCACA
TAC-3′, for Vegfa were forward: 5′-GTGCACTGGACCCTGGC
TTTA-3′ and reverse: 5′-GGTCTCAATCGGACGGCAGTA-3′,
for Rps18 were forward: 5′-TTCTGGCCAACGGTCTAGAC
AAC-3′ and reverse: 5′-CCAGTGGTCTTGGTGTGCTGA-3′,
September 2021 | Volume 12 | Article 712781
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and for Defb14 were forward: 5′-ATCTTGTTCTTGGTGCC
TGC-3′, and reverse: 5′-CTTCTTTCGGCAGCATTTTC-3′. All
primers were obtained from Thermo Fisher Scientific (Waltham,
MA). The target RNA level was normalized to the endogenous
Rps18 reference, and the changes in gene expression were reported
as fold increases relative to vehicle.

Enzyme-Linked Immunosorbent Assay
Subconfluent fibroblasts were stimulated with 10-20 µg/ml hBD-
3 for 3-48 hours, and the cell-free supernatants from cultures of
stimulated cells or nonstimulated control cells were collected and
used for the quantification of FGF, PDGF and VEGF by
appropriate ELISA kits obtained from R&D Systems
(Minneapolis, MN). ELISAs were performed following the
recommendations of the supplier. In some experiments, cells
were pretreated with cryptotanshinone, AZD1480 or SSR
1281289E for 2 hours before stimulation with hBD-3, and
ELISA was performed as described above.

Chemotaxis Assay
Fibroblast migration was assayed using a modified Boyden
chamber consisting of a 48-well microchamber (Neuro Probe,
Gaithersburg, MD). Subconfluent fibroblasts were trypsinized,
and a volume of 50 µl containing 5.0 × 104 cells was loaded into
the upper chambers, which were separated from the lower
chambers by a polyvinylpyrrolidone-free polycarbonate
membrane with an 8-µm pore size (Neuro Probe) and
precoated with 10 µg/ml type I collagen at 37°C for 2 hours.
The lower chambers contained 27 µl of various doses of hBD-3
or vehicle. After a 6-hour incubation at 37°C in a CO2 incubator,
the membrane was removed from the chamber, and the cell side
was rinsed in PBS drawn across with a wiper blade to remove the
nonmigrated cells. The membrane was then stained with Diff-
Quick (Kokusai Shiyaku, Kobe, Japan) according to the
manufacturer’s instructions. Cells that had migrated and
adhered to the lower side of the membrane were counted in 3
randomly selected high-power fields under a laser scanning
microscope 700 (Zeiss, Jena, Germany). In some experiments,
cells were pretreated with various inhibitors for 2 hours before
being added to the upper chambers, and the chemotaxis assay
was performed as described above.

In Vitro Scratching Assay
Fibroblasts were seeded in a collagen I-coated 96-well plate at a
density of 5×104 cells/well for 6 hours at 37°C. Confluent fibroblast
monolayers were then wounded using a wound maker (Essen
BioScience, Ann Arbor, MI) to create a uniform cell-free zone in
each well and washed with PBS to remove the detached cells. In all
experiments, fibroblasts were pretreated with 10 µg/ml mitomycin
C for 2 hours before stimulation with hBD-3 for 24-48 hours to
exclude the influence of hBD-3-mediated cell proliferation on
migration. After stimulation, fibroblasts were stained with 0.5%
crystal violet (Fujifilm, Tokyo, Japan), and images were recorded
using a phase-contrast microscope (Keyence). Wound area was
measured using ImageJ software. In some experiments, cells were
pretreated with inhibitors for 2 hours before stimulation with
hBD-3.
Frontiers in Immunology | www.frontiersin.org 4
Cell Proliferation Assay
Cell proliferation was assessed by Cell Counting Kit-8 (CCK-8)
purchased from Dojindo Laboratories (Kumamoto, Japan)
following instructions from the manufacturer. Fibroblasts were
seeded into 96-well plates at a density of 1.0×104 cells/well and
cultured for 24 hours before stimulation with hBD-3 for 72
hours. After stimulation, 10 µl of CCK-8 solution was added to
each well, and the cells were incubated for 1 hour at 37°C. The
amount of formazan dye was measured by absorbance at 450 nm
using a microplate reader. In some experiments, cells were
pretreated with various inhibitors for 2 hours before
stimulation with hBD-3.

Western Blot
Following stimulation, fibroblasts were lysed with RIPA buffer,
and the proteins were extracted from the cells and quantified
using Precision Red Protein Assay Reagent (Cytoskeleton,
Denver, CO). Equal amounts of protein were separated in an
8% to 12% SDS-PAGE gel followed by transfer to methanol-
preactivated polyvinylidene difluoride membranes (Millipore,
Billerica, MA) for 50 minutes. The membranes were then
blocked in Immuno-Block buffer (KAC, Hyogo, Japan.) for 1
hour at room temperature and incubated with primary
antibodies against MMP-2 (1:1000 dilution), MMP-9 (1:2000
dilution), phosphorylated FGFR1 (1:500 dilution), STAT1 (1:500
dilution), STAT3 (1:1000 dilution), JAK1 (1:500 dilution), JAK2
(1:500 dilution), JAK3 (1:500 dilution), unphosphorylated
FGFR1, STAT1, STAT3, JAK1, JAK2 and JAK3 (each 1:1000
dilution) overnight at 4°C, according to the manufacturer’s
instructions. After washing, the membranes were developed
with Luminata Forte Western HRP substrate (Millipore,
Billerica, MA) for detection and visualized using Fujifilm LAS-
4000 Plus (Fujifilm). The intensity of bands was quantified using
the software program ImageJ Gauge (LAS-1000plus, Fujifilm) to
allow correction for protein loading.

Statistical Analysis
Statistical analysis was performed by one-way or two-way
analysis of variance (ANOVA) with multiple comparisons test
or Student’s t-test using GraphPad Prism version 6.0 (San Diego,
CA). Values are presented as the mean ± standard deviation
(SD). P < 0.05 was considered significant.
RESULTS

hBD-3 Accelerates Wound Healing In Vivo
To investigate the effect of hBD-3 on skin wound healing, we first
used an excisional wound model to observe the healing process
for 16 consecutive days in C57BL/6 mice. We used a wound
splinting model to prevent local contraction because with this
model, the wound heals through granulation and re-
epithelization, similar to the wound healing process in
humans. In the preliminary dose-dependent experiments using
40−400 µg/ml hBD-3, we observed that 200 µg/ml was the most
effective concentration for accelerating wound healing.
September 2021 | Volume 12 | Article 712781
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Therefore, this concentration was used in further in vivo
experiments. As shown in Figure 1A, the wounds treated with
hBD-3 displayed considerable signs of wound healing and healed
faster than the vehicle-treated wounds. The hBD-3-treated
wounds started to heal on day 6 and completely healed on day
12 post-injury. Figure 1B shows the percentage of wound area.
Frontiers in Immunology | www.frontiersin.org 5
The wound percentage was significantly lower in the hBD-3-
treated groups than in the vehicle groups on days 6, 8 and 10
post-injury, suggesting that hBD-3 accelerated wound healing in
vivo. We confirmed that mBD-14, a mouse ortholog of hBD-3
(23), also accelerated wound healing in mice with almost the
same potency as seen for hBD-3 (Figure S1).
A

B C

D

FIGURE 1 | hBD-3 accelerates wound closure in vivo. Dorsal full-thickness skin wounds were created on mice and then topically treated with 0.01% acetic acid
(vehicle) and 200 µg/ml hBD-3. (A) Representative images of skin wounds from day 0 to day 12. (B) The average wound area was calculated using ImageJ software.
The P value was evaluated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05 and **P < 0.01 between the vehicle-treated wounds and the
hBD-3-treated wounds. n = 3 wound areas/group. (C) mRNA was extracted from the wound tissues and the mRNA expression of Defb14 (mBD-14) was detected
by quantitative real-time PCR analysis using SYBR Premix Ex Taq. The P value was determined by one-way ANOVA with Tukey’s multiple comparisons test.
*P < 0.05, **P < 0.01 and ****P < 0.0001 for comparisons between the vehicle-treated wounds. #P < 0.05 and ####P < 0.0001 for comparisons between hBD-3-
treated wounds. $$P < 0.01 and $$$$P < 0.0001 for comparisons between the vehicle-treated and hBD-3-treated wounds. n = 3. (D) Representative images of
mBD-14 staining and isotype control staining in treated and nontreated wounds from day 0 to 12. Original magnification: 20×.
September 2021 | Volume 12 | Article 712781
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A previous study reported that skin injury induces hBD-3
expression (24). Therefore, we evaluated the basal expression of
mBD-14/hBD-3 at both mRNA and protein levels. As seen in
Figure 1C, the basal mRNA expression of mBD-14 was
markedly increased from day 6 to day 10 in nontreated groups
compared to day 0, and this expression was further enhanced in
hBD-3-treated wounds. Meanwhile, immunohistochemical
analysis showed that nontreated wounds had the highest basal
expression of mBD-14 on day 4 and day 6, and the treatment of
wounds with hBD-3 further increased this expression from day 2
to day 10, with wounds on day 6 and day 8 showing the stronger
staining of mBD-14 compared to vehicle groups (Figure 1D).

hBD-3 Promotes Angiogenesis and
Increases the Production of Angiogenic
Growth Factors
Angiogenesis is one of the critical processes for wound healing.
Given that hBD-3 accelerated wound healing in vivo, we
hypothesized that this peptide might also contribute to the
promotion of angiogenesis during wound healing. The analysis of
Frontiers in Immunology | www.frontiersin.org 6
subcutaneous wound tissues collected on days 6, 8 and 10 post-
injury revealed that the wounds treated with hBD-3 had remarkably
increased new vessel formation. Compared to the vehicle-treated
groups, the hBD-3-treated groups displayed increased vessel size
and number of vessels in subcutaneous tissues (Figure 2A).

Given that angiogenesis is tightly regulated by various
angiogenic growth factors, the effect of hBD-3 on the expression
of angiogenic growth factors was investigated. As observed in
Figure 2B, hBD-3-treated wound tissues showed significantly
higher mRNA expression of FGF on day 6, PDGF on days 6
and 8 and VEGF on day 8 post-injury than that of the control
tissues. hBD-3 treatment did not have any effect on other growth
factors, such as epidermal growth factor and transforming growth
factor (data not shown).

hBD-3 Initiates the Inflammatory Phase of
Wound Healing and Decreases
Inflammatory Responses
In the inflammatory phase, inflammatory cells such as
neutrophils and macrophages are recruited to the wound site
A

B

FIGURE 2 | hBD-3 promotes angiogenesis and induces the production of angiogenic growth factors. (A) Representative images of the macroscopic appearance of
newly formed blood vessels at the wound sites on days 6, 8 and 10 post-injury in the mice treated with 0.01% acetic acid (vehicle) and 200 µg/ml hBD-3.
(B) Biopsies were obtained from the dorsal skin wound tissues, and the mRNA expression of bFgf, Pdgf, and Vegfa was evaluated by quantitative real-time PCR
analysis using SYBR Premix Ex Taq. The P value was calculated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05 and **P < 0.01 for
comparisons between the vehicle-treated and hBD-3-treated wounds. n = 3.
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to cleanse the wound (25). In this study, we chose MPO and Iba1
as markers of neutrophils and macrophages, respectively. Iba1 is
recognized as a panmacrophage marker and has been widely
used to identify macrophages within skin (26, 27). As observed in
Figure 3A, immunohistochemistry showed that on day 2 post-
injury, a higher number of neutrophils was observed in the
wound areas treated with hBD-3 than in those of the control
groups treated with vehicle alone. Interestingly, on day 4 after
injury, the number of neutrophils was significantly reduced in
the hBD-3-treated groups compared with the control groups.
Quantification is shown in right panel. Similarly, as observed in
Figure 3B (quantification shown in right panel), the number of
macrophages at the wound site treated with hBD-3 was higher on
day 2 post-injury, and this number decreased on day 4 compared
to that of the vehicle-treated wounds. Macrophages have been
divided into M1 and M2 subtypes. We used CD80 as a marker of
pro-inflammatory M1 phenotype (28), and CD163 for
identification of anti-inflammatory M2 phenotype (29). While
M1 positive macrophages were not detected neither at
nontreated nor treated wound areas (Figure 3C, upper panels),
M2 positive cells noticeably increased at the wound sites treated
with hBD-3 on day 2 and this number declined on day 4
(Figure 3C, lower panels, quantification shown in right panel).
Successful wound healing requires the shifting of macrophages
from pro-inflammatory M1 phenotype to anti-inflammatory M2
phenotype with wound healing capacity (30, 31). Overall, this
observation suggests that hBD-3 initiates the inflammatory
phase of the wound healing process by inducing the infiltration
of neutrophils and macrophages and decreases inflammation by
later eliminating these cells during wound healing.

hBD-3 Promotes Fibroblast
Accumulation In Vivo and Migration
and Proliferation In Vitro
The second phase of the wound healing process consists of the
proliferative phase, which mainly involves fibroblast migration
and proliferation (6). HSP47, rather than a-smooth muscle actin
(a-SMA), was used as a marker offibroblasts because we aimed to
identify all fibroblasts instead of only myofibroblasts that express
a-SMA (32, 33). Notably, the a-SMA antibody may be less
specific, as it also stains vascular smooth muscle cells in
granulation tissue (34). Immunohistochemistry showed that on
day 4 and day 6 post-injury, the wounds treated with hBD-3
displayed a higher number offibroblasts than wounds treated with
vehicle alone. Although fibroblast number was also increased on
day 8 and day 10 post-injury, there was not statistically significant
difference between treated and nontreated groups (Figure 4A,
quantification shown in right panel). This finding suggests that
hBD-3 might promote fibroblast proliferation and/or migration at
the wound site. Therefore, we first used a scratch assay to assess
the ability of hBD-3 to induce fibroblast migration in vitro using
primary human dermal fibroblasts in the presence of mitomycin C
to exclude the influence of proliferation on wound healing.
Compared to the vehicle-treated cells, the cells stimulated with
hBD-3 for 24 and 48 hours rapidly migrated and covered the
wound area. This effect was comparable to that induced by
FGF+VEGF, which was used as a positive control (Figure 4B).
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Quantification of wound closure is shown in the right panel and
illustrates significantly accelerated wound closure following
treatment of cells with 0.25 and 0.5 µg/ml hBD-3. We observed
that high doses of hBD-3 did not further increase wound closure
(data not shown).

The ability of hBD-3 to mediate cell migration was further
confirmed by an in vitro chemotaxis assay. We found that hBD-3
markedly caused cell migration in a bell-shaped dose-response
manner, with 0.5 µg/ml being the optimal concentration. Higher
hBD-3 concentrations reduced fibroblast migration (Figure 4C).
The observation that hBD-3 accelerated wound healing in the
presence of mitomycin C indicates that hBD-3-promoted wound
healing might be mainly attributed to cell migration. To further
determine how hBD-3 promotes wound healing, we investigated
the effect of hBD-3 on cell proliferation using a CCK-8 assay kit.
As shown in Figure 4D, noticeably increased proliferation of
fibroblasts was observed when cells were treated with hBD-3. An
approximately twofold increase in proliferation was found in
fibroblasts stimulated with hBD-3, while the positive control of
FGF+VEGF resulted in a threefold increase. Thus, hBD-3
induced both cell migration and proliferation, which are
indispensable steps for the promotion of wound healing.

hBD-3 Induces the Production of
Angiogenic Growth Factors and the
Expression of MMP-2 by Human
Fibroblasts
Because hBD-3 promoted angiogenesis and elevated the
expression of angiogenic growth factors in vivo and given that
the fibroblast number was increased at the wound site, we
examined the effect of hBD-3 on the production of angiogenic
growth factors in human fibroblasts. Following stimulation with
hBD-3 for 3 to 48 hours, the amounts of FGF, PDGF and VEGF
in the cell supernatants were evaluated by ELISAs. Both 10 µg/ml
and 20 µg/ml hBD-3 enhanced the production of VEGF in a
dose-dependent fashion, while only 20 µg/ml hBD-3 markedly
increased the production of FGF and PDGF at all time points
examined (Figure 5A).

MMP-2 and MMP-9 are enzymes that play an important role
in regulating angiogenesis during wound healing (35, 36). MMP-
2 is essential for angiogenesis and prolonged matrix remodeling,
while MMP-9 is involved in granulation tissue remodeling (37).
Stimulation of human fibroblasts with hBD-3 resulted in
significantly increased expression of MMP-2, which was
detected from 24 hours and lasted until 72 hours. In contrast,
MMP-9 expression was not changed by hBD-3 treatment
(Figure 5B), suggesting that MMP-2 but not MMP-9 might be
involved in hBD-3-mediated angiogenesis and wound healing.

Activation of FGFR Is Required for the
hBD-3-Mediated Production of Angiogenic
Growth Factors, Migration, and
Proliferation in Fibroblasts
Wound healing relies on angiogenic growth factors, and
degradation of these factors or downregulated expression of
their receptors impairs both angiogenesis and wound healing
September 2021 | Volume 12 | Article 712781
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(3,6). To verify whether hBD-3 mediated angiogenesis via
angiogenic factor receptors, we pretreated fibroblasts with SSR
128129E (FGFR inhibitor), fruquintinib (VEGFR inhibitor) and
imatinib mesylate (PDGFR inhibitor) and tested production of
FGF, PDGF and VEGF after hBD-3 stimulation. Interestingly,
among the above inhibitors tested, the FGFR inhibitor SSR
128129E exhibited the most significant inhibitory effect on
Frontiers in Immunology | www.frontiersin.org 8
PDGF and VEGF production but failed to inhibit FGF
production (Figure 6A). Pretreating fibroblasts with various
concentrations of fruquintinib and imatinib mesylate for 2 to
24 hours did not significantly reduce hBD-3-induced production
of the tested angiogenic growth factors, suggesting that VEGFR
and PDGFR were not involved in hBD-3-mediated production of
angiogenic growth factors by fibroblasts (Figures S2, S3).
A

B

C

FIGURE 3 | hBD-3 accelerates the inflammatory phase of wound healing and decreases inflammatory responses. Representative images of skin wound biopsies from mice
treated with 0.01% acetic acid (vehicle) and 200 µg/ml hBD-3. On day 2 and day 4 post-injury, sections were immunohistochemically stained with (A) anti-myeloperoxidase
(MPO) antibody for neutrophil detection, (B) with anti-Iba-1 antibody for macrophage detection, and (C) with anti-CD80 (upper panels) and anti-CD163 (lower panels)
antibodies for M1 and M2 macrophage detection followed by counterstaining with hematoxylin. MPO-, Iba-1- and CD163-positive cells were detected in both the epidermis
and dermis of the wounds. Original magnification: 20×. Number of MPO-, Iba-1- and CD163-positive cells were counted and shown in right panels. The P value was
calculated using Student’s t test. *P < 0.05 for comparisons between the vehicle-treated and hBD-3-treated wounds. n = 3.
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FIGURE 4 | hBD-3 enhances fibroblast accumulation in vivo and migration and proliferation in vitro. (A) Representative images of skin wound biopsies from mice
treated with 0.01% acetic acid (vehicle) and 200 µg/ml hBD-3. On day 4, 6, 8 and 10 post-injury, sections were immunohistochemically stained with anti-heat shock
protein 47 (HSP47) antibody for fibroblast detection and then counterstained with hematoxylin. HSP47-positive cells were detected in both the epidermis and dermis
of the wounds. Original magnification: 20×. Number of HSP47-positive cells were counted and shown in right panel. The P value was calculated using Student’s
t test. *P < 0.05 and **P < 0.01 for comparisons between the vehicle-treated and hBD-3-treated wounds. n = 3. (B) Human primary fibroblasts were treated with 10
µg/ml mitomycin C for 2 hours, and a scratch assay was performed. Following treatment with 0.01% acetic acid (vehicle) and 0.25 and 0.5 µg/ml hBD-3 and
FGF+VEGF (100 ng/ml each) for 24 and 48 hours, fibroblasts were stained with crystal violet, and images were recorded. Left panels are representative images of
the scratch assay, and right panels show average data calculated using ImageJ software. (C) Various doses of hBD-3 were added to the lower chambers, and
fibroblasts were added in the upper chambers of the chemotaxis microchamber. Following a 6-hour incubation, the membrane was stained, and migrated cells
attached to the bottom surface were fixed and then stained with Diff-Quick. Migrated cells were counted in 3 random high-power fields (HPFs) under a light
microscope. (D) Cells were stimulated with the indicated doses of hBD-3 or FGF+VEGF (100 ng/ml each) for 72 hours. Cell proliferation was assessed using a CCK-
8 kit. The P value was calculated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for
comparison with vehicle and hBD-3. n = 3.
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Next, we examined the effect of the FGFR pathway on cell
migration and proliferation. Pretreatment of fibroblasts with
SSR 128129E markedly delayed in vitro wound healing
(Figure 6B) and suppressed fibroblast chemotaxis (Figure 6C)
and cell proliferation (Figure 6D) induced by hBD-3. These
results suggest that the FGFR pathway mediates the hBD-3-
induced promotion of angiogenesis and wound healing. Indeed,
we confirmed that hBD-3 induced FGFR activation. As shown in
Figure 6E, stimulation of fibroblasts with hBD-3 showed that
this peptide significantly induced the phosphorylation of FGFR1
threefold and fourfold following stimulation for 60 minutes and
120 minutes, respectively. This result suggests that hBD-3
upregulates the activity of the FGFR1 receptor mainly
through phosphorylation.

hBD-3 Induces Phosphorylation of JAK2
and STAT3
Because the FGFR/JAK/STAT pathway is known to contribute to
cell proliferation, angiogenesis and migration during wound healing
(38), we hypothesized that hBD-3might activate the JAK and STAT
pathways, in addition to the FGFR pathway. Using Western
blotting, we observed that hBD-3 induced phosphorylation of
both JAK2 and STAT3. Following stimulation with hBD-3, JAK2
Frontiers in Immunology | www.frontiersin.org 10
underwent rapid phosphorylation, which was already detectable
after 5 minutes of stimulation. This phosphorylation peaked at 15
minutes before decreasing to basal levels within 2 hours
(Figure 7A). In contrast to JAK2, hBD-3-induced STAT3
phosphorylation was slightly detected at 60 minutes and strongly
elevated at 120 minutes (Figure 7B). These results indicate that
JAK2 and STAT3 are part of the molecular pathways involved in
hBD-3-mediated activation of fibroblasts. We observed that hBD-3
did not affect the phosphorylation of JAK1, JAK3, or STAT1
(Figure S4).

Both JAK2 and STAT3 Are Necessary for
the hBD-3-Mediated Production of
Angiogenic Growth Factors, Migration,
and Proliferation in Fibroblasts
To determine whether the JAK2/STAT3 pathways are indeed
required for hBD-3-induced angiogenic growth factor secretion,
migration and proliferation of fibroblasts, cells were pretreated
with AZD1480 (JAK2 inhibitor) or cryptotanshinone (STAT3
inhibitor) for 2 hours before stimulation with hBD-3 for 24
hours. As shown in Figure 8A, the presence of AZD1480
markedly reduced the hBD-3-induced production of PDGF
and VEGF by approximately 60% and 50%, respectively.
A

B

FIGURE 5 | hBD-3 increases the production of angiogenic growth factors and the expression of MMP-2 in fibroblasts. (A) Fibroblasts were stimulated with 10-20
µg/ml hBD-3 or 0.01% acetic acid (vehicle) for 48 hours, and the amounts of VEGF (left panel), PDGF (middle panel) and FGF (right panel) released in the culture
supernatants were determined by ELISAs. (B) Fibroblasts were stimulated with 20 mg/ml hBD-3 for 6 to 72 hours and subjected to Western blotting using antibodies
against MMP-2 and MMP-9. Bands were quantified using densitometry. The P value was calculated using one-way ANOVA with Tukey’s multiple comparisons test.
*P < 0.05, **P < 0.01, and ***P < 0.001 for comparisons between vehicle and hBD-3. n = 3.
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However, the presence of AZD1480 did not affect hBD-3-
mediated FGF production. AZD1480 had no significant effect
on the spontaneous production of FGF, PDGF and VEGF.
Similarly, we observed that pretreatment of fibroblasts with the
STAT3 inhibitor cryptotanshinone suppressed the hBD-3-
mediated production of both VEGF and PDGF to basal levels
and reduced the production of FGF by approximately
50% (Figure 8B).
Frontiers in Immunology | www.frontiersin.org 11
We next evaluated the inhibitory effects of JAK2 and STAT3
inhibitors on fibroblast migration and proliferation. Pretreatment
offibroblasts with either AZD1480 or cryptotanshinone noticeably
suppressed the in vitro wound healing promoted by hBD-3 by
approximately 40% or 50%, respectively (Figure 8C). Moreover,
both AZD1480 and cryptotanshinone reduced fibroblast
chemotaxis and proliferation induced by hBD-3 at the basal
levels (Figures 8D, E). Collectively, these data demonstrated
A

B

D E

C

FIGURE 6 | Activation of FGFR1 is required for hBD-3-mediated production of angiogenic growth factors, migration and proliferation of fibroblasts. Human dermal
fibroblasts were pretreated with 0.1% DMSO (vehicle) or 1 µM SSR 128129E (SSR) for 2 hours and then exposed to 0.01% acetic acid (control) or hBD-3. (A) The
levels of VEGF, PDGF and FGF in the culture supernatants from pretreated cells stimulated for 48 hours with 20 µg/ml hBD-3 were measured by appropriate ELISAs.
(B) An in vitro wound scratch assay in pretreated fibroblasts stimulated with solvent (control) or 0.25 µg/ml hBD-3 for 48 hours was performed. Left panels show
representative images, while the right panel represents the average of wound areas analyzed using ImageJ software. (C) Pretreated fibroblasts were also added to
the upper wells of the microchamber and allowed to migrate for 6 hours towards solvent (control) or 0.5 µg/ml hBD-3. Migrated cells were counted in 3 random
high-power fields (HPFs) under a light microscope. (D) Pretreated fibroblasts were stimulated with 1 µg/ml hBD-3 for 72 hours, and cell proliferation was assessed
using the CCK-8 kit. (E) Fibroblasts were stimulated with 20 µg/ml hBD-3 for 5 minutes to 120 minutes and subjected to Western blotting using antibodies against
phosphorylated or unphosphorylated FGFR1. Bands were quantified using densitometry. The P value was determined using one-way ANOVA with Tukey’s multiple
comparisons test. **P < 0.01, ***P < 0.001 and ****P < 0.0001 for comparisons between the nonstimulated cells (0 minutes) and the hBD-3-stimulated cells without
inhibitors. #P < 0.05 and ####P < 0.0001 for comparisons between the hBD-3-stimulated cells in the presence or absence of inhibitor, n = 3.
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that hBD-3 promotes angiogenesis and wound healing through
the FGFR1/JAK2/STAT3 pathways. Indeed, we confirmed that the
FGFR inhibitor also inhibited hBD-3-induced phosphorylation of
JAK2 and STAT3, suggesting that the JAK2/STAT3 pathways
function downstream of FGFR1 (Figure S5).
DISCUSSION

Previous studies showed that the skin-derived antimicrobial
peptide hBD-3 chemoattracts macrophages, mast cells and
keratinocytes that contribute to the wound healing process (19,
39); however, the effects of hBD-3 on fibroblasts have not been
reported thus far. In this investigation, following hBD-3
treatment, the wounds created in C57BL/6 mice healed faster,
showed accumulation of inflammatory cells in the early stage of
wound healing, and increased the number of fibroblasts and
newly formed vessels. Additionally, in vitro studies demonstrated
that hBD-3 enhanced the production of various angiogenic
growth factors and induced the migration and proliferation of
human fibroblasts through the FGFR1/JAK2/STAT3 pathways
(Figure 9). These observations suggest that hBD-3 might
accelerate skin wound healing via activation of fibroblasts.

Although we used mice as an animal model to investigate the
therapeutic effects of hBD-3 on wound healing, wound healing in
mice is basically different from that in humans because it mainly
occurs via contraction (40). To avoid and prevent contraction,
we used ring-shaped silicone splints, thus allowing the repair
process to be dependent on epithelialization, cellular
proliferation and angiogenesis, a process similar to that in
humans (41). In the inflammatory phase of wound healing,
innate immune cells such as macrophages and neutrophils
accumulate at the wound site to attack invading pathogens and
Frontiers in Immunology | www.frontiersin.org 12
remove dead tissues (42, 43). In this phase, the number of
infiltrating macrophages reaches a peak 3 days post-injury and
persists until day 7, whereas the number of neutrophils peaks
1 day post-wounding before declining gradually (44). Moreover,
macrophages are divided into M1 and M2 phenotypes. M1
phenotype appears in the very early stage of inflammation with
pro-inflammatory properties, whereas M2 phenotype is
predominant in the latter stage of inflammation with anti-
inflammatory effects (30, 31). Additionally, M2 macrophages
are involved in wound healing by promoting angiogenesis via the
production of VEGF and remodeling (45). Transition of
macrophages from M1 to M2 phenotype occurs during acute
wound healing process, and failure of this transition leads to the
persistence of pro-inflammatory macrophages at the wound site,
resulting in chronic wound (30, 31, 46). In our study, we
observed that in hBD-3-treated wounds, the number of both
neutrophils and macrophages, mostly M2 but not M1
phenotype, at the wound site was higher in the early stage of
wound healing (day 2 post-injury) and declined on day 4,
whereas the number of these cells increased at day 4 in the
control groups. This observation suggested that hBD-3 initiates
the inflammatory phase and contributes to inflammatory
resolution, leading to acceleration of the wound healing
process. Chronic wounds, including diabetic foot ulcers are
often linked to prolonged inflammation, which may be caused
by various factors such as dysfunction of neutrophils and
macrophages, the failure of macrophages to switch from M1 to
M2 phenotype, reduction of anti-inflammation cytokines and
overproduction of reactive oxygen species (47–50). The ability of
hBDs to induce the migration and activation of neutrophils and
macrophages (51–53) might be one of the mechanisms by which
it accelerates the infiltration of phagocytes, leading to
wound healing.
A B

FIGURE 7 | hBD-3 enhances phosphorylation of JAK2 and STAT3. Fibroblasts were stimulated with 20 µg/ml hBD-3 for 5 minutes to 120 minutes and subjected to
Western blotting using antibodies against phosphorylated or unphosphorylated JAK2 (A) and STAT3 (B). Bands were quantified using densitometry. The P value
was calculated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 for comparisons between the nonstimulated
(0 minutes) and hBD-3-stimulated cells. n = 3.
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FIGURE 8 | Both JAK2 and STAT3 are necessary for the hBD-3-mediated production of angiogenic growth factors, migration and proliferation of fibroblasts.
Fibroblasts were pretreated with (A) 10 µM AZD1480 (AZD) or (B) 8 µM cryptotanshinone (CT) or 0.1% DMSO (vehicle) for 2 hours and then exposed to hBD-3. The
levels of VEGF, PDGF and FGF in the culture supernatants from pretreated cells stimulated for 48 hours with 20 µg/ml hBD-3 were measured by appropriate ELISAs.
(C) An in vitro wound scratch assay in pretreated fibroblasts stimulated with solvent (control) or 0.25 µg/ml hBD-3 for 24 hours was performed. Left panels show
representative images, while the right panel represents the average of wound areas analyzed using ImageJ software. (D) Pretreated fibroblasts were also added to
the upper wells of the microchamber and allowed to migrate for 6 hours towards solvent (control) or 0.5 µg/ml hBD-3. Migrated cells were counted in 3 random
high-power fields (HPFs) under a light microscope. (E) Pretreated fibroblasts were stimulated with 1.0 µg/ml hBD-3 for 72 hours, and cell proliferation was assessed
using the CCK-8 kit. The P value was determined using one-way ANOVA with Tukey’s multiple comparisons test. ***P < 0.001 and ****P < 0.0001 for comparisons
between the nonstimulated cells (control) and the hBD-3-stimulated cells without inhibitors. #P < 0.05, ##P < 0.01 and ###P < 0.001 for comparisons between the
hBD-3-stimulated cells in the presence or absence of inhibitor, n = 3.
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Among the cells involved in the wound healing process,
fibroblasts play a crucial role from the late inflammatory phase
until the remodeling phase through migration, proliferation, and
secretion of growth factors, cytokines, collagens and other ECM
components (54). In the current study, hBD-3-treated wounds
displayed an increased number of fibroblasts compared with those
of the control mice and showed increased expression of angiogenic
growth factors such as FGF, PDGF and VEGF. These growth
factors were also significantly secreted in human fibroblasts
following hBD-3 stimulation. Notably, VEGF is the most
effective angiogenic factor that accelerates neovascularization,
angiogenesis and epithelialization (6, 55). FGF is a key regulator
of angiogenesis and contributes to re-epithelialization, whereas
PDGF promotes cell migration and proliferation (6, 55, 56). hBD-
3-stimulated fibroblasts also showed improved migration and
proliferation, the two most essential steps responsible for wound
closure (57). In addition to growth factors, fibroblasts generate
various MMPs. Among the MMPs, MMP-2 and MMP-9 cleave
ECM, cytokines, growth factors, and cytokine/growth factor
receptors, which control and coordinate signaling pathways in
cell proliferation, migration, inflammation, and angiogenesis (37,
58). We found that hBD-3 increased the expression of MMP-2 but
not MMP-9. MMP-2 has been shown to be indispensable for
angiogenesis and prolonged matrix remodeling, while MMP-9 is
Frontiers in Immunology | www.frontiersin.org 14
involved in keratinocyte migration and granulation tissue
remodeling (2).

Wound healing relies on interactions of various growth factors
and cytokines that regulate cellular responses. Angiogenic growth
factors promote cell proliferation, migration, and angiogenesis by
binding to their corresponding receptors and activating multiple
downstream signaling pathways (59). Previous studies have shown
that the levels of angiogenic growth factors such as FGF, PDGF
and VEGF and their respective receptors are downregulated in
nonhealing chronic wounds (11–13). Therefore, it is presumed
that activation of angiogenic factor receptors along with their
downstream pathways may represent a promising novel approach
for the treatment of nonhealing chronic wounds. Indeed, some
angiogenic growth factors, including FGF, PDGF and VEGF, have
been used in clinical trials to promote tissue repair (60–62). Based
on this evidence, we investigated the role of hBD-3 in promoting
angiogenesis, cell proliferation, and migration of fibroblasts
through activation of growth factor receptors such as FGFR,
PDGFR and VEGFR. Among the specific inhibitors of the above
receptors tested, only the FGFR inhibitor suppressed hBD-3-
mediated fibroblast activation, suggesting an important role of
FGFR in hBD-3-mediated fibroblast activation. Following binding
to FGF, FGFR undergoes autophosphorylation to initiate
angiogenesis and tissue remodeling through downstream
FIGURE 9 | Schematic illustrating how hBD-3 is involved in wound healing. hBD-3 induces accumulation of neutrophils and macrophages in the early phase of
wound healing and reduction of these phagocytes in the latter phase, leading to regulation of inflammatory responses during the wound healing process. hBD-3 also
stimulates fibroblasts to migrate, proliferate and promote angiogenesis via activation FGFR/JAK2/STAT3 pathways.
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signaling pathways (3, 4, 6). Our study revealed that hBD-3
significantly increased FGFR1 phosphorylation and that
blocking this receptor with a specific inhibitor markedly
suppressed the secretion of angiogenic growth factors, cell
migration and proliferation in human fibroblasts.

The JAK/STAT pathway constitutes a major signaling
mechanism for various growth factors and cytokines in
mammals (63) and plays roles in processes such as cellular
proliferation, differentiation, immune regulation, inflammatory
response and angiogenesis (64, 65). Among the JAK members,
JAK1, 2, and 3 are broadly detected in various tissues and cells,
whereas TYK3 is only found in the bone marrow and lymph
system (63). After their activation, JAKs induce the
phosphorylation of STAT molecules. In this study, hBD-3
induced the phosphorylation of JAK2 but not that of JAK1
and JAK3 and enhanced the phosphorylation of STAT3 but not
that of STAT1. Among STAT members, STAT3 has been shown
to be important in wound healing through its ability to promote
angiogenesis under both physiological and pathological
conditions in addition to cell survival, proliferation, and
differentiation (66). In this study, the upstream cascade of the
JAK2/STAT3 pathway involved FGFR1, as evidenced by the
inhibitory effect of an FGFR inhibitor on JAK2 and STAT3
phosphorylation by hBD-3. This inhibitor also suppressed
fibroblast migration, proliferation, and secretion of angiogenic
growth factors. In a previous study, an association between FGFR
and STAT3 activation was demonstrated and was dependent on
JAK2 (67).

Following tissue injury, the wound site becomes hypoxic due
to the disruption of blood vessels. Hypoxia is a crucial moderator
of normal wound healing as it influences every wound healing
stage, from fibroblast proliferation to tissue growth and
remodeling (68). Therefore, a failure to respond to hypoxic
stimuli due to the deficiency of hypoxia-inducible factor (HIF)-
1a may lead to the formation of chronic wounds (68). Although
there is no direct evidence demonstrating hBD-3-induced
activation HIF-1a to accelerate wound healing, the findings
that major antimicrobial peptides such as defensins and
cathelicidins are downregulated in HIF-1a-deficient mice
suggest a correlation between antimicrobial peptides and HIF-
1a activation (69). Furthermore, the fact that hBD-3 activates the
nuclear factor-kappa B (NF-kB) pathway (70), which interacts
with HIF-1a pathway (71) further suggests possible contribution
of hBD-3 to HIF-1a activation.

In conclusion, the findings of our study suggest the
therapeutic effect of the skin-derived antimicrobial peptide
hBD-3 in wounds through its ability to promote wound
healing, angiogenesis, cell proliferation and migration in
Frontiers in Immunology | www.frontiersin.org 15
fibroblasts. The effects of hBD-3 on fibroblasts were mediated
via the FGFR1/JAK2/STAT3 signaling pathways.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Review Committee of Juntendo University, Juntendo University
Graduate School of Medicine.
AUTHOR CONTRIBUTIONS

MT and YU performed experiments and data analysis, and wrote
the manuscript. HY, JT-P, GP, LN, and RI assisted with data
acquisition and analyses. KO, HO, SI, and FN contributed to
conceptualization, methodology, and writing the manuscript. All
authors contributed to the article and approved the
submitted version.
FUNDING

Parts of the work presented here were supported by a Grant-in-
Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology, Japan (Grant
number: 21K08309 to FN) and by the Atopy (Allergy)
Research Center, Juntendo University, Tokyo, Japan.
ACKNOWLEDGMENTS

The authors wish to thank the members of Atopy (Allergy)
Research Center and Department of Dermatology and
Allergology for their comments and Michiyo Matsumoto for
secretarial assistance.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.712781/
full#supplementary-material
REFERENCES

1. Witte MB, Barbul A. General Principles of Wound Healing. Surg Clin North
Am (1997) 77(3):509–28. doi: 10.1016/s0039-6109(05)70566-1

2. Tombulturk FK, Soydas T, Sarac EY, Tuncdemir M, Coskunpinar E, Polat E,
et al. Regulation of MMP 2 and MMP 9 Expressions Modulated by AP-1 (C-
Jun) in Wound Healing: Improving Role of Lucilia Sericata in Diabetic Rats.
Acta Diabetol (2019) 56(2):177–86. doi: 10.1007/s00592-018-1237-5
3. Galiano RD, Tepper OM, Pelo CR, Bhatt KA, Callaghan M, Bastidas N, et al.
Topical Vascular Endothelial Growth Factor Accelerates Diabetic Wound
Healing Through Increased Angiogenesis and by Mobilizing and Recruiting
Bone Marrow-Derived Cells. Am J Pathol (2004) 164(6):1935–47.
doi: 10.1016/S0002-9440(10)63754-6

4. Qi M, Zhou Q, Zeng W, Wu L, Zhao S, Chen W, et al. Growth Factors in the
Pathogenesis of Diabetic Foot Ulcers. Front Biosci (Landmark Ed) (2018)
23:310–7. doi: 10.2741/4593
September 2021 | Volume 12 | Article 712781

https://www.frontiersin.org/articles/10.3389/fimmu.2021.712781/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.712781/full#supplementary-material
https://doi.org/10.1016/s0039-6109(05)70566-1
https://doi.org/10.1007/s00592-018-1237-5
https://doi.org/10.1016/S0002-9440(10)63754-6
https://doi.org/10.2741/4593
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Takahashi et al. Human b-Defensin-3 Promotes Wound Healing
5. Ishihara J, Ishihara A, Fukunaga K, Sasaki K, White MJV, Briquez PS, et al.
Laminin Heparin-Binding Peptides Bind to Several Growth Factors and
Enhance Diabetic Wound Healing. Nat Commun (2018) 9(1):2163.
doi: 10.1038/s41467-018-04525-w

6. Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. Growth
Factors and Cytokines in Wound Healing. Wound Repair Regener (2008) 16
(5):585–601. doi: 10.1111/j.1524-475X.2008.00410.x

7. Ghoreschi K, Laurence A, O'Shea JJ. Janus Kinases in Immune Cell Signaling.
Immunol Rev (2009) 228(1):273–87. doi: 10.1111/j.1600-065X.2008.00754.x

8. Jatiani SS, Baker SJ, Silverman LR, Reddy EP. Jak/STAT Pathways in Cytokine
Signaling and Myeloproliferative Disorders: Approaches for Targeted
Therapies . Genes Cancer (2010) 1(10) :979–93. doi : 10 .1177/
1947601910397187

9. Glosson NL, Bruns HA, Kaplan MH. Wheezing and Itching: The
Requirement for STAT Proteins in Allergic Inflammation. JAKSTAT (2012)
1(1):3–12. doi: 10.4161/jkst.19086

10. Verhoeven Y, Tilborghs S, Jacobs J, DeWaele J, Quatannens D, Deben C, et al.
The Potential and Controversy of Targeting STAT Family Members in
Cancer . Semin Cance r Bio l (2020) 60 :41–56 . do i : 10 .1016/
j.semcancer.2019.10.002

11. Jacobi J, Tam BY, Sundram U, von Degenfeld G, Blau HM, Kuo CJ, et al.
Discordant Effects of a Soluble VEGF Receptor on Wound Healing and
Angiogenesis. Gene Ther (2004) 11(3):302–9. doi: 10.1038/sj.gt.3302162

12. Stadelmann WK, Digenis AG, Tobin GR. Physiology and Healing Dynamics
of Chronic Cutaneous Wounds. Am J Surg (1998) 176(2A Suppl):26S–38S.
doi: 10.1016/s0002-9610(98)00183-4

13. Dinh T, Braunagel S, Rosenblum BI. Growth Factors in Wound Healing: The
Present and the Future? Clin Podiatr Med Surg (2015) 32(1):109–19.
doi: 10.1016/j.cpm.2014.09.010

14. Niyonsaba F, Kiatsurayanon C, Chieosilapatham P, Ogawa H. Friends or
Foes? Host Defense (Antimicrobial) Peptides and Proteins in Human Skin
Diseases. Exp Dermatol (2017) 26(11):989–98. doi: 10.1111/exd.13314

15. Niyonsaba F, Nagaoka I, Ogawa H, Okumura K. Multifunctional Antimicrobial
Proteins and Peptides: Natural Activators of Immune Systems. Curr Pharm Des
(2009) 15(21):2393–413. doi: 10.2174/138161209788682271

16. Niyonsaba F, Nagaoka I, Ogawa H. Human Defensins and Cathelicidins in the
Skin: Beyond Direct Antimicrobial Properties. Crit Rev Immunol (2006) 26
(6):545–76. doi: 10.1615/critrevimmunol.v26.i6.60

17. Niyonsaba F, Kiatsurayanon C, Ogawa H. The Role of Human Beta-Defensins
in Allergic Diseases. Clin Exp Allergy (2016) 46(12):1522–30. doi: 10.1111/
cea.12843

18. Mangoni ML, McDermott AM, Zasloff M. Antimicrobial Peptides and
Wound Healing: Biological and Therapeutic Considerations. Exp Dermatol
(2016) 25(3):167–73. doi: 10.1111/exd.12929

19. Niyonsaba F, Ushio H, Nakano N, Ng W, Sayama K, Hashimoto K, et al.
Antimicrobial Peptides Human Beta-Defensins Stimulate Epidermal
Keratinocyte Migration, Proliferation and Production of Proinflammatory
Cytokines and Chemokines. J Invest Dermatol (2007) 127(3):594–604.
doi: 10.1038/sj.jid.5700599

20. Otte JM, Werner I, Brand S, Chromik AM, Schmitz F, Kleine M, et al. Human
Beta Defensin 2 Promotes Intestinal Wound Healing In Vitro. J Cell Biochem
(2008) 104(6):2286–97. doi: 10.1002/jcb.21787

21. Sheng Q, Lv Z, Cai W, Song H, Qian L, Mu H, et al. Human Beta-Defensin-3
Promotes Intestinal Epithelial Cell Migration and Reduces the Development
of Necrotizing Enterocolitis in a Neonatal Rat Model. Pediatr Res (2014) 76
(3):269–79. doi: 10.1038/pr.2014.93

22. Baxter SA, Laibson PR. Punctal Plugs in the Management of Dry Eyes. Ocul
Surf (2004) 2(4):255–65. doi: 10.1016/s1542-0124(12)70113-1

23. Hinrichsen K, Podschun R, Schubert S, Schroder JM, Harder J, Proksch E.
Mouse Beta-Defensin-14, an Antimicrobial Ortholog of Human Beta-
Defensin-3. Antimicrob Agents Chemother (2008) 52(5):1876–9.
doi: 10.1128/AAC.01308-07

24. Sorensen OE, Thapa DR, Roupe KM, Valore EV, Sjobring U, Roberts AA,
et al. Injury-Induced Innate Immune Response in Human Skin Mediated by
Transactivation of the Epidermal Growth Factor Receptor. J Clin Invest (2006)
116(7):1878–85. doi: 10.1172/JCI28422

25. Wang PH, Huang BS, Horng HC, Yeh CC, Chen YJ. Wound Healing. J Chin
Med Assoc (2018) 81(2):94–101. doi: 10.1016/j.jcma.2017.11.002
Frontiers in Immunology | www.frontiersin.org 16
26. Erez N, Truitt M, Olson P, Arron ST, Hanahan D. Cancer-Associated
Fibroblasts are Activated in Incipient Neoplasia to Orchestrate Tumor-
Promoting Inflammation in an NF-kappaB-Dependent Manner. Cancer Cell
(2010) 17(2):135–47. doi: 10.1016/j.ccr.2009.12.041

27. Ishida Y, Gao JL, Murphy PM. Chemokine Receptor CX3CR1 Mediates Skin
Wound Healing by Promoting Macrophage and Fibroblast Accumulation and
Function. J Immunol (2008) 180(1):569–79. doi: 10.4049/jimmunol.180.1.569

28. Raggi F, Pelassa S, Pierobon D, Penco F, Gattorno M, Novelli F, et al.
Regulation of Human Macrophage M1-M2 Polarization Balance by
Hypoxia and the Triggering Receptor Expressed on Myeloid Cells-1. Front
Immunol (2017) 8:1097. doi: 10.3389/fimmu.2017.01097

29. Barros MH, Hauck F, Dreyer JH, Kempkes B, Niedobitek G. Macrophage
Polarisation: An Immunohistochemical Approach for Identifying M1 and M2
Macrophages. PloS One (2013) 8(11):e80908. doi: 10.1371/journal.pone.0080908

30. Hesketh M, Sahin KB, West ZE, Murray RZ. Macrophage Phenotypes
Regulate Scar Formation and Chronic Wound Healing. Int J Mol Sci (2017)
18(7):1545. doi: 10.3390/ijms18071545

31. Krzyszczyk P, Schloss R, Palmer A, Berthiaume F. The Role of Macrophages in
Acute and Chronic Wound Healing and Interventions to Promote Pro-
Wound Healing Phenotypes. Front Physiol (2018) 9:419. doi: 10.3389/
fphys.2018.00419

32. Akasaka Y, Ono I, Tominaga A, Ishikawa Y, Ito K, Suzuki T, et al. Basic
Fibroblast Growth Factor in an Artificial Dermis Promotes Apoptosis and
Inhibits Expression of Alpha-Smooth Muscle Actin, Leading to Reduction of
Wound Contraction. Wound Repair Regener (2007) 15(3):378–89.
doi: 10.1111/j.1524-475X.2007.00240.x

33. Ishiguro S, Akasaka Y, Kiguchi H, Suzuki T, Imaizumi R, Ishikawa Y, et al. Basic
Fibroblast Growth Factor Induces Down-Regulation of Alpha-Smooth Muscle
Actin and Reduction of Myofibroblast Areas in Open Skin Wounds. Wound
Repair Regener (2009) 17(4):617–25. doi: 10.1111/j.1524-475X.2009.00511.x

34. Tomasek JJ, McRae J, Owens GK, Haaksma CJ. Regulation of Alpha-Smooth
Muscle Actin Expression in Granulation Tissue Myofibroblasts is Dependent
on the Intronic CArG Element and the Transforming Growth Factor-Beta1
Control Element. Am J Pathol (2005) 166(5):1343–51. doi: 10.1016/s0002-
9440(10)62353-x

35. Caley MP, Martins VL, O'Toole EA. Metalloproteinases and Wound Healing.
Adv Wound Care (New Rochelle) (2015) 4(4):225–34. doi: 10.1089/
wound.2014.0581

36. Stetler-Stevenson WG. Matrix Metalloproteinases in Angiogenesis: A Moving
Target for Therapeutic Intervention. J Clin Invest (1999) 103(9):1237–41.
doi: 10.1172/JCI6870

37. Salo T, Makela M, Kylmaniemi M, Autioharmainen H, Larjava H. Expression
of Matrix Metalloproteinase-2 and Metalloproteinase-9 During Early Human
Wound-Healing. Lab Invest (1994) 70(2):176–82.

38. Czyz M. Fibroblast Growth Factor Receptor Signaling in Skin Cancers. Cells
(2019) 8(6):540. doi: 10.3390/cells8060540

39. Chen X, Niyonsaba F, Ushio H, Hara M, Yokoi H, Matsumoto K, et al.
Antimicrobial Peptides Human Beta-Defensin (hBD)-3 and hBD-4 Activate
Mast Cells and Increase Skin Vascular Permeability. Eur J Immunol (2007) 37
(2):434–44. doi: 10.1002/eji.200636379

40. Fang RC, Mustoe TA. Animal Models of Wound Healing: Utility in
Transgenic Mice. J Biomater Sci Polym Ed (2008) 19(8):989–1005.
doi: 10.1163/156856208784909327

41. Wang X, Ge J, Tredget EE, Wu Y. The Mouse Excisional Wound Splinting
Model, Including Applications for Stem Cell Transplantation. Nat Protoc
(2013) 8(2):302–9. doi: 10.1038/nprot.2013.002

42. Sorg H, Tilkorn DJ, Hager S, Hauser J, Mirastschijski U. Skin Wound Healing:
An Update on the Current Knowledge and Concepts. Eur Surg Res (2017) 58
(1-2):81–94. doi: 10.1159/000454919

43. Canedo-Dorantes L, Canedo-Ayala M. Skin Acute Wound Healing: A
Comprehensive Review. Int J Inflam (2019) 2019:3706315. doi: 10.1155/
2019/3706315

44. Marsolais D, Cote CH, Frenette J. Neutrophils and Macrophages Accumulate
Sequentially Following Achilles Tendon Injury. J Orthop Res (2001) 19
(6):1203–9. doi: 10.1016/S0736-0266(01)00031-6

45. Koh TJ, DiPietro LA. Inflammation and Wound Healing: The Role of the
Macrophage. Expert Rev Mol Med (2011) 13:e23. doi: 10.1017/
S1462399411001943
September 2021 | Volume 12 | Article 712781

https://doi.org/10.1038/s41467-018-04525-w
https://doi.org/10.1111/j.1524-475X.2008.00410.x
https://doi.org/10.1111/j.1600-065X.2008.00754.x
https://doi.org/10.1177/1947601910397187
https://doi.org/10.1177/1947601910397187
https://doi.org/10.4161/jkst.19086
https://doi.org/10.1016/j.semcancer.2019.10.002
https://doi.org/10.1016/j.semcancer.2019.10.002
https://doi.org/10.1038/sj.gt.3302162
https://doi.org/10.1016/s0002-9610(98)00183-4
https://doi.org/10.1016/j.cpm.2014.09.010
https://doi.org/10.1111/exd.13314
https://doi.org/10.2174/138161209788682271
https://doi.org/10.1615/critrevimmunol.v26.i6.60
https://doi.org/10.1111/cea.12843
https://doi.org/10.1111/cea.12843
https://doi.org/10.1111/exd.12929
https://doi.org/10.1038/sj.jid.5700599
https://doi.org/10.1002/jcb.21787
https://doi.org/10.1038/pr.2014.93
https://doi.org/10.1016/s1542-0124(12)70113-1
https://doi.org/10.1128/AAC.01308-07
https://doi.org/10.1172/JCI28422
https://doi.org/10.1016/j.jcma.2017.11.002
https://doi.org/10.1016/j.ccr.2009.12.041
https://doi.org/10.4049/jimmunol.180.1.569
https://doi.org/10.3389/fimmu.2017.01097
https://doi.org/10.1371/journal.pone.0080908
https://doi.org/10.3390/ijms18071545
https://doi.org/10.3389/fphys.2018.00419
https://doi.org/10.3389/fphys.2018.00419
https://doi.org/10.1111/j.1524-475X.2007.00240.x
https://doi.org/10.1111/j.1524-475X.2009.00511.x
https://doi.org/10.1016/s0002-9440(10)62353-x
https://doi.org/10.1016/s0002-9440(10)62353-x
https://doi.org/10.1089/wound.2014.0581
https://doi.org/10.1089/wound.2014.0581
https://doi.org/10.1172/JCI6870
https://doi.org/10.3390/cells8060540
https://doi.org/10.1002/eji.200636379
https://doi.org/10.1163/156856208784909327
https://doi.org/10.1038/nprot.2013.002
https://doi.org/10.1159/000454919
https://doi.org/10.1155/2019/3706315
https://doi.org/10.1155/2019/3706315
https://doi.org/10.1016/S0736-0266(01)00031-6
https://doi.org/10.1017/S1462399411001943
https://doi.org/10.1017/S1462399411001943
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Takahashi et al. Human b-Defensin-3 Promotes Wound Healing
46. Boniakowski AE, Kimball AS, Jacobs BN, Kunkel SL, Gallagher KA.
Macrophage-Mediated Inflammation in Normal and Diabetic Wound
Healing. J Immunol (2017) 199(1):17–24. doi: 10.4049/jimmunol.1700223

47. Loots MA, Lamme EN, Zeegelaar J, Mekkes JR, Bos JD, Middelkoop E.
Differences in Cellular Infiltrate and Extracellular Matrix of Chronic Diabetic
and Venous Ulcers Versus Acute Wounds. J Invest Dermatol (1998) 111
(5):850–7. doi: 10.1046/j.1523-1747.1998.00381.x

48. Davis FM, Kimball A, Boniakowski A, Gallagher K. Dysfunctional Wound
Healing in Diabetic Foot Ulcers: New Crossroads. Curr Diabetes Rep (2018) 18
(1):2. doi: 10.1007/s11892-018-0970-z

49. Sindrilaru A, Peters T, Wieschalka S, Baican C, Baican A, Peter H, et al. An
Unrestrained Proinflammatory M1 Macrophage Population Induced by Iron
Impairs Wound Healing in Humans and Mice. J Clin Invest (2011) 121
(3):985–97. doi: 10.1172/JCI44490

50. Yeh CJ, Chen CC, Leu YL, Lin MW, Chiu MM, Wang SH. The Effects of
Artocarpin on Wound Healing: In Vitro and In Vivo Studies. Sci Rep (2017) 7
(1):15599. doi: 10.1038/s41598-017-15876-7

51. NiyonsabaF,OgawaH,Nagaoka I.HumanBeta-Defensin-2FunctionsasaChemotactic
Agent for Tumour Necrosis Factor-Alpha-Treated Human Neutrophils.
Immunology (2004) 111(3):273–81. doi: 10.1111/j.0019-2805.2004.01816.x

52. Lyu J, Bian T, Chen B, Cui D, Li L, Gong L, et al. Beta-Defensin 3 Modulates
Macrophage Activation and Orientation During Acute Inflammatory
Response to Porphyromonas Gingivalis Lipopolysaccharide. Cytokine
(2017) 92:48–54. doi: 10.1016/j.cyto.2016.12.015

53. Konradi S, Yasmin N, Haslwanter D, Weber M, Gesslbauer B, Sixt M, et al.
Langerhans Cell Maturation is Accompanied by Induction of N-Cadherin and
the Transcriptional Regulators of Epithelial-Mesenchymal Transition ZEB1/2.
Eur J Immunol (2014) 44(2):553–60. doi: 10.1002/eji.201343681

54. Zielins ER, Atashroo DA, Maan ZN, Duscher D, Walmsley GG, Hu M, et al.
Wound Healing: An Update. Regener Med (2014) 9(6):817–30. doi: 10.2217/
rme.14.54

55. Bao P, Kodra A, Tomic-Canic M, Golinko MS, Ehrlich HP, Brem H. The Role
of Vascular Endothelial Growth Factor in Wound Healing. J Surg Res (2009)
153(2):347–58. doi: 10.1016/j.jss.2008.04.023

56. Chen X, Zhang M, Chen S, Wang X, Tian Z, Chen Y, et al. Peptide-Modified
Chitosan Hydrogels Accelerate Skin Wound Healing by Promoting Fibroblast
Proliferation, Migration, and Secretion. Cell Transplant (2017) 26(8):1331–40.
doi: 10.1177/0963689717721216

57. desJardins-Park HE, Foster DS, Longaker MT. Fibroblasts and Wound Healing:
An Update. Regener Med (2018) 13(5):491–5. doi: 10.2217/rme-2018-0073

58. Bauvois B. New Facets of Matrix Metalloproteinases MMP-2 and MMP-9 as
Cell Surface Transducers: Outside-in Signaling and Relationship to Tumor
Progression. Biochim Biophys Acta (2012) 1825(1):29–36. doi: 10.1016/
j.bbcan.2011.10.001

59. Kumar I, Staton CA, Cross SS, Reed MW, Brown NJ. Angiogenesis, Vascular
Endothelial Growth Factor and its Receptors in Human Surgical Wounds. Br J
Surg (2009) 96(12):1484–91. doi: 10.1002/bjs.6778

60. Steed DL. Clinical Evaluation of Recombinant Human Platelet-Derived
Growth Factor for the Treatment of Lower Extremity Ulcers. Plast Reconstr
Surg (2006) 117(7 Suppl):143S–149S; discussion 150S-151S. doi: 10.1097/
01.prs.0000222526.21512.4c

61. Makinen K, Manninen H, Hedman M, Matsi P, Mussalo H, Alhava E, et al.
Increased Vascularity Detected by Digital Subtraction Angiography After
Frontiers in Immunology | www.frontiersin.org 17
VEGF Gene Transfer to Human Lower Limb Artery: A Randomized, Placebo-
Controlled, Double-Blinded Phase II Study. Mol Ther (2002) 6(1):127–33.
doi: 10.1006/mthe.2002.0638

62. Hui Q, Jin Z, Li X, Liu C, Wang X. FGF Family: From Drug Development to
Clinical Application. Int J Mol Sci (2018) 19(7):1875. doi: 10.3390/
ijms19071875

63. Guo H, Zhou H, Lu J, Qu Y, Yu D, Tong Y. Vascular Endothelial Growth
Factor: An Attractive Target in the Treatment of Hypoxic/Ischemic Brain
Injury. Neural Regener Res (2016) 11(1):174–9. doi: 10.4103/1673-
5374.175067

64. Jere SW, Abrahamse H, Houreld NN. The JAK/STAT Signaling Pathway and
Photobiomodulation in ChronicWound Healing. Cytokine Growth Factor Rev
(2017) 38:73–9. doi: 10.1016/j.cytogfr.2017.10.001

65. Owen KL, Brockwell NK, Parker BS. JAK-STAT Signaling: A Double-Edged
Sword of Immune Regulation and Cancer Progression. Cancers (Basel) (2019)
11(12):2002. doi: 10.3390/cancers11122002

66. Chen Z, Han ZC. STAT3: A Critical Transcription Activator in Angiogenesis.
Med Res Rev (2008) 28(2):185–200. doi: 10.1002/med.20101

67. Dudka AA, Sweet SM, Heath JK. Signal Transducers and Activators of
Transcription-3 Binding to the Fibroblast Growth Factor Receptor Is
Activated by Receptor Amplification. Cancer Res (2010) 70(8):3391–401.
doi: 10.1158/0008-5472.CAN-09-3033

68. Hong WX, Hu MS, Esquivel M, Liang GY, Rennert RC, McArdle A, et al. The
Role of Hypoxia-Inducible Factor in Wound Healing. Adv Wound Care (New
Rochelle) (2014) 3(5):390–9. doi: 10.1089/wound.2013.0520

69. Berger EA, McClellan SA, Vistisen KS, Hazlett LD. HIF-1alpha is Essential for
Effective PMN Bacterial Killing, Antimicrobial Peptide Production and
Apoptosis in Pseudomonas Aeruginosa Keratitis. PloS Pathog (2013) 9(7):
e1003457. doi: 10.1371/journal.ppat.1003457

70. Funderburg N, Lederman MM, Feng Z, Drage MG, Jadlowsky J, Harding CV,
et al. Human -Defensin-3 Activates Professional Antigen-Presenting Cells via
Toll-Like Receptors 1 and 2. Proc Natl Acad Sci USA (2007) 104(47):18631–5.
doi: 10.1073/pnas.0702130104

71. D'Ignazio L, Bandarra D, Rocha S. NF-kappaB and HIF Crosstalk in Immune
Responses. FEBS J (2016) 283(3):413–24. doi: 10.1111/febs.13578

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Takahashi, Umehara, Yue, Trujillo-Paez, Peng, Nguyen, Ikutama,
Okumura, Ogawa, Ikeda and Niyonsaba. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
September 2021 | Volume 12 | Article 712781

https://doi.org/10.4049/jimmunol.1700223
https://doi.org/10.1046/j.1523-1747.1998.00381.x
https://doi.org/10.1007/s11892-018-0970-z
https://doi.org/10.1172/JCI44490
https://doi.org/10.1038/s41598-017-15876-7
https://doi.org/10.1111/j.0019-2805.2004.01816.x
https://doi.org/10.1016/j.cyto.2016.12.015
https://doi.org/10.1002/eji.201343681
https://doi.org/10.2217/rme.14.54
https://doi.org/10.2217/rme.14.54
https://doi.org/10.1016/j.jss.2008.04.023
https://doi.org/10.1177/0963689717721216
https://doi.org/10.2217/rme-2018-0073
https://doi.org/10.1016/j.bbcan.2011.10.001
https://doi.org/10.1016/j.bbcan.2011.10.001
https://doi.org/10.1002/bjs.6778
https://doi.org/10.1097/01.prs.0000222526.21512.4c
https://doi.org/10.1097/01.prs.0000222526.21512.4c
https://doi.org/10.1006/mthe.2002.0638
https://doi.org/10.3390/ijms19071875
https://doi.org/10.3390/ijms19071875
https://doi.org/10.4103/1673-5374.175067
https://doi.org/10.4103/1673-5374.175067
https://doi.org/10.1016/j.cytogfr.2017.10.001
https://doi.org/10.3390/cancers11122002
https://doi.org/10.1002/med.20101
https://doi.org/10.1158/0008-5472.CAN-09-3033
https://doi.org/10.1089/wound.2013.0520
https://doi.org/10.1371/journal.ppat.1003457
https://doi.org/10.1073/pnas.0702130104
https://doi.org/10.1111/febs.13578
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Antimicrobial Peptide Human β-Defensin-3 Accelerates Wound Healing by Promoting Angiogenesis, Cell Migration, and Proliferation Through the FGFR/JAK2/STAT3 Signaling Pathway
	Introduction
	Materials and Methods
	Reagents
	Animal Experiments
	Immunohistochemistry
	Cell Culture
	RNA Extraction and Real-Time PCR
	Enzyme-Linked Immunosorbent Assay
	Chemotaxis Assay
	In Vitro Scratching Assay
	Cell Proliferation Assay
	Western Blot
	Statistical Analysis

	Results
	hBD-3 Accelerates Wound Healing In Vivo
	hBD-3 Promotes Angiogenesis and Increases the Production of Angiogenic Growth Factors
	hBD-3 Initiates the Inflammatory Phase of Wound Healing and Decreases Inflammatory Responses
	hBD-3 Promotes Fibroblast Accumulation In Vivo and Migration and Proliferation In Vitro
	hBD-3 Induces the Production of Angiogenic Growth Factors and the Expression of MMP-2 by Human Fibroblasts
	Activation of FGFR Is Required for the hBD-3-Mediated Production of Angiogenic Growth Factors, Migration, and Proliferation in Fibroblasts
	hBD-3 Induces Phosphorylation of JAK2 and STAT3
	Both JAK2 and STAT3 Are Necessary for the hBD-3-Mediated Production of Angiogenic Growth Factors, Migration, and Proliferation in Fibroblasts

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


