1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 17 October 2019
doi: 10.3389/fimmu.2019.02421

OPEN ACCESS

Edited by:

Pedro A. Reche,
Complutense University of
Madrid, Spain

Reviewed by:

Rae Ritchie,

Cook Biotech, United States
Wayne Robert Thomas,

Telethon Kids Institute, University of
Western Australia, Australia

*Correspondence:
Wei Xu
xuweifd828@126.com
Lin Wei
weilin1005@126.com

*These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Vaccines and Molecular Therapeutics,
a section of the journal

Frontiers in Immunology

Received: 19 July 2019
Accepted: 27 September 2019
Published: 17 October 2019

Citation:

He X, Yang Y, Mu L, Zhou Y, Chen'Y;
Wu J, Wang Y, Yang H, Li M, Xu W
and Wei L (2019) A Frog-Derived
Immunomodulatory Peptide Promotes
Cutaneous Wound Healing by
Regulating Cellular Response.

Front. Immunol. 10:2421.

doi: 10.3389/fimmu.2019.02421

Check for
updates

A Frog-Derived Immunomodulatory
Peptide Promotes Cutaneous Wound
Healing by Regulating Cellular
Response

Xiaoqin He %', Yang Yang ', Lixian Mu®', Yandong Zhou'?, Yue Chen’, Jing Wu?,
Yipeng Wang*, Hailong Yang?, Min Li', Wei Xu™ and Lin Wei ™

" Jiangsu Key Laboratory of Infection and Immunity, Institutes of Biology and Medical Sciences, Soochow University, Suzhou,
China, 2 National Health Commission Key Laboratory of Parasitic Disease Control and Prevention, Jiangsu Provincial Key
Laboratory on Parasite and Vector Control Technology, Jiangsu Institute of Parasitic Diseases, Wuxi, China, ° School of Basic
Medical Sciences, Kunming Medical University, Kunming, China, * Department of Pharmaceutical Sciences, College of
Pharmaceutical Sciences, Soochow University, Suzhou, China

Wound healing-promoting peptides exhibit excellent therapeutic potential in regenerative
medicine. However, amphibian-derived wound healing-promoting peptides and their
mechanism of action remain to be further elucidated. We hereby characterized a
wound healing-promoting peptide, Ot-WHP, derived from Chinese concave-eared
frog Odorrana tormota. It efficiently promoted wound healing in a mouse model
of full-thickness wounds. Ot-WHP significantly increased the number of neutrophils
in wounds, and modestly promoted neutrophil phagocytosis and phorbol myristate
acetate (PMA)-induced neutrophil extracellular trap formation. Ot-WHP also significantly
increased the number of macrophages in wound sites, and directly induced chemokine,
cytokine and growth factor production in macrophages by activating mitogen-activated
protein kinases (MAPKs) and nuclear factor-kB (NF-kB) signaling pathways. Of
note, Ot-WHP did not act as a chemoattractant for neutrophils and macrophages,
suggesting its chemotactic activity depends on inducing chemoattractant production
in macrophages. Besides, Ot-WHP directly promoted keratinocyte migration by
enhancing integrin expression and cell adhesion. In addition, Ot-WHP significantly
enhanced the cross-talk between macrophages and keratinocytes/fibroblasts by
promoting keratinocyte/fibroblast proliferation, and fibroblast-to-myofibroblast transition
despite having no direct effects on keratinocyte/fibroblast proliferation, and fibroblast
differentiation. Collectively, Ot-WHP directly elicited the production of regulatory factors
in macrophages, consequently initiated and accelerated the inflammatory phase
by recruiting neutrophils and macrophages to wounds, and in turn enhanced the
cross-talk between macrophages and keratinocytes/fibroblasts, additionally promoted
keratinocyte migration, and finally promoted cutaneous wound healing. Our findings
provide a promising immunomodulator for acute wound management and new
clues for understanding the mechanism of action of amphibian-derived wound
healing-promoting peptides.
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INTRODUCTION

Skin acts as the outer barrier that is challenged by a series
of external stress factors, resulting in frequent cell and barrier
damage (1). After injury, wound healing is essential to restore
the integrity of the skin barrier (2). Although the restoration
of a functional epidermal barrier is highly efficient in normal
physiological conditions, the normal repair response will go awry
when the injured skin does not repair in a timely manner, and in
turn results in delayed healing, chronic wounds or abnormal scar
formation (1, 2). A neglected fact is that traumatic injury has been
one of the leading causes of mortality in many countries (1). In
addition to trauma, there are millions of surgical wounds created
in the course of routine medical care every year (3). In fact,
the number of patients who are suffering from impaired healing
conditions and chronic wounds is reaching epidemic proportions
and will become even more burdensome in both human health
and economic terms (3). Although a central concern of clinical
care has focused on facilitating the healing process in clinical
injuries, minimizing the aesthetic impact on the patient and
maximal restoration of tissue function, we still lack efficient
therapies for treating non-healing wounds, speeding up the repair
of non-healing wounds, and speeding up the repair of acute
wounds. Hence, there is a strong medical and social need to
improve therapeutic approaches for enhancing the endogenous
tissue regenerative capacity.

Cutaneous wound healing is a highly orchestrated biological
process, requiring the collaborative efforts of many different
cell types and cellular processes to achieve restoration of tissue
integrity (4, 5). Normal cutaneous wound repair is characterized
by distinct, yet overlapping phases of wound healing, termed
hemostasis, inflammation, proliferation, and remodeling (6,
7). Molecular and cellular mechanisms investigation indicates
that the spatiotemporal process of wound healing can be
arbitrarily divided into three stages, including early stage,
intermediate stage and late stage (1). Early stage includes
hemostasis, activation of keratinocytes and recruitment of
inflammatory cells. Intermediate stage involves proliferation and
migration of keratinocytes, proliferation of fibroblasts, matrix
deposition and angiogenesis. The late stage contains remodeling
of extracellular matrix, scar formation and restoration of
barrier (1, 2, 6, 8). The spatiotemporal process of wound
healing is tightly controlled by multiple cell types that secrete
numerous signaling molecules, such as cytokines, chemokines,
and growth factors, to achieve wound closure and functional
restoration of the skin barrier. All of these phases and signaling
molecules are potential therapeutic targets for modulating wound
healing progression. The past decade has witnessed some new
developments of various biological active therapeutic attempts,
including epidermal growth factor (EGF), fibroblast growth

Abbreviations: EGE, epidermal growth factor; FGF-2, fibroblast growth factor 2;
VEGE vascular endothelial growth factor; PDGE, platelet-derived growth factor;
KGF-1, keratinocyte growth factor-1; GM-CSE, granulocyte macrophage colony-
stimulating factor; G-CSE, granulocyte colony-stimulating factor; BMDMs, Bone
marrow-derived macrophages; H&E, hematoxylin and eosin; NETs, neutrophil
extracellular traps; ELISA, Enzyme-linked immunosorbent assay; PMA, phorbol
myristate acetate; a-SMA, a-smooth muscle actin.

factor 2 (FGF-2), vascular endothelial growth factor (VEGE),
platelet-derived growth factor (PDGF), keratinocyte growth
factor-1 (KGF-1), granulocyte macrophage colony-stimulating
factor (GM-CSF), and granulocyte colony-stimulating factor (G-
CSF) and so on (1, 9). However, therapies based on growth
factors have not yet been proven to be broadly effective in
clinical application (10). Notably, these growth factors are large
sizes that correspond to higher production cost which limit
their widespread use in clinical. Recently, immunomodulatory
peptides (also called wound healing-promoting peptides) with
small size and potent wound-healing-promoting activities are
becoming attractive candidates for treatment of wounds (11, 12).

Amphibian skins are effective natural barriers between the
organism and the environment. They play key roles in defense,
respiration, and water regulation (13). As an outer covering of the
body, amphibian skins are susceptible to biotic or abiotic injuries,
such as predation, parasitization, microorganism infection, and
physical harm, including aseptic wounds and radiation (13).
However, amphibians have a strong capacity to restore their skin
injuries with no post-operative care (14). They have evolved an
effective wound healing system including a variety of wound
healing peptides (14, 15). Although several amphibian-derived
wound healing-promoting peptides have been most recently
investigated (13-24), the mechanism of action of these wound
healing peptides, such as their effects on neutrophils, their
effects on the cross-talk between effector cells, and their direct
chemotactic effects on neutrophils and macrophages, remains to
be further elucidated.

The Chinese concave-eared frog Odorrana tormota (formerly
Amolops tormotus) is an arboreal, nocturnal frog that lives
near noisy streams in Huangshan Hot Springs, China (25-
29). Previous research primarily focused on the ultrasonic
communication between male and female O. formota during
reproduction (25-29), but no O. tormota-derived bioactive
peptides were investigated up until now. To find more
amphibian-derived wound healing peptides and further
understand their mechanism of action, the peptidomics of the
skin secretions of O. tormota and their effects on wound healing
were assayed in vivo and in vitro, and a O. tormota-derived
wound healing peptide, designated as Ot-WHP, was identified
from the skin of concave-eared frog. Ot-WHP showed potential
wound-healing-promoting activity in a mouse model of dermal
full-thickness wound. The effector cell types of Ot-WHP, the
direct or indirect effects of Ot-WHP on effector cells and the
effects of Ot-WHP on the crosstalk between different effector
cells were investigated. Our results suggest that Ot-WHP acts as
an efficient wound healing immunomodulator.

MATERIALS AND METHODS

Animals and Ethics Approval

Adult O. tormota (both sexes, n = 30) were collected from
Huangshan Hot Springs in Tangkou town (30°30’ N, 118°13’ E),
China. Frogs were housed in a plastic box (56.3cm x 42.5cm
x 32.3cm), supplemented with a little water, and fed with
mealworm larvae Tenebrio molitor. BALB/c mice (female, 18—
20 g) were purchased from Shanghai Slac Animal Co. Inc. and
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housed in a pathogen-free facility. Animal experiments were
performed in accordance with the Guide for the Care and Use
of Medical Laboratory Animals (Ministry of Health, People’s
Republic of China, 1998), and were approved by the Animal Care
and Use Committee as well as the Ethical Committee of Soochow
University (SYXK2017-0043).

Cells

Bone marrow-derived macrophages (BMDMs) were prepared
according to our previous method (30). BMDMs isolated from
the tibia and femur of BABL/c mice were cultured in RPMI 1640
medium with 2mM glutamine, 10 ng/ml M-CSF (PeproTech,
NJ, USA) for 5 days. Differentiated BMDMs were harvested and
re-plated for the experiment. Bone marrow-derived neutrophils
were prepared as described previously (31). Briefly, bone marrow
from BABL/c mice was harvested, rinsed with 5 ml PBS, filtered
through a cell strainer (70 micron), and centrifuged at 500
x g for 5min. A PBS diluted Percoll gradient with 72, 64,
and 54% layers was created, and the bone marrow-derived
neutrophils pellet was re-suspended in PBS and over-layered
onto this gradient. The Percoll gradient was centrifuged for
25 min at 950 x g. Neutrophils were collected from the 72%/64%
interface, and washed with ACK lysing buffer for 5 min, followed
by suspension in PBS and centrifuged at 500 x g for 5min.
Neutrophils were re-suspended in 5 ml RPMI 1640 supplemented
10% FBS for cell counts and experiment. THP-1 cells were
cultured in RPMI 1640 containing 5nM phorbol myristate
acetate (PMA, Sigma, USA) for 24 h, and cells were washed three
times with PBS after differentiation into macrophage-like cells
(32). Keratinocytes (HaCaT) were cultured in DMEM (Hyclone,
UT, USA). Fibroblasts from newborn BABL/c mouse skin were
isolated and preserved according to our previous paper (33),
and were cultured in DMEM (Hyclone, UT, USA). All cells
were supplemented with 10% FBS (Hyclone, UT, USA) and 100
U-100 pg/ml penicillin-streptomycin (GIBCO, USA), and were
cultured in a humidified incubator under 5% CO, at 37°C.

Synthetic Peptides

Synthetic peptides, including Ot-WHP, scrambled Ot-WHP and
AH90, were purchased from Synpeptide Co. Ltd. (Shanghai,
China), and analyzed by RP-HPLC and MALDI-TOF MS to
ensure that the purity was higher than 98%.

Isolation of Wound Healing-Promoting
Peptide Candidate

Frog skin secretions were collected as previously described
(34). Briefly, frogs were stimulated with anhydrous ether, and
skin secretions were collected, centrifuged, and lyophilized.
Lyophilized skin secretion sample was dissolved in 10 ml PBS
(0.1 M, pH 6.0, total absorption of 10 ml skin secretion solution
at OD280 is 520), and was centrifuged at 5,000 x g for 10 min.
The supernatant was applied to a Sephadex G-50 (Superfine,
Amersham Biosciences, 2.6 cm x 100 cm) gel filtration column,
and eluted with PBS (0.1 M, pH 6.0) at a flow rate of 3.0
ml/10 min. Absorbance of the eluted fractions was monitored
at 280 nm. Fractions with wound healing-promoting effect on
full-thickness wounds in mice were pooled, and applied to a

C18 reversed-phase high-performance liquid chromatography
column (RP-HPLC, 5 pm particle size, 110 A pore size, 250 mm
x 4.6 mm, Gemini, CA, USA) twice, using a linear gradient of
0-60% acetonitrile supplemented with 0.1% (v/v) trifluoroacetic
acid/water over 80 min. The eluted peptide (0.5 1) was spotted
onto a matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) plate with 0.5 pl a-cyano-4-hydroxycinnamic
acid matrix (10 mg/ml in 60% acetonitrile) to confirm its purity.
The purified peptide candidate was subjected to a pulsed liquid-
phase Shimadzu protein sequencer (PPSQ-31A; Shimadzu,
Kyoto, Japan), according to the manufacturer’s instruction.

cDNA Cloning

Total RNA extraction from the frog skin was performed
using RNeasy Protect Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer’s instruction. A SMART™ PCR
cDNA synthesis kit purchased from Clontech (Palo Alto,
CA) was then used to construct the skin ¢cDNA library,
producing a library containing approximately 3.1 x 10°
independent colonies. A PCR-based method was used to
clone and isolate the nucleotide sequence encoding Ot-WHP
from the ¢cDNA library (35). A sense primer (5 PCR primer,
5'-AAGCAGTGGTATCAACGCAGAGT-3/, provided by the
cDNA library construction kit), and an antisense primer (S1(5'-
CC(A/G)TG(A/C/G/T)GG(A/C/G/T)CC(A/C/G/IT)A(A/G)

(A/G)TCCCA-3/, designed from the amino acid sequence
of Ot-WHP determined by Edman degradation) were used
in the first step PCR reaction. The full length nucleotide
sequence was cloned using another sense primer (S2,
5-ATGTTCACCTTGAAGAAATTC-3/, designed from
the nucleotide sequence obtained by the first step PCR
reaction), and another antisense primer (3’ PCR primer, 5'-
ATTCTAGAGGCCGAGGCGGCCGACATG-3/, provided by
the cDNA library construction kit). PCR conditions were 2 min
at 95°C, followed by 25 cycles of 10s at 92°C, 30s at 52°C,
30s at 72°C, and concluded by 10 min extension at 72°C. The
PCR products were cloned into pPGEM-T Easy vector (Promega,
Madison, WI, USA), and positive clones were selected for DNA
sequencing performed by Genewiz Co. Ltd. (Suzhou, China).

Full-Thickness Wound Model in Mice

BABL/c mice (female, 18-20g, n = 6) were anesthetized with
2% sodium pentobarbital sodium (0.1 ml/20g body weight,
i.p.). After dorsal hairs were removed by an electric clipper, the
naked skin was cleaned with betadine, and a full-thickness skin
wound was created on the back of each mouse using an 8-
mm-diameter biopsy punch, then each postsurgical mouse was
caged individually until termination of the experiment (16, 18).
Peptide or EGF samples were dissolved in PBS. Each wound
was treated with vehicle (20 pl, PBS), synthetic Ot-WHP (20 pl,
200 pg/ml), natural Ot-WHP (20 w1, 200 pug/ml), scrambled Ot-
WHP (20 pl, 200 pg/ml), AH90 (20 1, 200 pug/ml), or EGF (20
ul, 100 pg/ml, epidermal growth factor) one time per day from
days 0 to 8, respectively. Wound area was monitored by taking
digital photographs at days 0, 2, 4, 6, and 8, and the wound area
was obtained from the photographs using PhotoShop (Adobe
Photoshop Element 2.0, Adobe Systems, San Jose, CA, USA). The
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wound healing rate of each wound at days 2, 4, 6, and 8 was the
wound area of day 2/day 0 x 100%, day 4/day 0 x 100%, day
6/day 0 x 100%, and day 8/day 0 x 100%, respectively.

Histology and Immunohistochemistry

At the indicated time points (days 0.5, 1, 2, 3, 4, 8) post injury,
mice (n = 6) were sacrificed, and biopsy of wounds including
healed tissues (about 8 mm in diameter) were taken, fixed in
10% formalin, dehydrated through an increasing concentration
of ethanol, cleared in xylene, followed by embedding in
paraffin wax. Biopsies were then sectioned into 5pm slices
using a histocut (Leica, RM2235, Germany) for hematoxylin
and eosin (H&E) staining and immunohistochemistry analysis,
respectively. All sections were deparaffinized and rehydrated.

For histological analysis, sections were stained with H&E. The
changes, including width of the wound and thickness of the
neoepithelium (NE) and granulation tissue (GT), were measured
by IPLab imaging software (BD Biosciences, Bedford, MA, USA).
A semi-quantitative score system was used to evaluate epidermal
regeneration of all slices (16, 36). In this system, a 3-point
scale (1, little; 2, moderate; 3, complete) was used to evaluate
epidermal regeneration.

For immunohistochemistry, after routinely dewaxing,
hydrating, rinsing and undergoing antigen repair, the sections
were incubated with 5% bovine serum albumin (BSA) in PBS
to block nonspecific binding of antibodies. Sections were then
incubated with primary antibodies containing rat anti-Ly6G and
anti-F4/80 (1:200, abcam, Cambridge, MA, USA), and rabbit
anti-a-SMA (1:1000, abcam, Cambridge, MA, USA) primary
antibody at 4°C overnight. Rat IgG (1:500) and rabbit IgG
(1:500) were served as isotype controls. The immunoreactivity
was visualized with a horseradish peroxidase-conjugated
secondary antibody and 3,3-diaminobenzidine tetrachloride
(DAB). Neutrophil or macrophage infiltration was evaluated by
counting the cells immunostained with anti-Ly6G and anti-F4/80
antibody, respectively.

For collagen deposition assay, sections were stained with
Masson’s trichrome stain kit following the manufacturer’s
instruction (Polysciences, Warrington, PA, USA).

Neutrophil Extracellular Traps (NETs) Assay
Neutrophil suspension (200 pl/well, 1 x 10° cells/ml) was seeded
into an 8 well-cover slip chamber in 2% FBS RPMI 1640. Peptide
was added at a final concentration of 25, 50, and 100 pg/ml, a
same volume of vehicle (PBS) served as negative control, and
PMA (100nM) served as positive control. After incubation for
4h at 37°C, nuclei and NETs were visualized by stained with
DAPI (Invitrogen, USA) or anti-Cit-H3, respectively. NETs were
observed using a confocal microscope (x60, Nikon, Japan) (37).

Phagocytosis Assay

Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC
25922) were cultured in Luria-Bertani broth at 37°C to
exponential phase, and preloaded with CFSE fluorescent dye
(10 mM, dissolved in PBS) at 37 °C for 30 min. After incubation
of bacteria with 1% paraformaldehyde in PBS at 37 °C for
1 h, bacteria were washed five times in fresh PBS. Neutrophils

were pre-incubated with Ot-WHP (25, 50, 100 pg/ml) or a same
volume of vehicle (PBS) for 1h, and then cultured with the
CFSE-labeled bacterial particles (multiplicity of infection=100)
for 1.5 h. Neutrophils were thoroughly washed with PBS, and the
extracellular fluorescence was quenched with 15 mg/ml trypan
blue in PBS. Neutrophils were analyzed by flow cytometry for
CFSE fluorescence (38).

Enzyme-Linked Immunosorbent Assay

(ELISA)

BMDMs (5 x 10° cells/well, in RPMI 1640, 2% FBS) were
seeded in 24-well plates, and incubated with vehicle (PBS) or
different concentrations of peptide (25, 50, 100 jLg/ml) for 24 h.
Supernatants were harvested and centrifuged at 10,000 x g for
10min for detecting chemokines (including CXCL1, CXCL2,
CXCL3, and CCL2), and cytokines (including TNF-a, IL-1B, IL-6,
and TGF-81).

Neutrophils (5 x 10° cells/well, in RPMI 1640, 2% FBS)
were seeded in 24-well plates, and incubated with vehicle (PBS)
or different concentrations of peptide (25, 50, 100 pg/ml) for
4h. Supernatants were harvested and centrifuged at 10,000 x g
for 10 min to detect chemokines (CXCL1, CXCL2, CCL2) and
cytokines (TNF-a and IL-18).

Homogenates of the biopsy of wounds (days 0, 0.5, 1, 2, 4,
and 6), including healed tissues (about 8 mm in diameter) from
6 mice, were prepared in 0.1 M PBS (containing 1 mM PMSE
1 ml/g tissue) by a glass homogenizer. The homogenates were
centrifuged at 12,000 x g for 30 min at 4°C. The supernatants
were collected for detecting the level of chemokines (CXCL1 and
CCL2) and cytokines (TNF-a and TGF-B1) in the wound sites.

All the chemokine and cytokine levels of different samples
were detected by ELISA Kkits (eBioscience, California, USA)
according to the kit instruction.

Western Blot Analysis

Effects of Ot-WHP on MAPKs, NF-«kB and Smad signal
pathways in BMDMs were assayed by using several specific
inhibitors and Western blot analysis. BMDMs (1x10° cells/ml,
2ml) were plated into a 6-well culture plate and transferred
to serum-free DMEM for a 16h incubation. For inhibitor
assay, BMDMs were pre-incubated with ERK inhibitor (U0126,
10 wM), JNK inhibitor (SP600125, 10wM), p38 inhibitor
(SB203580, 10 wM), NF-kB inhibitor (BAY11-7082, 2 uM), PI3K
inhibitor (LY294002, 10 uM) or a same volume of DMSO
for 1h, respectively, and then were stimulated with Ot-WHP
(100 pug/ml) or a same volume of vehicle (PBS) for 24 h. The levels
of CXCL1, CCL2, TNF-qa, and TGF-B1 in the culture medium
were detected by ELISA kits (eBioscience, USA). For MAPK and
NF-kB signaling assay, BMDMs were incubated with Ot-WHP
(0, 25, 50, 100 pg/ml) for 30 min or treated with 100 pg/ml Ot-
WHP for different time points (0, 5, 15, 30, 60 min). For Smad
signaling assay, BMDMs were incubated with Ot-WHP (0, 25, 50,
and 100 pg/ml) for 24 h, or incubated with Ot-WHP (100 g/ml)
for different time points (0, 6, 12, and 24 h). Considering that
Smad?2/3 signal pathways are dependent on TGF-f signal (39),
the effect of Ot-WHP (100 jLg/ml) on Smad signal pathways
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in BMDMs were also assayed in the presence or absence anti-
TGF-B1 antibody (10 pg/ml, abcam, USA). BMDMs were then
collected, centrifuged at 1000 x g for 5min, washed twice with
ice-cold PBS, and lysed with RIPA lysis buffer (Beyotime, China).
About 40 pg total protein was separated on a reducing SDS-
PAGE gel (12%) and transferred onto a polyvinylidene difluoride
(PVDF) membrane. The immunoblot was blocked with 5%
BSA (BD Biosciences) at room temperature for 3h, followed
by an overnight incubation with a primary antibody against
ERK, phosphorylated ERK, JNK, phosphorylated JNK, NF-kB
p65, phosphorylated NF-kB p65, phosphorylated IkBa, Smad2,
phosphorylated Smad2, Smad3, phosphorylated Smad3 and f-
actin (1:2,000, Cell Signaling Technology, Massachusetts, USA)
at 4°C. The signals were measured with secondary antibody
(1:5,000, Cell Signaling Technology, Massachusetts, USA) for 1 h
at room temperature using an enhanced chemiluminescence kit
(Tiangen Biotech, Beijing, China).

Neutrophil and Macrophage Migration

Assay

Neutrophils or BMDMs (7 x 10° cells/ml, 100 1), in RPMI 1640
supplemented with 2% FBS, were added to the 3.0-pm-pore-
size Transwell filters (the upper chamber) in a 24-well format,
and 500 pl of Ot-WHP (25, 50, 100 pug/ml, dissolved in 2%
FBS RPMI 1640 medium) or medium, was placed in the lower
chamber. After being cultured for 8 h at 37 °C, cells in the lower
chamber were collected and counted using a hemocytometer. The
increased cells in the lower chamber were the migrated cells.

For co-cultured system, BMDMs (4 x 10° cells/ml, 500 j.I)
were seeded to the lower chamber in RPMI 1640 supplemented
with 2% FBS. After BMDMs in the lower chamber were adhered
to the plate, neutrophils or BMDMs (7 x 10° cells/ml, 100 pl)
were added to the 3.0 wm-pore-size Transwell filters (the upper
chamber) in a 24-well format, and 500 pl of Ot-WHP (25, 50,
100 pg/ml, dissolved in 2% FBS RPMI 1640 medium) or medium,
was added to BMDMs in the lower chamber. After being cultured
for 8h at 37°C, cells in the upper chamber were collected and
counted using a hemocytometer. The reduced cells in the upper
chamber were the migrated cells (40).

Wound Healing Scratched Assay

HaCaT cells (1 x 10%/ml) were seeded into a 6-well plate and
grown to monolayer confluency. After serum starvation (DMEM
supplemented with 1% FBS) for 24h, the cell monolayer was
scratched with a sterile pipette tip to create a wound slit about
1 mm width. After washing twice with PBS to remove floating
cells, cells were then cultured for additional 48 h in a serum-free
basal medium in the presence of Ot-WHP (25, 50, 100 p.g/ml),
a same volume of vehicle (PBS, negative control), or AH90 (25,
50, 100 pg/ml, positive control). Mitomycin C (10 pg/ml) was
always included in the media to prevent cell proliferation. Images
of the wounded cell monolayers at 0, 24, and 48 h after scratch
wounding were obtained using a microscope (Olympus, Japan).
Image ] software (U.S. National Institutes of Health, Bethesda,
MD, USA) was used to calculate the repair rate of scarification,
which represented cell migration activity and was expressed as

the percentage of the gap relative to the total area of the cell-free
region immediately after scratch wounding (24).

Flow Cytometry Assay
For assaying the integrin subunits on surface of keratinocytes,
HaCaT cells (5x10° cells/well, 6-well plate) were incubated
with Ot-WHP (100 wg/ml) or 2% BSA in PBS for 30min,
and washed three times with PBS. The cells were incubated
with PE-conjugated anti-B1 (CD29, cat number, 303003) or
isotype control (mouse IgGl, cat number, 400111), anti-a3
(CD49c, cat number, 343803) or isotype control (mouse 1gGl,
cat number, 400111), anti-a5 (CD49e, cat number, 328009) or
isotype control (Mouse IgG2b, cat number, 400311), anti-a6
(CD49f, cat number, 313611) isotype control (Rat IgG2a, cat
number, 400507) antibodies (BioLegend) for 30 min at 4°C. After
incubation, HaCaT cells were washed with PBS three times (24).
All the prepared cells were re-suspended in PBS, assayed on a
FACScalibur flow cytometer, and analyzed by Cell Quest software
(BD Immunocytometry).

Cell Adhesion Assay

Fibronectin (20 pg/ml), laminin (20 pg/ml), or BSA (2%,
control) were dissolved in PBS and pre-coated on 96-well
plates. After treatment with Ot-WHP (25, 50, 100 pg/ml) or
vehicle (PBS) overnight, HaCaT cells were seeded in the pre-
coated plates at a density of 5 x 10° cells per well. After
incubation at 37°C for 60 min, the cells were washed with PBS,
and the adherent cells were left. Then the cells were fixed
in 4% paraformaldehyde and washed twice with PBS, stained
with crystal violet for 10 min, washed twice with PBS, and
lysed with 2% SDS. Absorbance at 490 nm was measured on a
microplate reader (BioTek, Vermont, USA). Background values
(binding to BSA) were subtracted, and the number of adherent
cells with vehicle treatment was arbitrary determined as 100%
adhesion (24).

Cell Proliferation Assay

Cells were seeded (5 x 10 cells/well, 100 pwl/well) in 96-well
plates, and incubated with Ot-WHP (25, 50, and 100 pg/ml)
or the same volume of vehicle (PBS) for 24h (BMDMs, THP-
1, keratinocytes) or 72h (fibroblasts), respectively. Then cell
counting kit-8 (CCK-8) solution (10 1) was added to each well
to incubate at 37°C for further 2-4 h. The absorbance at 450 nm
was measured on a microplate reader (BioTek, Vermont, USA).

Co-culture of Macrophages With
Keratinocytes/Fibroblasts

Keratinocytes or fibroblasts were co-cultured with macrophages
as described previously (33). Human keratinocytes (HaCaT,
1 x 10° cells/well) were co-cultured with THP-1-derived
macrophages (1 x 10° cells/well), and mouse skin-derived
fibroblasts (1 x 10° cells/well) were co-cultured with BMDMs
(1 x 10° cells/well), respectively. Keratinocytes or fibroblasts
were seeded in the lower chamber (24-well plates). After culture
for 24h at 37°C, keratinocytes/fibroblasts were adhered to the
culture plates. Macrophages or the same volume of medium (100
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FIGURE 1 | The nucleotide sequence encoding Ot-WHP precursor (A), the deduced amino acid sequence (A) and alignment of Ot-WHP with AH90 (B). The
sequence of mature peptide is underline, and line segment (-) indicates stop codon. The identical sites (*) and conserved sites (:) were indicated in the multiple
alignment of Ot-WHP with an Odorrana graham-derived wound healing-promoting peptide (AH90).

pl) were added to the upper chamber of the transwell inserts. Ot-
WHP (25, 50, 100 jLg/ml) or a same volume of vehicle (PBS) was
added to the upper chamber. Keratinocytes and fibroblasts were
co-cultured with macrophages for 24 and 72 h, respectively. After
co-culture, macrophages in the upper chambers were discarded,
and the cell proliferation of keratinocytes/fibroblasts in the lower
chamber was assayed using CCK-8 kit, the accumulation of
collagen in the medium of fibroblasts was quantified by an
ELISA kit (Shanghai Yuanye Bio-Technology, China), and the
expression of a-SMA in fibroblasts was detected by Western
blot as mentioned above. A primary anti-a-SMA (1:2,000, Cell
Signaling Technology, Massachusetts, USA) antibody was used
for Western blot analysis.

Statistical Analysis

Statistical analysis was performed using Student’s ¢-tests or one-
way ANOVA provided by GraphPad Prism software (GraphPad
Software Inc., La Jolla, CA, USA). Data were presented as mean +
standard deviation from three independent experiments. p < 0.05
was considered as a statistically significant difference between
the groups.

RESULTS

A Wound Healing-Promoting Peptide,
Ot-WHP, Was Isolated From the Skin of O.

tormotus

To isolate O. tormotus-derived wound healing-promoting
peptides, the skin secretions were first separated by Sephadex G-
50 gel filtration as shown in Figure S1A. The fraction containing
wound healing-promoting activity in cutaneous wounds of mice

(indicated by an arrow) was subjected to a C18 RP-HPLC
column twice over (Figures S1B,C). The purified wound healing-
promoting peptide (named Ot-WHP) was subjected to mass
spectrometry (MS) analysis and had an observed molecular
weight of 2666.12 Da, which matched well with the theoretical
molecular weight of 2666.19 Da. The amino acid sequence of Ot-
WHP was composed of 24 amino acid residues and determined
as ATAWDLGPHGIRPLRPIRIRPLCG by Edman degradation.
The complete nucleotide sequence (GenBank accession number,
MK431780) that encoded the precursor of Ot-WHP was cloned
from the skin cDNA library and contained 342 base pairs
(Figure 1A). The precursor of Ot-WHP was composed of 74
amino acid residues (Figure 1A). The amino acid sequence of
the deduced mature Ot-WHP is consistent with that obtained
by Edman degradation (Figure 1). Blast search indicated that the
naturally occurring Ot-WHP is a small peptide with different
amino acid sequences as compared to other amphibian-derived
wound healing-promoting peptides described previously. In
addition, Ot-WHP shows 83.3% sequence identity with an
Odorrana graham-derived wound healing-promoting peptide
(AHO90, Figure 1B) (24), implying that Ot-WHP probably has
wound-healing promoting potential.

Ot-WHP Efficiently Accelerated the Healing

of Full-Thickness Wounds in Mice

A mouse model of full-thickness wounds was used to identify
and evaluate Ot-WHP in vivo. As shown in Figure?2, Ot-
WHP treatment (both synthetic Ot-WHP and natural Ot-WHP,
20 pl/wound/day, 200 pg/ml) significantly accelerated the full-
thickness wound repair in mice as compared to vehicle (PBS)
treatment. At days 2, 4, 6, and 8, the wound healing rates

Frontiers in Immunology | www.frontiersin.org

October 2019 | Volume 10 | Article 2421


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

He et al.

An Amphibian-Derived Wound Healing-Promoting Peptide

Day 0

Day 2

Day 4

Day 6

Day 8

Percent of wound healing (%)

Percent of wound healing (%)

© > WD L
SIS &5 &
NS NS
o o

FIGURE 2 | Topical application of Ot-WHP accelerated the healing of full-thickness wounds in mice. (A) Photos of wounds. (B) Wound healing rates. Peptide or EGF
samples were dissolved in PBS. Each wound was treated with vehicle (20 i, PBS), synthetic Ot-WHP (20 wl, 200 pg/ml), natural Ot-WHP (20 wl, 200 pg/ml),
scrambled Ot-WHP (20 pl, 200 pg/ml), AH90 (20 pl, 200 wg/ml), or EGF (20 pl, 100 wg/ml, epidermal growth factor) one time per day from days O to 8, respectively.
Wound area was monitored by taking digital photographs at days 0, 2, 4, 6, and 8, and the wound area was calculated from the photographs using PhotoShop
(Adobe Photoshop Element 2.0, Adobe Systems, San Jose, CA, USA). The wound healing rate of each wound at days 2, 4, 6, and 8 was calculated form the wound
area of day 2/day 0 x 100%, day 4/day O x 100%, day 6/day O x 100%, and day 8/day O x 100%, respectively. ns, no significance, *p < 0.01, **p < 0.001.

Day 2 = Day 4
120 oo B b1 —
ns = —
100 —= S 100{ —=
<=
T 80
§ 60
Z 40
é 20
§ 0
& '\0\0 S S YgSQ é‘
F & &
ESRS 060
X
9 &
Day 6 Day 8
*k Y L2
ns 1200 —= =

Percent of wound healing (%)
o]
(=1

SESS&S S
EQEROEN

observed in synthetic Ot-WHP treated mice were 67.7, 81.5,
84.8, and 88.5%, and the wound healing rates observed in
natural Ot-WHP-treated mice were 67.2, 79.7, 85.8, and 87.5%,
respectively. Both synthetic Ot-WHP and natural Ot-WHP
showed comparable wound healing-promoting capacity to AH90
(a positive control, peptide) (24) and EGF (a positive control,
epidermal growth factor) in a mouse model of dermal full-
thickness wounds. Whereas, scrambled Ot-WHP (an isotype
control, peptide) did not show any wound healing-promoting
effect, which indicated the specific effect of Ot-WHP on wound
healing. In addition, no adverse effects on the body health
or behavior of the mice were found in any group after the
topical treatment.

Histopathological study showed that Ot-WHP treatment
improved the epidermal regeneration, promoted the granulation
tissue formation and formed thinner epidermal layers in mice,
as compared to vehicle treatment (Figure3). At day 4 post
injury, vehicle (PBS)-treated wounds had severe edema with
many swelling endothelial cells, while Ot-WHP-treated wounds
exhibited fragmentary epidermal tissues and well-formed
granulation tissues. At day 8 post injury, Ot-WHP-treated

wounds showed a more complete epidermal regeneration and
thicker granulation tissue to vehicle-treated group. Additionally,
the thinner epithelium observed in Ot-WHP-treated group
indicated that no epithelial hyperproliferation was induced by
Ot-WHP treatment.

Ot-WHP Enhanced the Recruitment of

Neutrophils to Wound Sites in Mice
Neutrophils arrive first within a few minutes in the inflammatory
phase after injury, which constitutes the first step in wound
healing and is essential for efficient tissue repair (41, 42). To see
if amphibian-derived wound healing peptide acts on neutrophils
during wound healing, we first investigated the effect of Ot-WHP
on neutrophil infiltration in the wound sites of mice. As shown in
Figure 4, Ot-WHP treatment significantly enhanced neutrophil
infiltration in the wound sites as compared to vehicle (PBS)
treatment. At days 0.5 and 1, neutrophil infiltration in Ot-WHP-
treated wounds increased by 95.5 and 84.1%, respectively. The
data indicated that Ot-WHP efhiciently enhanced the recruitment
of neutrophils to the wound sites of mice.
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FIGURE 3 | Histopathological study of the effects of Ot-WHP on the healing of full-thickness wounds in mice. (A) Each wound in BABL/c mice (n = 6) was treated
with vehicle (PBS, 20 pl/wound/day), Ot-WHP (20 wl/wound/day, 200 pg/ml), or EGF (20 I, 100 wg/ml, positive control), and wounds were taken at days 4 and 8
post injury and stained with H&E (Es, eschar; GT, granulation tissue; NE, neo-epithelium). (B) Histological scores of epidermis regeneration, epidermal thickness and

granulation thickness of the wound tissue sections. *p < 0.05, **p < 0.01.

Ot-WHP Modestly Promoted Neutrophil
Phagocytosis and PMA-Induced Neutrophil

Extracellular Trap Formation

The infiltrated neutrophils initiate debridement of cell debris
and pathogens in the wounds (41, 42). We hence detected
the effect of Ot-WHP on neutrophil phagocytosis and NET
formation. As shown in Figure 5A, Ot-WHP modestly promoted
in vitro phagocytosis of fluorescently labeled S. aureus and E.
coli by neutrophils in a dose dependent manner. Neutrophil
extracellular traps (NETs) are extremely critical for clearing
off cell debris and microbes in wounds (42). We next
investigated the effect of Ot-WHP on NET formation. As
shown in Figure 5B, PMA (100 nM, positive control) treatment
markedly induced NET formation in neutrophils, while Ot-WHP
treatment had no significant effects on NETs formation at a
concentration up to 100 pg/ml. However, Ot-WHP (50 pLg/ml)
could modestly promote PMA-induced NET formation. The
data implied that Ot-WHP possibly enhanced NET formation
upon cell debris or pathogen stimulation, despite having no
direct effect on NET formation. The infiltrated neutrophils also
secreted pro-inflammatory cytokines that serve to activate local
fibroblasts and keratinocytes (41). We also investigated whether
Ot-WHP induced cytokine as well as chemokine production in
neutrophils. As shown in Figure S2, Ot-WHP did not induce

the production of any of the tested cytokines nor chemokines by
neutrophils at a concentration up to 100 pg/ml.

Ot-WHP Promoted the Recruitment of

Macrophages to Wounds

At the inflammatory phase of wound healing, macrophages
constitute another important infiltrated immune cell type
after neutrophil infiltration (42). We were then interested to
investigate whether Ot-WHP affected macrophage infiltration.
As shown in Figure 6, a large number of macrophages were
recruited to wound sites at days 2 and 3 post injury, and Ot-WHP
treatment significantly enhanced the recruitment of macrophages
to the wound sites as compared to vehicle (PBS) treatment.
At days 2 and 3, macrophages recruited to Ot-WHP-treated
wounds were increased by 94.6 and 99.1%, respectively. This
suggested that Ot-WHP efficiently enhanced the recruitment of
macrophages to wound sites.

Ot-WHP Directly Induced the Production of
Chemokines, Cytokines and Growth Factor
in BMDMs and Wound Sites

To understand how Ot-WHP enhanced the recruitment of

neutrophils and macrophages to wound sites, we tested
whether Ot-WHP could induce the production of chemokines
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FIGURE 4 | Ot-WHP increased the numbers of neutrophils in wounds. (A) Images of wound sections stained with anti-mouse Ly6G. (B) Number of neutrophils per
microscopic field. Each wound in BABL/c mice (n = 6) was treated with vehicle (PBS, 20 wl/wound/day), Ot-WHP (20 pl/wound/day, 200 wg/ml), or EGF (20 i,
100 pg/ml, positive control), and wounds were taken at days 0.5 and 1 post injury. The biopsy of wounds including healed tissues (about 8 mm in diameter) were
embedded in paraffin wax, sectioned and incubated with rat anti-mouse Ly6G antibody, number of neutrophils (Ly6G+ cells, indicated by arrows) per microscopic
field in a 40 x objective were calculated by Image J from three random fields of each wound from 6 mice. ns, no significance, *p < 0.05.

and cytokines in mouse bone marrow-derived macrophages
(BMDMs). As shown in Figure 7A, Ot-WHP significantly
induced the chemokine and cytokine production in mouse
BMDMs in a dose-dependent manner. At a concentration of
100 pg/ml, CXCL1, CXCL2, CXCL3, CCL2, TNF-qa, IL-1f, and
IL-6 levels in the supernatant of Ot-WHP-treated BMDMs
were increased by 2.5, 2.2, 0.8, 3.1, 5.3, 0.4, and 12.2-folds as
compared to vehicle (PBS)-treated BMDMs. A similar result
was observed in vivo, Ot-WHP treatment also significantly
enhanced the chemokine and cytokine production in wound
sites relative to vehicle (PBS) treatment (Figure 7B). Ot-WHP
treatment significantly enhanced CXCL1, CCL2 production
in wound sites at days 0.5, 1, 2, and 4 post injury, and
significantly enhanced TNF-a production in wound sites at
days 2 and 4 post injury. The data suggested that Ot-WHP
directly activated macrophages and significantly enhanced the
production of chemokines and cytokines both in vitro and in
vivo, which in turn efficiently promoted the recruitment of
neutrophils and macrophages to wound sites. In addition, Ot-
WHP treatment also significantly up-regulated the production
of TGF-f1 in BMDMs and wound sites (Figure 7), which is a
critical growth factor for the healing of acute cutaneous wounds.
TGF-B1 production level in BMDMs was increased by 1.1-fold

following Ot-WHP (100 pg/ml) treatment relative to vehicle
(PBS) treatment (p < 0.001), and TGF-B1 production levels in
wound sites were increased by 0.9, 0.7, and 0.6-fold at days 1, 2,
and 4 post injury, following Ot-WHP treatment relative to vehicle
(PBS) treatment, respectively (p < 0.5).

Ot-WHP Did Not Act as a Chemoattractant

for Neutrophils and Macrophages

Given the increase in neutrophils and macrophages at the wound
site, we were interested to test whether Ot-WHP could directly
induce neutrophil and macrophage migration. As shown in
Figures 8A,B, Ot-WHP had no direct effect on neutrophil and
macrophage migration. It suggested that Ot-WHP did not act as
a chemoattractant for neutrophils and macrophages. As observed
above, Ot-WHP directly induced the production of chemokines
as well as cytokines in macrophages. We next tested the effect
of Ot-WHP on neutrophil and macrophage migration in the
presence macrophages. As shown in Figures 8C,D, Ot-WHP
significantly enhanced neutrophil and macrophage migration in
a dose-dependent manner in the presence of macrophages. At
a concentration of 100 pg/ml, Ot-WHP induced about 3.51 x
10° neutrophil migration and 2.25 x 10° macrophage migration
in the co-cultured system. In combination with the chemokine
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FIGURE 5 | Ot-WHP modestly promoted neutrophil phagocytosis and PMA-induced neutrophil extracellular trap formation. (A) Ot-WHP (25, 50, 100 g/ml) modestly
promoted neutrophil phagocytosis against S. aureus and E. coli. Neutrophils were pre-incubated with peptide or vehicle (PBS) for 1 h, and CFSE-labeled bacterial
particles were added and incubated for 1.5 h. (B) Effect of Ot-WHP on NET formation. Neutrophils were incubated with vehicle (PBS), Ot-WHP (25, 50, 100 wg/ml),
PMA (100 nM), or PMA (100 nM) 4+ Ot-WHP (50 ng/ml) at 37°C for 4 h, respectively. Nuclei and NETs were stained with DAPI (blue) or anti-Cit-H3 (green), respectively.
NETs were observed using a confocal microscope (x60, Nikon, Japan). The average of 3 independent experiments is shown. ns, no significance, “p < 0.05,

and cytokine-inducing capacity of the peptide, we can conclude
that Ot-WHP enhanced neutrophil and macrophage migration
via inducing chemoattractant production in macrophages.

Ot-WHP Directly Activated MAPKs and
NF-kB Signaling Pathways in BMDMs

To investigate the downstream signaling pathways involved
in the immunomodulatory activity of the peptide, chemical
inhibitor of MAPKSs, NF-kB, or PI3K was co-cultured with Ot-
WHP in BMDMs, respectively, and the production levels of
CXCL1, CCL2, TNF-a, and TGF-B1 were tested. As shown
in Figure 9A, the addition of chemical inhibitor of MAPKs

or NF-kB significantly blocked the production of CXCLI,
CCL2, TNF-a, and TGF-f1 in Ot-WHP-stimulated BMDMs. In
contrast, inhibition of PI3K did not have a significant effect
on Ot-WHP activity. Activation of MAPK and NF-kB signaling
pathways by Ot-WHP were further confirmed by western blot
(Figures 9B-D). Ot-WHP significantly induced the activation
(phosphorylation) of MAPKs (ERK, JNK and p38 subgroups)
and NF-kB (IkBa and p65 subgroups) in a dose-dependent
manner. For instance, the phosphorylation levels of ERK1, ERK2,
JNK1, JNK2, p38, IkBa, and p65 were increased by 9.3, 8.8,
91.5, 11.1, 1.9, 3.3, and 20.7 folds after treatment of 50 pg/ml
Ot-WHP relative to vehicle (PBS) treatment, respectively. The
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FIGURE 6 | Ot-WHP increased the numbers of macrophages in wounds. (A) Images of wound sections stained with anti-mouse F4/80. (B) Number of macrophages
per microscopic field. Each wound in BABL/c mice (n = 6) was treated with vehicle (PBS, 20 wl/wound/day), Ot-WHP (20 wl/wound/day, 200 wg/ml) or EGF (20 pl,
100 pg/ml, positive control), and wounds were taken at days 2 and 3 post injury. The biopsy of wounds including healed tissues (about 8 mm in diameter) were
embedded in paraffin wax, sectioned and incubated with rat anti-mouse F4/80 antibody, number of macrophages (F4/80+ cells, indicated by arrows) per microscopic
field in a 40 x objective were calculated by Image J from three random fields of each wound from 6 mice. ns, no significance, *p < 0.05.

data suggested that MAPKs (ERK and JNK subgroups) and NF-  used to neutralize TGF-B1 in Ot-WHP-stimulated (100 jLg/ml)
kB (IxBa and p65 subgroups) were involved in Ot-WHP-induced =~ BMDMs. After the addition of TGF-p1 antibody (10 pug/ml),
chemokine, cytokine and growth factor production in BMDMs. Ot-WHP-induced Smad signaling activation in BMDMs was

completely blocked even incubation for 24 h (Figure 10C). This
Ot-WHP Activated TGF-B-Dependent Smad  suggested that Ot-WHP markedly activated the downstream
Signaling Pathway in BMDMs TGF-p signaling, Smad2 and Smad3, in BMDMs via inducing

Smad family proteins, including Smad2 and Smad3, are TGE-p1 production.

essential components of downstream TGF-f signaling, and key _ . . .
modulators of TGF-$ signaling (39, 43). As mentioned above, Ot-WHP Directly Enhanced the Mlgratlon

Ot-WHP significantly elicited the production of TGF-B1 in of Keratinocytes by Promoting Integrin
BMDMs. We next detected whether Ot-WHP activated the EXpression and Cell Adhesion

downstream of TGF- signaling. As shown in Figure 10A, Ot-  The data above suggested neutrophils and macrophages
WHP significantly induced the activation (phosphorylation) of  constituted two important effector cell types of Ot-WHP. In
Smad2 and Smad3 in a dose-dependent manner in BMDMs  addition, keratinocytes and fibroblasts are also critical cell
after incubation for 24 h. The time-course of Ot-WHP-induced  types in wound healing. Herein, we were interested in whether
Smad signaling activation was also assayed. As illustrated in  keratinocytes and fibroblasts were effector cells of Ot-WHP in
Figure 10B, Ot-WHP (100 pg/ml) did not induce the activation =~ wound healing. We first detected the direct effect of Ot-WHP
of Smad signaling pathway in BMDMs at 6 h after the addition =~ on HaCaT cell proliferation. As illustrated in Figure 11A,
of Ot-WHP (100 prg/ml), while the activation of Smad signaling ~ Ot-WHP did not have any effect on HaCaT cell proliferation
pathway in BMDMs appeared at 12 h and was further enhanced  at a concentration up to 100 pg/ml. We next detected its effect
at 24h after the addition of Ot-WHP (100 pg/ml). Ot-WHP  on keratinocyte cell migration, which is the most critical factor
could not cause a rapid activation of Smad signaling pathway, in promoting re-epithelialization and accelerating the wound
which implied that Ot-WHP-induced Smad signaling activation  closure (24). An in vitro cell scratch assay indicated that Ot-WHP
in BMDMs might be dependent on TGF-B1 secretion. In order (50 pg/ml) significantly promoted keratinocyte migration as
to prove this speculation, TGF-p1 antibody (10g/ml) was  compared to vehicle (PBS)-treated keratinocytes (Figure 11B).
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FIGURE 7 | Ot-WHP induced chemokine and cytokine production in mouse BMDMs and wound sites. (A) After treatment for 24 h, Ot-WHP (25, 50, 100 pg/ml)
induced chemokine (CXCL1, CXCL2, CXCL3, and CCL2) and cytokine (TNF-a, IL-18, IL-6, and TGF-B1) production in BMDMs in a dose-dependent manner.
(B) Ot-WHP regulated chemokine (CXCL1 and CCL2) and cytokine (TNF-a) and transforming growth factor (TGF-B1) production in wound sites at indicated time
points post injury. A same volume of vehicle (PBS) served as control. The biopsy of wound including healed tissues (about 8 mm in diameter) from each mouse (n = 6)
was taken at days 0, 0.5, 1, 2, 4, and 6, and was ground into homogenate in 0.1 M PBS (containing 1 mM PMSF, 1 ml/g tissue) by a glass homogenizer. The levels of
cytokine and chemokine in the culture medium of BMDMs and the supernatant of wound homogenates were quantified by ELISA. The average of 3 independent
experiments is shown. ns, no significance, *p < 0.05, *p < 0.01, **p < 0.001.

At 24 and 48h post scratch, the HaCaT cell migration rates
of the scarification induced by Ot-WHP were 61.6 and 90.8%,
while those induced by vehicle (PBS) were just 37.5 and 59.6%,
and the migration rates induced by Ot-WHP were comparable
to those induced by AH90 (a positive control, peptide). The
data suggested that Ot-WHP acted directly on keratinocytes by
promoting keratinocyte migration.

Integrins are heterodimeric transmembrane proteins
consisting of an a and a f subunit that play crucial roles in cell-
cell and cell-matrix interaction, which regulate cell adhesion and
cell spreading, as well as migration, proliferation, differentiation
and remodeling of the extracellular matrix (43). The expression
profile of integrins on wound margin of keratinocytes changes
after wounding, which is characterized by suprabasal integrin
expression and induction of specific integrins (24). In order to
understand the mechanism of HaCaT cell migration induced
by Ot-WHP, the effects of Ot-WHP (50 ug/ml) on expression
of integrins (including f1, a3, a5, and a6) at the surface of
keratinocytes were assayed. As illustrated in Figure 11C, the
expressions of a5 and a6 integrins on the cell surface were
up-regulated in Ot-WHP-treated keratinocytes, whereas those
of B1 and &3 subunits had no significant changes. The ligands
of integrins that contain a5 or a6 are a5p1, a6f1, and a6p4,

of which a5p1 is fibronectin, a6f1, and a6f4 are laminin
(43, 44). Fibronectin and laminin primarily act as cell-matrix
interaction (45). Since Ot-WHP up-regulated the expression of
a5 and a6 integrins, adhesion assays on fibronectin and laminin
were investigated. As a result, adhesions of Ot-WHP-treated
keratinocytes to fibronectin and laminin were significantly
up-regulated (Figure 11D). At concentrations of 25, 50, and
100 pg/ml, the cell adhesion to fibronectin was increased
by 50.8, 61.4, and 74.3%, and the cell adhesion to laminin
was increased by 16.3, 27.9, and 42.6% following Ot-WHP
treatment, respectively. The result confirmed the capacity of
Ot-WHP to up-regulate the expressions of a5 or a6 subunit.
These results indicated that Ot-WHP directly enhanced the
migration of keratinocytes by promoting integrin expression and
cell adhesion.

Ot-WHP Indirectly Induced
Fibroblast-to-Myofibroblast Transition and
Collagen Production in Mouse Wound Sites
To see if fibroblasts were effector cells of Ot-WHP, the
direct effect of Ot-WHP on fibroblast cell proliferation was
tested. As shown in Figure 12A, Ot-WHP did not have any
effect on fibroblast cell proliferation at concentrations up to
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100 jug/ml. Fibroblasts differentiate into a contractile phenotype, ~Ot-WHP Enhanced the Cross-Talk Between
myofibroblasts, which is activated by many growth factors and Macrophages and
cytokines in the wound sites, and fibroblast-to-myofibroblast Keratinocytes/Fibroblasts
transition is critical for wound contraction in cutaneous oy o fol ndi mplex requiring the cross-talk
. ) S g of skin wound is a complex requiring the cross-ta

wound healing (46-48). Fibroblast-to-myofibroblast transition is £ 1t including kinds of recruited inflammat

of many cell types, including s of recruite ammatory
characterized by the expression of a-smooth muscle actin (a- cells, and resident keratinocytes and fibroblasts (5). To
SMA). As shown in Figure 12B, Ot- WHP treatment significantly  jpyegtigate whether Ot-WHP enhanced the cross-talk between
up-regulated the deposition of collagen from fibroblasts in the macrophages and keratinocytes/fibroblasts and to further
wound sites at day 8 relative to vehicle (PBS) treatment, and  yjderstand how Ot-WHP induced fibroblast-to-myofibroblast
collagen-positive area in Ot-WHP-treated wounds was increased  transition in mouse wound sites, keratinocytes or fibroblasts
by 1.7-folds. In accordance with the collagen deposition, Ot-  yere co-cultured with macrophages in the presence or absence
WHP treatment significantly up-regulated the expression of @-  ,f Ot-WHP. As shown in Figure 13C, the co-culture of
SMA in mouse cutaneous wound sites at day 8 as compared keratinocytes with macrophages did not induce a significant
to vehicle (PBS) treatment, and a-SMA-positive area in Ot-  proliferation of keratinocytes relative to cells without co-
WHP-treated wounds was increased by 1.2-folds (Figure 12C).  cylture with macrophages, while the addition of Ot-WHP
We next investigated whether Ot-WHP directly induced  significantly induced the proliferation of keratinocytes in a
a-SMA expression and collagen deposition in fibroblasts.  dose-dependent manner. After the addition of 25, 50, and
As shown in Figures 13A,B, Ot-WHP had no significant 100 ug/ml of Ot-WHP, the proliferation of keratinocytes was
effect on collagen deposition and «-SMA expression in  increased by 12.0, 26.2, and 41.1%, respectively. A similar result
fibroblasts without co-culture of BMDMs. The results suggested ~ was observed in fibroblasts, and the proliferation of fibroblasts
that Ot-WHP efficiently promoted fibroblast-to-myofibroblast ~ was increased by 5.0, 16.3, and 27.7% followed by co-culture
transition and collagen production in mouse wound sites in an  with macrophages in the presence of 25, 50, and 100 pg/ml
indirect manner. of Ot-WHP, respectively (Figure 13D). Similar results were
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&

also observed in a-SMA expression and collagen deposition
in fibroblasts followed by co-culture with macrophages in the
presence of Ot-WHP. As shown in Figures 13E,F, the co-culture
of fibroblasts with macrophages did not induce a significant
collagen deposition and a-SMA expression in fibroblasts relative
to cells without co-culture of macrophages, while the addition
of Ot-WHP significantly induced the collagen deposition and
a-SMA expression in fibroblasts in a dose-dependent manner.
After the addition of 25, 50, and 100pg/ml of Ot-WHP,
collagen deposition was increased by 10.5, 24.7, and 32.5%,
and a-SMA expression was increased by 19.8, 36.7, and 66.5%,
respectively. In combination with the data that Ot-WHP
showed no direct effects on keratinocyte and fibroblast cell
proliferation (Figures 11A, 12A), and showed no direct effects
on collagen deposition and a-SMA expression in fibroblasts
(Figures 13A,B), which suggested that Ot-WHP promoted the
proliferation of keratinocytes and fibroblasts, collagen deposition
and a-SMA expression in fibroblasts via activating macrophages.
These results indicated that Ot-WHP significantly enhanced the
crosstalk between macrophages and keratinocytes/fibroblasts,

DISCUSSION

Wound healing is a cascade of events including inflammation,
new tissue formation, and tissue remodeling (5, 49). After
injury, inflammatory cells recruit to the wound site. Neutrophils
arrive first within a few minutes, followed by monocytes and
lymphocytes (49). The chemokines, cytokines, and growth factors
secreted by inflammatory cells initiate the inflammatory phase
of wound repair. Then keratinocytes and dermal fibroblasts
migrate and proliferate at the wound edge. Furthermore, wound
fibroblasts acquire a contractile phenotype and transform into
myofibroblasts, a cell type which plays a major role in wound
contraction. Before collagen matrix formation, granulation
tissue acts as wound connective tissue. Theoretically speaking,
regulation of inflammation, new tissue formation, and tissue
remodeling are effective ways to promote wound healing.
Up until now, wound healing therapies are mainly based on
growth factors, which are large sizes that correspond to higher
production cost and hardly generate an excellent prognosis in
clinical application (10). Recently, immunomodulatory peptides

which in turn efficiently promoted wound closure ~ With small molecular weight comprise a kind of excellent
in mice. candidates for wound healing therapy (11, 12).
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Over the past few decades, bioactive components especially
bioactive peptides have been extensively studied in amphibian
skin secretions (15, 50, 51). These peptides include antimicrobial
peptides, opioid peptides, corticotropin-releasing peptides,
angiotensins, protease inhibitor peptides, neuropeptides,
antioxidant peptides, lectins, insulin-releasing peptides, wound-
healing peptides, and immunomodulatory peptides and so on.
They are stored in skin granular glands and can be released in
high concentrations into skin secretions when frog is stressed
or injured. The Chinese concave-eared frog O. tormota is an
arboreal, nocturnal species living in the mountain area. Although
O. tormota live in a harsh survival environment, their skin is
still maintained in a healthy and balanced state, which implies
that they have developed an effective defense system, including
producing bioactive peptides. However, all the studies about O.
tormota just focused on the investigation of the unique ultrasonic
communication between male and female frogs (25-29), but
there was no information about O. tormota-derived bioactive
peptides. Considering their complicated habitats and the good
condition of their skin, we presume that they have developed
the capacity to regenerate and heal rapidly. As expected, we
identified a bioactive peptide (Ot-WHP) with efficient wound
healing-promoting activity derived from the skin of O. tormota.

In addition to Ot-WHP, a total of nine wound healing-
promoting peptides have been characterized from amphibians
(16-24). However, the mechanism of action of these peptides,
including their effects on neutrophils, the direct effects or indirect
effects of the peptides on effector cells (neutrophils, macrophages,
keratinocytes and fibroblasts) and the effects of these peptides

on the cross-talk between the effector cells, remained unclear
(16-24). Therefore, it is still worth to further investigating the
mechanism of action of Ot-WHP, which can provide new insights
of amphibian-derived wound healing-promoting peptides.

Previous studies did not investigate the effect of amphibian-
derived wound healing peptides on neutrophils in wound
healing. In our study, Ot-WHP significantly increased the
numbers of neutrophils in wound site at days 0.5 and 1 post
injury (Figure 4). Neutrophils are a type of inflammatory cells
which are the first to arrive to wound sites, clear off cell
debris and invading pathogens, and secrete cytokines to serve
local keratinocytes and fibroblasts (52). Our findings suggested
that Ot-WHP modestly promoted neutrophil phagocytosis and
PMA-induced NET formation, while Ot-WHP did not directly
induce NET formation nor chemokine/cytokine production in
neutrophils (Figure 5).

In addition, the macrophages play a critical regulatory role in
the healing process, especially during the inflammatory phase,
including initiation and the resolution of inflammatory processes
(53). In the inflammatory phase of wound repair, macrophages
produced several kinds of chemokines, cytokines and growth
factors (53). Tissue macrophages do expand in wound healing,
which critically modulates injury vs. healing (54). Although
skin-resident macrophages are heterogeneous (55), BMDMs
comprise an important type of macrophage, which are recruited
to wounds and contribute to wound repair (56). As an excellent
model to study various mechanisms in a primary cell culture,
BMDMs were selected to investigate the effects of Ot-WHP
on macrophages in our study, which at least partly reveals the
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FIGURE 11 | Ot-WHP enhanced the migration of keratinocytes by promoting cell adhesion and integrin expression. (A) Ot-WHP (25, 50, 100 wg/ml) had no
significant effect on keratinocyte (HaCaT) proliferation. (B) Ot-WHP (50 pg/ml) enhanced the migration of keratinocytes (HaCaT). AH90 (100 pwg/ml) served as positive
control. (C) Effect of Ot-WHP (50 j.g/ml) on the expression of integrin 1, a3, a5, and a6 subunit on cell keratinocyte (HaCaT) surface. The expression levels of integrin
subunits were assayed by flow cytometry, and quantified by fold change. (D) Ot-WHP (25, 50, 100 g/ml) promoted keratinocyte (HaCaT) cell adhesion to laminin

(20 wg/ml) or fibronectin (20 wg/ml). A same volume of vehicle (PBS) served as control for each experiment. The average of 3 independent experiments is shown. ns,
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regulatory effects of Ot-WHP on macrophages in wound healing.
Our data indicated that Ot-WHP significantly increased the
number of macrophages in wound sites at days 2 and 3 post
injury (Figure 6); and Ot-WHP directly enhanced the production
of chemokines, cytokines, and growth factor in mouse BMDMs
and mouse wound sites (Figure 7); and Ot-WHP exerted these
regulatory effects on BMDMs via activating MAPKs, NF-
kB, and Smad signaling pathways. These findings were also
described in previous reports of amphibian-derived wound
healing peptides.

Previous studies confirmed that amphibian-derived wound
healing peptides increased the numbers of inflammatory
cells (macrophages) in wounds. However, these studies did
not investigate whether these peptides could directly induce
neutrophil and macrophage migration. In our study, we
confirmed that Ot-WHP could not act as a chemoattractant
for neutrophils and macrophages, despite the increase in
neutrophils and macrophages at the wounds by Ot-WHP.
Interestingly, Ot-WHP markedly enhanced neutrophil and
macrophage migration in the presence of macrophages
(Figures 8B,D), suggesting that the chemotactic activity of
Ot-WHP depends on inducing chemoattractant production
in macrophages.

As mentioned above, Ot-WHP directly induced the
production of regulatory factors in macrophages, which
implied that Ot-WHP possibly activated macrophages at the first
moment post injury, consequently strengthened the interplay
between different types of effector cells in wound healing,
and finally promoted wound healing. As expected, Ot-WHP
significantly enhanced the proliferation of keratinocytes or
fibroblasts, and significantly promoted o-SMA and collagen
deposition in fibroblasts in the co-culture of macrophages
(Figure 13), indicating that Ot-WHP efficiently promoted
the cross-talk between macrophages and keratinocytes or
fibroblasts. This finding is a novel advancement of the effects
of amphibian-derived wound healing peptides on the crosstalk
between different effector cell types.

If neutrophils and macrophages constantly infiltrate, it
will lead to the over-expression of chemokines, cytokines,
growth factors and proteases (i.e., matrix metalloproteases 2,
8, and 9), and in turn result in sustained inflammation and
chronic wounds (57-59). Ot-WHP significantly enhanced the
recruitment of neutrophils to wound sites on days 0.5 and 1 post
injury (Figure4), and significantly enhanced the recruitment
of macrophages to wound sites on days 2 and 3 post injury
(Figure 6). Nevertheless, neutrophil recruitment enhanced by
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FIGURE 12 | Ot-WHP significantly promoted collagen deposition and fibroblast-to-myofibroblast transition in wounds. (A) Ot-WHP (25, 50, 100 wg/ml) had no
significant effect on the proliferation of fibroblasts (isolated from newborn mouse skin). (B) Histological assessment of collagen deposition in wound sites.

(C) Histological analysis of the expression of a-SMA in wound sites by immunohistochemistry. Each wound in BABL/c mice (n = 6) was treated with vehicle (PBS, 20
pl/wound/day), Ot-WHP (20 wl/wound/day, 200 pg/ml) or EGF (20 pl, 100 wg/ml, positive control), and biopsy of wounds including healed tissues (about 8 mm in
diameter) were taken at day 8 post injury. After the wound tissues were embedded in paraffin wax and sectioned into 5 wm slices, the slices were stained with Masson
Trichrome for collagen deposition assay, or incubated with rat anti-mouse a-SMA antibody. Blue-stained (collagen-positive) area or brown-stained («-SMA-positive)
area from each section was determined using color-based thresholding by Image J. Three microscopic fields in a 10 x objective of each section were randomly
selected, and percent of positive area was calculated from the wound sections from 6 mice. The average of 3 independent experiments is shown. ns, no significance,
< 0.01, **p < 0.001.

Ot-WHP at day 1 showed a declining trend relative to day 0.5  TGF-B-dependent Smad signaling pathway in macrophages; and
(Figure 4). Meanwhile, the chemokines, cytokines and growth  both enhanced the migration of keratinocytes by promoting
factors induced by Ot-WHP in wound sites also decreased at days  cell adhesion and integrin expression. In addition, Ot-WHP
4 and 6 post injury (Figure 7). Most importantly, the wounds  increased the numbers of neutrophils in wound sites and
that received Ot-WHP treatment showed a better prognosis as  promoted neutrophil phagocytosis and PMA-induced neutrophil
compared to vehicle-treated wounds. Therefore, it is more likely  extracellular trap formation; Ot-WHP increased the numbers of
that Ot-WHP efliciently promoted wound healing by initiating ~ macrophages and the production of regulatory factors in wound
and accelerating the inflammation in early inflammatory  sites; Ot-WHP did not act as a chemoattractant for neutrophils
phase rather than by prolonging inflammatory phase, which ~ or BMDM:s alone, but it was chemotactic to neutrophils and
highlights the potential of Ot-WHP for management of acute ~ BMDMs in co-culture with macrophages; Ot-WHP promoted
wound healing. fibroblast-to-myofibroblast transition and collagen deposition
Ot-WHP shows some sequence overlap with AH90 (about in wound sites; Ot-WHP enhanced the cross-talk between
83% identity). Accordingly, we hypothesize that Ot-WHP  macrophages and keratinocytes/fibroblasts. These findings were
probably exhibits some similar mechanisms to Ot-WHP  not investigated in AH90, which provided new insights into
in wound healing. As expected, several findings about the  the mechanism of action of amphibian-derived wound healing-
mechanism of Ot-WHP in wound healing are confirmatory of =~ promoting peptides.
those of AH90. These confirmatory findings include: they both Compared to EGE Ot-WHP exhibited a unique mechanism
induced the production of regulatory factors in macrophages via  in promoting wound healing. Ot-WHP recruited more
activating MAPKs and NF-k B signaling pathways; both activated ~ neutrophils and macrophages to wounds via eliciting the
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FIGURE 13 | Ot-WHP had no significant effect on collagen production (A) and a-SMA expression (B) in fibroblasts without co-culture of macrophages, but it
enhanced keratinocyte (C) and fibroblast (D) proliferation, and collagen production (E) and a-SMA expression (F) in fibroblasts in co-culture with macrophages.

(A,B) Fibroblasts were isolated from newborn mice. After the addition of Ot-WHP (25, 50, 100 wg/ml) or vehicle (PBS) for 72 h, collagen accumulation in the culture
medium of fibroblasts (A) and a-SMA expression in fibroblasts (B) were determined by ELISA and Western blot, respectively. (C-F) Keratinocytes (HaCaT, in the lower
chamber) were co-cultured with THP-1 derived macrophages (in the upper chamber) for 24 h. Fibroblasts (in the lower chamber) isolated from newborn mice skin
were co-cultured with mouse BMDMs (in the upper chamber) for 72 h. Ot-WHP (25, 50, 100 wg/ml) or vehicle (PBS) were added to macrophages in the upper
chamber. After co-culture, macrophages in the upper chamber were discarded, and viable cells in the lower chamber were determined by a CCK-8 kit. The levels of
collagen accumulation in the supernatant and a-SMA expression in fibroblasts in the lower chamber of the co-cultured system were determined by ELISA and
Western blot, respectively. The average of 3 independent experiments is shown. ns, no significance, *p < 0.05, “*p < 0.01.

production of regulatory factors in macrophages, which  or fibroblast differentiation. However, Ot-WHP significantly
resulted in the initiation and acceleration of the inflammatory =~ promoted keratinocyte proliferation, fibroblast proliferation, and
phase. In addition, Ot-WHP promoted the proliferation  fibroblast differentiation in the presence of macrophages,
of keratinocytes and fibroblasts, and collagen deposition  which indicated that Ot-WHP enhanced the cross-talk
and o-SMA expression in fibroblasts via enhancing the between macrophages and keratinocytes/fibroblasts. Our
crosstalk between macrophages and keratinocytes/fibroblasts. ~ results provided new insight into the mechanism of action
Whereas, EGF did not affect the inflammatory phase in the of amphibian-derived wound healing peptide and provided
process of wound healing. But EGF directly promoted the @ potential peptide immunomodulator for acute wound
proliferation of keratinocytes and fibroblasts in vitro (Figure $3) healing therapy.
(60, 61), and collagen deposition and a-SMA expression in
wounds (62).

In conclusion, an O. tormota-derived peptide, Ot-WHP, DATA AVAILABILITY STATEMENT
efficiently promoted cutaneous wound healing in mice. Ot-WHP
initiated and accelerated the inflammatory phase by recruiting
neutrophils and macrophages to wound sites post injury.
Ot-WHP modestly regulated neutrophil phagocytosis, and
directly acted on macrophages by inducing the production of
chemokines, cytokines, and growth factor. Besides, keratinocytes ETHICS STATEMENT
and fibroblasts constituted another two important effector cell
types of Ot-WHP. Ot-WHP directly promoted keratinocyte  The animal study was reviewed and approved by Animal

migration by up-regulating of integrin expression, but it had  Care and Use Committee as well as the Ethical Committee of
no direct effect on keratinocyte or fibroblast proliferation,  Soochow University.

The datasets generated for this study can be found in the
GenBank accession number, MK431780 (https://www.ncbi.nlm.
nih.gov/nuccore/MK431780).

Frontiers in Immunology | www.frontiersin.org 18 October 2019 | Volume 10 | Article 2421


https://www.ncbi.nlm.nih.gov/nuccore/MK431780
https://www.ncbi.nlm.nih.gov/nuccore/MK431780
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

He et al.

An Amphibian-Derived Wound Healing-Promoting Peptide

AUTHOR CONTRIBUTIONS

XH, YY, LM, and YZ contributed to experimental studies and
data analysis. YC and JW contributed to the data analysis. XH
and LW wrote the manuscript. YW, HY, and ML played a
major role in animal experiments. WX and LW contributed
to financial support and gave final approval for publication of
the manuscript.

FUNDING

Project funded by National Natural Science Foundation
of China (31870868, 81603080, 81673401, 81560581,

REFERENCES

1. Eming SA, Martin P, Tomic-Canic M. Wound repair and regeneration:
mechanisms, signaling, and translation. Sci Translat Med. (2014) 6:265sr6.
doi: 10.1126/scitranslmed.3009337

2. Greaves NS, Ashcroft KJ, Baguneid M, Bayat A. Current understanding
of molecular and cellular mechanisms in fibroplasia and angiogenesis
during acute wound healing. ] Dermatol Sci. (2013) 72:206-17.
doi: 10.1016/j.jdermsci.2013.07.008

3. Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, Hunt TK, et al.
Human skin wounds: a major and snowballing threat to public
health and the economy. Wound Repair Regen. (2009) 17:763-71.
doi: 10.1111/j.1524-475X.2009.00543.x

4. Minutti CM, Knipper JA, Allen JE, Zaiss DM. Tissue-specific contribution
of macrophages to wound healing. Semin Cell Dev Biol. (2017) 61:3-11.
doi: 10.1016/j.semcdb.2016.08.006

5. Martin P. Wound healing-aiming for perfect skin regeneration. Science.
(1997) 276:75-81. doi: 10.1126/science.276.5309.75

6. Bielefeld KA, Amini-Nik S, Alman BA. Cutaneous wound healing: recruiting
developmental pathways for regeneration. Cell Mol Life Sci. (2013) 70:2059-
81. doi: 10.1007/s00018-012-1152-9

7. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and
regeneration. Nature. (2008) 453:314-21. doi: 10.1038/nature07039

8. Singer AJ, Clark RA. Cutaneous wound healing. N Engl ] Med. (1999) 341:738—
46. doi: 10.1056/NEJM199909023411006

9. Brown GL, Nanney LB, Griffen ], Cramer AB, Yancey JM, Curtsinger
L), III, et al. Enhancement of wound healing by topical treatment
with epidermal growth factor. N Engl ] Med. (1989) 321:76-9.
doi: 10.1056/NEJM198907133210203

10. Julier Z, Park AJ, Briquez PS, Martino MM. Promoting tissue regeneration
by modulating the immune system. Acta Biomater. (2017) 53:13-28.
doi: 10.1016/j.actbio.2017.01.056

11. Hancock RE, Haney EF, Gill EE. The immunology of host defence
peptides: beyond antimicrobial activity. Nat Rev Immunol. (2016) 16:321-34.
doi: 10.1038/nri.2016.29

SC, Pena
front-line immunomodulators.
doi: 10.1016/}.it.2014.07.004

13. Clarke BT. The natural history of amphibian skin secretions, their normal
functioning and potential medical applications. Biol Rev Cambr Philos Soc.
(1997) 72:365-79. doi: 10.1017/S0006323197005045

14. Cannon M. Antimicrobial peptides. A family of wound healers. Nature. (1987)
328:478. doi: 10.1038/329494c0

15. Xu X, Lai R. The chemistry and biological activities of peptides
from amphibian skin Chem Rev. (2015) 115:1760-846.
doi: 10.1021/cr4006704

16. Mu L, Tang J, Liu H, Shen C, Rong M, Zhang Z, et al. A potential wound-
healing-promoting peptide from salamander skin. FASEB J. (2014) 28:3919-
29. doi: 10.1096/1j.13-248476

defense
(2014)

OM, Hancock RE. Host
Trends Immunol.

12. Mansour peptides:

35:443-50.

secretions.

81802023), Jiangsu Provincial Innovative Research Team,

Priority ~Academic Program Development of Jiangsu
Higher Education Institutions, Program for Changjiang
Scholars and Innovative Research Team in University

(PCSIRTIRT1075), and Natural Science Foundation of Yunnan
Province (2017FB136).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.02421/full#supplementary-material

17. Cao X, Wang Y, Wu C, Li X, Fu Z, Yang M, et al. Cathelicidin-OA1, a novel
antioxidant peptide identified from an amphibian, accelerates skin wound
healing. Sci Rep. (2018) 8:943. doi: 10.1038/s41598-018-33558-w

18. Liu H, Duan Z, Tang J, Lv Q, Rong M, Lai R. A short peptide from
frog skin accelerates diabetic wound healing. FEBS J. (2014) 281:4633-43.
doi: 10.1111/febs.12968

19. WuJ, Yang J, Wang X, Wei L, Mi K, Shen Y, et al. A frog cathelicidin peptide
effectively promotes cutaneous wound healing in mice. Biochem J. (2018)
475:2785-99. doi: 10.1042/BCJ20180286

20. Tang J, Liu H, Gao C, Mu L, Yang S, Rong M, et al. A small peptide with
potential ability to promote wound healing. PLoS ONE. (2014) 9:¢92082.
doi: 10.1371/journal.pone.0092082

21. Bian W, Meng B, Li X, Wang S, Cao X, Liu N, et al. OA-GL21, a novel bioactive
peptide from Odorrana andersonii, accelerated the healing of skin wounds. Bio
Rep. (2018) 38:BSR20180215. doi: 10.1042/BSR20180215

22. Di Grazia A, Cappiello F, Imanishi A, Mastrofrancesco A, Picardo M, Paus
R, et al. The frog skin-derived antimicrobial peptide esculentin-1a(1-21)NH2
promotes the migration of human HaCaT keratinocytes in an EGF receptor-
dependent manner: a novel promoter of human skin wound healing? PLoS
ONE. (2015) 10:e0128663. doi: 10.1371/journal.pone.0128663

23. Li X, Wang Y, Zou Z, Yang M, Wu C, Su Y, et al. OM-LV20, a novel peptide
from odorous frog skin, accelerates wound healing in vitro and in vivo. Chem
Biol Drug Des. (2018) 91:126-36. doi: 10.1111/cbdd.13063

24. LiuH, Mu L, TangJ, Shen C, Gao C, Rong M, et al. A potential wound healing-
promoting peptide from frog skin. Int J Biochem Cell Biol. (2014) 49:32-41.
doi: 10.1016/j.biocel.2014.01.010

25. Arch VS, Simmons DD, Quinones PM, Feng AS, Jiang J, Stuart BL, et al. Inner
ear morphological correlates of ultrasonic hearing in frogs. Hear Res. (2012)
283:70-9. doi: 10.1016/j.heares.2011.11.006

26. Shen JX, Xu ZM, Yu ZL, Wang S, Zheng DZ, Fan SC. Ultrasonic frogs show
extraordinary sex differences in auditory frequency sensitivity. Nat Commun.
(2011) 2:342. doi: 10.1038/ncomms1339

27. Feng AS, Narins PM. Ultrasonic communication in concave-eared torrent
frogs (Amolops tormotus). ] Comp Physiol A Neuroethol Sens Neural Behav
Physiol. (2008) 194:159-67. doi: 10.1007/s00359-007-0267-1

28. Feng AS, Narins PM, Xu CH, Lin WY, Yu ZL, Qiu Q, et al. Ultrasonic
communication in frogs. Nature. (2006) 440:333-6. doi: 10.1038/nature
04416

29. ShenJX, Feng AS, Xu ZM, Yu ZL, Arch VS, Yu XJ, et al. Ultrasonic frogs show
hyperacute phonotaxis to female courtship calls. Nature. (2008) 453:914-6.
doi: 10.1038/nature06719

30. Li M, Yan K, Wei L, Yang Y, Qian Q, Xu W. MCPIP1 inhibits
coxsackievirus B3 replication by targeting viral RNA and negatively regulates
virus-induced inflammation. Med Microbiol Immunol. (2018) 207:27-38.
doi: 10.1007/500430-017-0523-0

31. Hendricks L, Aziz M, Yang WL, Nicastro ], Coppa GE Symons M, et al. Milk
fat globule-epidermal growth factor-factor VIII-derived peptide MSP68 is a
cytoskeletal immunomodulator of neutrophils that inhibits Racl. J Surg Res.
(2017) 208:10-9. doi: 10.1016/j.js5.2016.08.098

Frontiers in Immunology | www.frontiersin.org

October 2019 | Volume 10 | Article 2421


https://www.frontiersin.org/articles/10.3389/fimmu.2019.02421/full#supplementary-material
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1016/j.jdermsci.2013.07.008
https://doi.org/10.1111/j.1524-475X.2009.00543.x
https://doi.org/10.1016/j.semcdb.2016.08.006
https://doi.org/10.1126/science.276.5309.75
https://doi.org/10.1007/s00018-012-1152-9
https://doi.org/10.1038/nature07039
https://doi.org/10.1056/NEJM199909023411006
https://doi.org/10.1056/NEJM198907133210203
https://doi.org/10.1016/j.actbio.2017.01.056
https://doi.org/10.1038/nri.2016.29
https://doi.org/10.1016/j.it.2014.07.004
https://doi.org/10.1017/S0006323197005045
https://doi.org/10.1038/329494c0
https://doi.org/10.1021/cr4006704
https://doi.org/10.1096/fj.13-248476
https://doi.org/10.1038/s41598-018-33558-w
https://doi.org/10.1111/febs.12968
https://doi.org/10.1042/BCJ20180286
https://doi.org/10.1371/journal.pone.0092082
https://doi.org/10.1042/BSR20180215
https://doi.org/10.1371/journal.pone.0128663
https://doi.org/10.1111/cbdd.13063
https://doi.org/10.1016/j.biocel.2014.01.010
https://doi.org/10.1016/j.heares.2011.11.006
https://doi.org/10.1038/ncomms1339
https://doi.org/10.1007/s00359-007-0267-1
https://doi.org/10.1038/nature04416
https://doi.org/10.1038/nature06719
https://doi.org/10.1007/s00430-017-0523-0
https://doi.org/10.1016/j.jss.2016.08.098
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

He et al.

An Amphibian-Derived Wound Healing-Promoting Peptide

32. Yuk JM, Shin DM, Lee HM, Yang CS, Jin HS, Kim KK, et al. Vitamin D3 49. Werner S, Grose R. Regulation of wound healing by growth factors and
induces autophagy in human monocytes/macrophages via cathelicidin. Cell cytokines. Physiol Rev. (2003) 83:835-70. doi: 10.1152/physrev.2003.83.3.835
Host Microbe. (2009) 6:231-43. doi: 10.1016/j.chom.2009.08.004 50. Bevins CL, Zasloff M. Peptides from frog skin. Annu Rev Biochem. (1990)

33. HeX, ShenC,LuQ,LiJ, Wei Y, He L, et al. Prokineticin 2 plays a pivotal role in 59:395-414. doi: 10.1146/annurev.bi.59.070190.002143
psoriasis. EBioMedicine. (2016) 13:248-61. doi: 10.1016/j.ebiom.2016.10.022 51. You D, Hong J, Rong M, Yu H, Liang S, Ma Y, et al. The first

34. Wei L, Yang J, He X, Mo G, Hong ], Yan X, et al. Structure and function gene-encoded amphibian neurotoxin. J Biol Chem. (2009) 284:22079-86.
of a potent lipopolysaccharide-binding antimicrobial and anti-inflammatory doi: 10.1074/jbc.M109.013276
peptide. ] Med Chem. (2013) 56:3546-56. doi: 10.1021/jm4004158 52. Gillitzer R, Goebeler M. Chemokines in cutaneous wound healing. ] Leuk Biol.

35. Li J, Xu X, Xu C, Zhou W, Zhang K, Yu H, et al. Anti-infection (2001) 69:513-21. doi: 10.1189/j1b.69.4.513
peptidomics of amphibian skin. Mol Cell Proteomics. (2007) 6:882-94. 53. Boniakowski AE, Kimball AS, Jacobs BN, Kunkel SL, Gallagher KA.
doi: 10.1074/mcp.M600334-MCP200 Macrophage-mediated inflammation in normal and diabetic wound healing. J

36. Galeano M, Deodato B, Altavilla D, Cucinotta D, Arsic N, Marini H, Immunol. (2017) 199:17-24. doi: 10.4049/jimmunol.1700223
et al. Adeno-associated viral vector-mediated human vascular endothelial 54. Epelman S, Lavine K], Randolph GJ. Origin and functions of tissue
growth factor gene transfer stimulates angiogenesis and wound healing macrophages. Immunity. (2014) 41:21-35. doi: 10.1016/j.immuni.2014.06.013
in the genetically diabetic mouse. Diabetologia. (2003) 46:546-55. 55. Tay SS, Roediger B, Tong PL, Tikoo S, Weninger W. The skin-
doi: 10.1007/s00125-003-1064-1 resident immune network. Curr Dermatol Rep. (2014) 3:13-22.

37. VongL, Lorentz R}, Assa A, Glogauer M, Sherman PM. Probiotic Lactobacillus doi: 10.1007/s13671-013-0063-9
rhamnosus inhibits the formation of neutrophil extracellular traps. ] Immunol. 56. Verstappen ], Katsaros C, Kuijpers-Jagtman AM, Torensma R, Von den
(2014) 192:1870-7. doi: 10.4049/jimmunol.1302286 Hoff JW. The recruitment of bone marrow-derived cells to skin wounds

38. Nijnik A, Madera L, Ma S, Waldbrook M, Elliott MR, Easton DM, is independent of wound size. Wound Repair Regen. (2011) 19:260-7.
et al. Synthetic cationic peptide IDR-1002 provides protection against doi: 10.1111/j.1524-475X.2011.00671.x
bacterial infections through chemokine induction and enhanced leukocyte 57. Snyder RJ, Lantis J, Kirsner RS, Shah V, Molyneaux M, Carter M]J.
recruitment. ] Immunol. (2010) 184:2539-50. doi: 10.4049/jimmunol.0901813 Macrophages: a review of their role in wound healing and their therapeutic

39. Derynck R, Zhang YE. Smad-dependent and Smad-independent use. Wound Repair Regen. (2016) 24:613-29. doi: 10.1111/wrr.12444
pathways in TGF-beta family signalling. Nature. (2003) 425:577-84. 58. Diegelmann RE Evans MC. Wound healing: an overview of acute, fibrotic and
doi: 10.1038/nature02006 delayed healing. Front Biosci. (2004) 9:283-9. doi: 10.2741/1184

40. Klesney-Tait J, Keck K, Li X, Gilfillan S, Otero K, Baruah S, et al 59. Agren MS, Eaglstein WH, Ferguson MW, Harding KG, Moore K, Saarialho-
Transepithelial migration of neutrophils into the lung requires TREM-1. ] Clin Kere UK, et al. Causes and effects of the chronic inflammation in venous leg
Invest. (2013) 123:138-49. doi: 10.1172/JCI64181 ulcers. Acta Derm Venereol Suppl. (2000) 210:3-17.

41. Heng MC. Wound healing in adult skin: aiming for perfect regeneration. Int J 60. Shen C, Sun L, Zhu N, Qi F. Kindlin-1 contributes to EGF-induced re-
Dermatol. (2011) 50:1058-66. doi: 10.1111/j.1365-4632.2011.04940.x epithelialization in skin wound healing. Int ] Mol Med. (2017) 39:949-59.

42. Jun ]I, Kim KH, Lau LF. The matricellular protein CCN1 mediates neutrophil doi: 10.3892/ijmm.2017.2911
efferocytosis in cutaneous wound healing. Nat Commun. (2015) 6:7386. 61. Cha HJ, Lee JP, Lee KS, Lee KK, Choi MJ, Lee DK, et al. Phytosphigosine-1-
doi: 10.1038/ncomms8386 phosphate increases sensitivity of EGF-dependent cell proliferation. Int ] Mol

43. Margadant C, Sonnenberg A. Integrin-TGF-beta crosstalk in Med. (2014) 33:649-53. doi: 10.3892/ijmm.2014.1617
fibrosis, cancer and wound healing. EMBO Rep. (2010) 11:97-105. 62. Kwon YB, Kim HW, Roh DH, Yoon SY, Back RM, Kim JY, et al
doi: 10.1038/embor.2009.276 Topical application of epidermal growth factor accelerates wound healing by

44. Hertle MD, Kubler MD, Leigh IM, Watt FM. Aberrant integrin expression myofibroblast proliferation and collagen synthesis in rat. J Vet Sci. (2006)
during epidermal wound healing and in psoriatic epidermis. J Clin Invest. 7:105-9. doi: 10.4142/jvs.2006.7.2.105
(1992) 89:1892-901. doi: 10.1172/JCI115794

45. Gaudreault M, Vigneault F, Leclerc S, Guerin SL. Laminin reduces expression Conflict of Interest: The authors declare that the research was conducted in the
of the human alpha6 integrin subunit gene by altering the level of the absence of any commercial or financial relationships that could be construed as a
transcription factors Spl and Sp3. Invest Ophthalmol Vis Sci. (2007) 48:3490- potential conflict of interest.

505. doi: 10.1167/iovs.07-0016

46. Gabbiani G. The myofibroblast: a key cell for wound healing and Copyright © 2019 He, Yang, Mu, Zhou, Chen, Wu, Wang, Yang, Li, Xu and Wei.
fibrocontractive diseases. Prog Clin Biol Res. (1981) 54:183-94. This is an open-access article distributed under the terms of the Creative Commons

47. Gabbiani G. The myofibroblast in wound healing and fibrocontractive Attribution License (CC BY). The use, distribution or reproduction in other forums
diseases. J Pathol. (2003) 200:500-3. doi: 10.1002/path.1427 is permitted, provided the original author(s) and the copyright owner(s) are credited

48. Darby IA, Hewitson TD. Fibroblast differentiation in wound and that the original publication in this journal is cited, in accordance with accepted
healing and  fibrosis. Int  Rev  Cytol. (2007)  257:143-79. academic practice. No use, distribution or reproduction is permitted which does not
doi: 10.1016/S0074-7696(07)57004-X comply with these terms.

Frontiers in Immunology | www.frontiersin.org 20 October 2019 | Volume 10 | Article 2421


https://doi.org/10.1016/j.chom.2009.08.004
https://doi.org/10.1016/j.ebiom.2016.10.022
https://doi.org/10.1021/jm4004158
https://doi.org/10.1074/mcp.M600334-MCP200
https://doi.org/10.1007/s00125-003-1064-1
https://doi.org/10.4049/jimmunol.1302286
https://doi.org/10.4049/jimmunol.0901813
https://doi.org/10.1038/nature02006
https://doi.org/10.1172/JCI64181
https://doi.org/10.1111/j.1365-4632.2011.04940.x
https://doi.org/10.1038/ncomms8386
https://doi.org/10.1038/embor.2009.276
https://doi.org/10.1172/JCI115794
https://doi.org/10.1167/iovs.07-0016
https://doi.org/10.1002/path.1427
https://doi.org/10.1016/S0074-7696(07)57004-X
https://doi.org/10.1152/physrev.2003.83.3.835
https://doi.org/10.1146/annurev.bi.59.070190.002143
https://doi.org/10.1074/jbc.M109.013276
https://doi.org/10.1189/jlb.69.4.513
https://doi.org/10.4049/jimmunol.1700223
https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1007/s13671-013-0063-9
https://doi.org/10.1111/j.1524-475X.2011.00671.x
https://doi.org/10.1111/wrr.12444
https://doi.org/10.2741/1184
https://doi.org/10.3892/ijmm.2017.2911
https://doi.org/10.3892/ijmm.2014.1617
https://doi.org/10.4142/jvs.2006.7.2.105
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	A Frog-Derived Immunomodulatory Peptide Promotes Cutaneous Wound Healing by Regulating Cellular Response
	Introduction
	Materials and Methods
	Animals and Ethics Approval
	Cells
	Synthetic Peptides
	Isolation of Wound Healing-Promoting Peptide Candidate
	cDNA Cloning
	Full-Thickness Wound Model in Mice
	Histology and Immunohistochemistry
	Neutrophil Extracellular Traps (NETs) Assay
	Phagocytosis Assay
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Western Blot Analysis
	Neutrophil and Macrophage Migration Assay
	Wound Healing Scratched Assay
	Flow Cytometry Assay
	Cell Adhesion Assay
	Cell Proliferation Assay
	Co-culture of Macrophages With Keratinocytes/Fibroblasts
	Statistical Analysis

	Results
	A Wound Healing-Promoting Peptide, Ot-WHP, Was Isolated From the Skin of O. tormotus
	Ot-WHP Efficiently Accelerated the Healing of Full-Thickness Wounds in Mice
	Ot-WHP Enhanced the Recruitment of Neutrophils to Wound Sites in Mice
	Ot-WHP Modestly Promoted Neutrophil Phagocytosis and PMA-Induced Neutrophil Extracellular Trap Formation
	Ot-WHP Promoted the Recruitment of Macrophages to Wounds
	Ot-WHP Directly Induced the Production of Chemokines, Cytokines and Growth Factor in BMDMs and Wound Sites
	Ot-WHP Did Not Act as a Chemoattractant for Neutrophils and Macrophages
	Ot-WHP Directly Activated MAPKs and NF-κB Signaling Pathways in BMDMs
	Ot-WHP Activated TGF-β-Dependent Smad Signaling Pathway in BMDMs
	Ot-WHP Directly Enhanced the Migration of Keratinocytes by Promoting Integrin Expression and Cell Adhesion
	Ot-WHP Indirectly Induced Fibroblast-to-Myofibroblast Transition and Collagen Production in Mouse Wound Sites
	Ot-WHP Enhanced the Cross-Talk Between Macrophages and Keratinocytes/Fibroblasts

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


