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Objective: This study evaluated the use of novel peptides derived from
platelet-derived growth factor (PDGF-BB) as potential wound healing stimu-
lants. One of the compounds (named PDGF2) was subjected for further re-
search after cytotoxicity and proliferation assays on human skin cells. Further
investigation included evaluation of: migration and chemotaxis of skin cells,
immunological and allergic safety, the transcriptional analyses of adipose-
derived stem cells (ASCs) and dermal fibroblasts stimulated with PDGF2, and
the use of dorsal skin wound injury model to evaluate the effect of wound
healing in mice.
Approach: Colorimetric lactate dehydrogenase and tetrazolium assays were
used to evaluate the cytotoxicity and the effect on proliferation. PDGF2 effect
on migration and chemotaxis was also checked. Immunological safety and
allergic potential were evaluated with a lymphocyte activation and basophil
activation test. Transcriptional profiles of ASCs and primary fibroblasts were
assessed after stimulation with PDGF2. Eight-week-old BALB/c female mice
were used for dorsal skin wound injury model.
Results: PDGF2 showed low cytotoxicity, pro-proliferative effects on human
skin cells, high immunological safety, and accelerated wound healing in mouse
model. Furthermore, transcriptomic analysis of ASCs and fibroblasts revealed
the activation of processes involved in wound healing and indicated its safety.
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Innovation: A novel peptide derived from PDGF-BB was proved to be safe
drug candidate in wound healing. We also present a multifaceted in vitro
model for the initial screening of new compounds that may be potentially
useful in wound healing stimulation.
Conclusion: The results show that peptide derived from PDGF-BB is a
promising drug candidate for wound treatment.

Keywords: wound healing, peptides, PDGF, immunogenicity, cytotoxicity,
transcriptomics

INTRODUCTION
Wound healing is an intricate and dynamic

process consisting of several overlapping stages,
and three main phases can be distinguished: in-
flammation, proliferation, and remodelling.1 Many
cell types (e.g., fibroblasts and keratinocytes), the
extracellular matrix (ECM), growth factors, and
cytokines are involved in the healing process.2,3

Platelet-derived growth factor (PDGF-BB) was
the first growth factor taking part in wound healing
to be described and purified.4 It is considered to be
the most important and strongest stimulant, par-
ticipating in almost all stages of wound healing.5

PDGF is released mostly by degranulating platelets
and also by keratinocytes, fibroblasts, endothelial
cells, and macrophages.1 It acts as a mitogen for
various cell types, such as fibroblasts, keratino-
cytes, and endothelial cells.6 It causes chemotaxis of
neutrophils, macrophages, fibroblasts, and smooth
muscle cells to the wound site, which helps to ini-
tiate the inflammatory phase.7 In addition, it acts
as a chemoattractant for bone marrow mesenchy-
mal stem cells, which, when accumulated in the
wound, can give rise to fibroblasts. PDGF also in-
creases the proliferation of fibroblasts and the pro-
duction of ECM components, such as fibronectin,
collagen, proteoglycan, and hyaluronic acid.1,8,9

Several approaches to cutaneous wound healing/
regenerative medicine, including negative pressure
wound therapy,10 electrostimulation therapy,11

skin grafts,12 engineered skin substitutes,13 wound
dressings,14 and stem cell therapy,15 have been
studied. In particular, therapies based on stem cells
offer considerable opportunities in treating chronic
wounds because of the capacity of stem cells for self-
renewal and differentiation into almost any cell
type.16 However, current methods focused on effec-
tively isolating and culturing these cells and safely
delivering them require extensive time, funds, and
human effort. Therefore, the search for novel phar-
maceutical compounds that are beneficial in wound
healing stimulation is crucial.

The utilization of peptides as compounds with
regenerative potency has emerged over the past

decade.17 They can mimic the functions of proteins
but have lower production complexity and costs. In
addition, peptides can target certain ‘‘flat pockets’’
that are considered undruggable in small-molecule
therapy.18 Peptides are easily synthesized and
biocompatible and have controlled sizes, functional
groups, and activity, making them the molecules
with the most potential for drug development.
Based on their mechanism of action or origin, sev-
eral classes, including peptides with antimicrobial/
regenerative activity, compounds based on the se-
quence of collagen/elastin, derivatives of growth
factors/hormones, proteins/peptides involved in im-
mune and hematopoietic processes, and compounds
of animal origin, can be distinguished.19–26 Some of
these types of peptides have already been translated
into the clinic; one example is MSI-78 (pexiganan;
the peptide GIGKFLKKAKKFGKAFVKILKK),
which has been used as an antimicrobial and wound
healing compound.27

In this work, we designed and synthesized novel
short peptides derived from the PDGF-BB se-
quence enclosing fragments of loop L1 or L3, which
interact with the PDGFRb receptor, and evaluated
their potential as wound healing stimulants. For
the initial screening, we checked the cytotoxicity
of the peptides and observed a positive effect on
the proliferation of human skin cells. The con-
ducted research allowed us to select peptide named
PDGF2 for further evaluation of its potential as
a wound healing drug candidate in cellular and
animal models. PDGF2 may have the potential to
be used in wound healing stimulation and, in the
future, after clinical evaluation, become an alter-
native to recombinant human PDGF-BB for the
treatment of chronic wounds. These results also
indicate that growth factors that naturally occur in
the human body and participate in proper wound
healing can be the basis for the design of new drugs
for wound treatment. We also present a multifac-
eted in vitro model based on cell culture tests,
animal models, immunogenicity and allergenicity
assessments, and RNA sequencing (RNA-Seq)
transcriptional analysis for the development and
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initial screening of new compounds that stimulate
wound healing.

CLINICAL PROBLEM ADDRESSED

There is currently a significant need for the de-
velopment of new methods of treatment of injuries
requiring surgical interventions, such as thermal,
chemical, or radiation burns of large area or
chronic wounds resulting from civilization diseases
such as diabetes or ischemia. Wound healing com-
plications are an immense problem in modern
medicine and are associated with various types of
diseases, including diabetes, vascular problems,
ischemia, cancer, and oncological treatment (radio-
and chemotherapy).28,29 It is estimated that 1–2%
of Europeans suffer from chronic wounds and that
2–3% of health care budgets are devoted to chronic
wound treatment. Therefore, chronic wounds con-
stitute a significant economic problem and create a
high demand for novel drugs and methods that
effectively stimulate wound healing.30,31

Recombinant human PDGF-BB in a hydrogel
(becaplermin) is the only growth factor commer-
cially available for the cutaneous wound healing. It
was approved by the U.S. Food and Drug Admin-
istration (FDA) in 1997 for topical use in the treat-
ment of lower limb ulcers in diabetic wounds.4,32

However, this product is not widely used because of
its high costs and initial speculation about tumor
growth acceleration due to the high concentration of
PDGF-BB (100 lg/1 g of gel) used in the formula-
tion.7,33 Nonetheless, after continued study, a sta-
tistically significant increased risk of death due to
cancer was not observed.7,32,34 Therefore, the utili-
zation of PDGF-BB as a template for novel small-
molecule wound healing stimulators (e.g., peptides)
is justified.

MATERIALS AND METHODS
Synthesis of PDGF-derived peptides

Synthesis of PDGF1 and PDGF2. The synthesis
of the peptides PDGF1 and PDGF2 was performed
on a CEM Liberty Blue automated microwave pep-
tide synthesizer using a TentaGel R RAM amide
solid support (loading 0.18 mmol/g; Rapp Polymere)
utilizing Fmoc/tBu chemistry. The coupling of the
Fmoc/tBu standard protected amino acids was
achieved using DIPCDI/oxyma pure reagents and
the Fmoc deprotection cycles with 20% piperidine
in DMF (v/v). Both cycles were carried out at 90�C
according to protocols provided by CEM corpora-
tion. The dried peptidyl-resins with synthesized
PDGF1 or PDGF2 were treated with a cleavage

cocktail (92% trifluoroacetic acid (TFA), 4% triiso-
propylsilane (TIPSI), and 4% H2O) and precipi-
tated with cold diethyl ether. Then, the
precipitants were collected by centrifugation and
washed three times with cold diethyl ether. Crude
peptides were purified to at least 97% purity by
reversed-phase high-performance liquid chroma-
tography (RP-HPLC) on Jupiter Proteo column
(21.2 · 250 mm, 4 lm, 90 Å; Phenomenex). Chro-
matographic separations were carried out in a lin-
ear gradient of 5 / 100% B over 180 min at a flow
rate of 15 mL/min and with ultraviolet (UV) de-
tection at l= 223 nm and the following solvents:
A = 0.1 M aqueous ammonium acetate (pH 4.75)
and B = 30% in 0.1 M aqueous ammonium acetate
(pH 4.75). The purity of peptides was determined
by UPLC Shimadzu Nexera X2, and the sequence
of compounds was confirmed with electrospray
ionization ion trap time-of-flight liquid chroma-
tography mass spectrometry (ESI-IT-TOF-LCMS).
More details are listed in Supplementary Figs. S1
and S2 and Supplementary Table S1.

Synthesis of the cyclic peptide PDGF2-HTT. The
synthesis of PDGF2-HTT (head-to-tail cyclization
methodology) was performed on a CEM Liberty
Blue automated microwave peptide synthesizer
using a Cl-TCP(Cl) ProTide (CEM Corporation)
acid solid support (loading 0.4 mmol/g) utilizing the
Fmoc/tBu chemistry. The coupling of the Fmoc/tBu
standard protected amino acids was achieved using
DIPCI/Oxyma pure reagents and the Fmoc depro-
tection cycles with 20% piperidine in DMF (v/v).
Both cycles were carried out at 90�C and addition of
0.1 M DIPEA into Oxyma pure reagent bottle ac-
cording to the protocols provided by CEM corpo-
ration. The peptide was cleaved from the solid
support with 1% TFA in dichloromethane (v/v)
while leaving the side chain–protecting groups of all
residues for 1 h. The peptide was precipitated with
cold diethyl ether and washed with it three times.
The crude product was cyclized by the formation of a
peptide bond between the amino group at the N-
terminus and the carboxyl group at the C-terminus
with HATU/HOAt according to previously de-
scribed protocol.35 After cyclization step, the pep-
tide was purified by HPLC on a Jupiter Proteo C12
semi-preparative column (Phenomenex) with di-
mensions of 21.2 · 250 mm, 90 Å, and 4 lm. The
chromatographic separation was carried out in a
linear gradient of 5 / 100% B over 180 min with
the following eluents: A = 0.1% TFA in H2O and
B = 0.1% TFA and 80% isopropanol in H2O. The el-
uent flow rate was 14 mL/min, and UV detection at
l= 223 nm was performed. Pure fractions were col-

PDGF-BB PEPTIDE DERIVATIVE IN WOUND HEALING 659



lected and lyophilized. Cleavage of the remaining
side chain–protecting groups in the peptide was
carried out by treating the cyclic form with a mix-
ture of TFA/TIPSI/H2O (94:3:3, v/v/v) for 2 h. Then,
the peptide was treated and purified as described
above. Purification was carried out with following
solvents: A = 0.1% TFA in H2O and B = 0.1% TFA
and 35% acetonitrile (ACN) in H2O. The exchange
of the trifluoroacetic counterion with an acetate ion
was performed on a Strata X-C 33U Polymeric
Strong Cation column (Phenomenex) according to
the protocol provided by the manufacturer. The
purity of peptides was determined by UPLC Shi-
madzu Nexera X2, and the sequence of compounds
was confirmed with ESI-IT-TOF-LCMS. More de-
tails are listed in Supplementary Fig. S3 and Sup-
plementary Table S1.

Primary cell isolation
Human skin and subcutaneous adipose tissue

were sampled from patients at the Plastic Surgery
Clinic or Oncologic Surgery Clinic of the Medical
University of Gdansk. The procedure was ap-
proved by the Independent Bioethics Commission
for Research of the Medical University of Gdansk
(NKBBN/387/2014). Primary epidermal cells were
isolated with the protocol described previously by
Langa et al.36 The isolation of adipose-derived
stem cells (ASCs) was based on the standard pro-
tocol previously described by Mieczkowska et al.37

involving enzymatic digestion and erythrocyte
lysis. ASC ‘‘stemness’’ was confirmed by differen-
tiating the isolated ASCs into chondrocytes, oste-
ocytes, and adipocytes as described previously
(Supplementary Fig. S4). The isolation of fibro-
blasts was performed according to the protocol
described by Kosikowska et al.,38 which utilizes
collagenase enzymatic digestion, followed by cul-
turing in Dulbecco’s modified Eagle’s medium
(DMEM) with a high-glucose (HG) content.

Cell culture
In our study, five types of cells were used: im-

mortalized human HaCaT keratinocytes (DKFZ,
Heidelberg, Germany),39,40 a human dermal fibro-
blast cell line (46BR.1N), human primary fibro-
blasts, human primary keratinocytes, and ASCs.
The 46BR.1N cell line was obtained from the Euro-
pean Collection of Cell Cultures (ECACC). This cell
line was originally derived from the skin of an
anonymous individual with hypogammaglobuline-
mia and was transformed with the pSV3neo plas-
mid.41 HaCaT and 46BR.1N cells and human
primary fibroblasts were grown in DMEM (Sigma–
Aldrich Co.) supplemented with 4,500 mg/L glucose,
584 mg/L l-glutamine, sodium pyruvate, and so-

dium bicarbonate. The medium also contained 10%
fetal bovine serum (FBS) and was supplemented
with 100 U/mL penicillin and 100lg/mL strepto-
mycin (Sigma–Aldrich Co.). Human primary kera-
tinocytes were grown in Keratinocyte Growth
Medium (KGM)(Cat. No. CC-3103;Lonza-Clonetics,
Basel, Switzerland) supplemented with epidermal
growth factor, hydrocortisone, transferrin, epi-
nephrine, insulin, and gentamycin (Cat. No. CC-
4152; Lonza-Clonetics). ASCs were grown in DMEM
(Sigma–Aldrich Co.) supplemented with 1,000 mg/L
glucose, 584 mg/L l-glutamine, sodium pyruvate,
and sodium bicarbonate. Cells were routinely cul-
tured in a humidified atmosphere with 5% CO2 at
37�C in culture flasks (growth surface area: 25 cm2).

Lactate dehydrogenase assay
Cell death was quantified by measuring lactate

dehydrogenase (LDH) activity in cell supernatants
(Cat. No. MK401; Takara, Japan). Cells were see-
ded in 96-well plates at a density of 5,000 cells
per well in DMEM supplemented with 10% FBS.
After 24 h, the medium was changed to serum-free
medium containing appropriate concentrations
of PDGF2. After 48 h, the supernatants were col-
lected for LDH content analysis. Cell death was
normalized with respect to the level of cell death in
a non-PDGF2-treated control (0%). Triton X-100
detergent (1%) was used as a positive control for
maximum LDH release (maximum cytotoxicity).

Tetrazolium assay
HaCaT keratinocytes, 46BR.1N fibroblasts, and

primary fibroblasts were seeded at a density of
5,000 cells per well in 96-well plates (BD) in DMEM
HG medium supplemented with 10% FBS. After
24 h, the medium was exchanged for serum-free
DMEM HG medium containing appropriate con-
centrations of PDGF2. All solutions used in the
experiments were prepared with water under
sterile conditions. The XTT cell proliferation assay
was then performed according to the manufactur-
er’s instructions (Roche Diagnostics). The cells
were incubated with PDGF2 for 48 or 72 h, and
then, XTT reagent was added. The plates were in-
cubated at 37�C for 4 h in the presence of 5% CO2.
The absorbance was then read using a standard
plate reader at 490 nm. Cell proliferation was
normalized with respect to the proliferation of a
non-PDGF2-treated control (100%).

Migration and chemotaxis assays
The effect of PDGF2 on cell migration after 24 h

was determined using Ibidi culture inserts with a
defined cell-free gap suitable for wound healing
and migration assays (Cat. No. 81176; Ibidi). Cells
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were seeded in the culture inserts at a density of
20,000 per well in DMEM supplemented with 10%
FBS. After 24 h, the medium was exchanged for
serum-free DMEM, and cell proliferation was
blocked by adding mitomycin C (5 lg/mL) for 2 h.
Next, the medium was changed, and the cells were
stimulated with the appropriate concentration of
PDGF2. After 24 h, the cells were fixed with 3.7%
paraformaldehyde and stained with 0.05% crystal
violet, and the effect was measured with a micro-
scope. The effect of PDGF2 on cell chemotaxis was
assessed with ThinCert cell culture inserts (8.0 lm;
Greiner Bio-One, Germany). Cells were starved
overnight in serum-free medium. Then, they were
seeded on inserts placed in a 24-well plate at a
density of 100,000 cells per well in serum-free me-
dium. Culture medium with PDGF2 was added to
the plate well. After 24 h, the cells were stained with
8.0 lM Calcein-AM (a cell viability dye; Sigma–
Aldrich Co.), migratory cells were detached with
trypsin-EDTA, and their fluorescence was read with
a plate reader at an excitation wavelength of 485 nm
and an emission wavelength of 520 nm.

Analysis of protein and cytokine levels
in culture supernatants

For the analysis of proteins and cytokines in su-
pernatants collected from cell cultures of primary
fibroblasts or keratinocytes stimulated with the
PDGF2 peptide at a 1.0lg/mL concentration, we
used Luminex� xMAP� technology. This technol-
ogy is a powerful platform for multiplex detection of
proteins in a single biological sample. For analysis
of keratinocyte and fibroblast supernatants, we as-
sessed the concentrations of 12 human angiogene-
sis and growth factor biomarkers: angiopoietin-2,
BMP-9, EGF, endoglin, endothelin-1, FGF-1 (acidic
FGF), FGF-2 (basic FGF), follistatin, G-CSF, HB-
EGF, HGF, IL-8, leptin, PLGF, VEGF-A, VEGF-C,
and VEGF-D with the Human Angiogenesis/
Growth Factor Magnetic Bead Panel 1 (Merck
Millipore, Germany). Supernatants were thawed
on ice. The analysis was performed according to the
manufacturer’s instructions. Briefly, the superna-
tants were incubated with a mixture of color-coded
beads precoated with analyte-specific capture an-
tibodies. Next, a cocktail of biotinylated detection
antibodies specific to the analyte of interest was
added, followed by the addition of phycoerythrin
(PE)-conjugated streptavidin, which bound to the
detection antibodies. The prepared samples were
read by the Luminex MAGPIX� Analyzer (Merck
Millipore). Data were analyzed using xPONENT
4.2 software and are presented as the cytokine
concentration in units of pg per 1.0 mL.

Basophil activation test
The commercially available Flow CAST� high-

sens test (Bühlmann Laboratories, Switzerland) was
used to assess the activity of granulocytes. This test
was performed with blood samples collected from
healthy volunteers within 24 h, according to the
protocol. Blood (100 lL) was incubated with PDGF2
at a final concentration of 1.0lg/mL. Blood cells were
then stained with fluorochrome-conjugated mono-
clonal antibodies (anti-CD63, anti-CD203c, and
anti-CCR3) and incubated for 15 min at 37�C. After
the incubation, erythrocytes were lysed, and the
cells were washed and then subjected to flow cy-
tometry analysis (BD FACSCanto II). Each sample
was accompanied by its own negative and positive
controls (anti-FceRI mAb and N-Formylmethionyl-
leucyl-phenylalanine [fMLP]).

Immunological studies
Tests were conducted with human peripheral

blood mononuclear cells (PBMCs) isolated from
‘‘buffy coats’’ using a Ficoll density gradient (His-
topaque; Sigma–Aldrich Co.). Following two wash
steps in phosphate-buffered saline (PBS), erythro-
cyte lysis, and cell counting (cell counter; Bio-Rad),
the PBMCs were seeded in a 24-well culture plate
at a density of 1 · 106 cells/1 mL of RPMI 1640
medium (antibiotics penicillin and streptomycin,
10% FBS) per well. The cells were then allowed to
adapt to the culture conditions for the next 24 h.
After cell adaptation, PDGF2 was added to the
wells at a final concentration of 1.0 lg/mL, and the
cells were incubated for the next 48 h under ap-
propriate conditions (37�C and 5% CO2). Untreated
cells constituted a negative control.

After the incubation, the PBMCs were collected,
washed with PBS, counted, and prepared for flow
cytometry analysis under the following conditions:
104 cells/100 lL were stained with fluorochrome-
conjugated monoclonal antibodies (anti-CD3, anti-
CD4, anti-CD8, anti-CD16, anti-CD56, anti-CD25,
anti-CD69, anti-CD71, anti-HLA-DR, anti-CD11c,
anti-CD80, and anti-CD83). Following 30 min
of incubation at room temperature in the dark,
the cells were analyzed using a flow cytometer
(LSRFortessa; BD).

Cell stimulation for transcriptomic analysis
Cells (ASCs after the second passage and fibro-

blasts after the third passage) were seeded and
cultured for 24 h in medium supplemented with
10% FBS, followed by a 24-h incubation in medium
supplemented with 5% FBS and then a 48-h incu-
bation in serum-free medium supplemented with
the PDGF2 peptide (1 lg/mL). Cell cultured in the
same condition but nontreated with PDGF2 were
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used as the parallel control. After the stimulation,
the cells were trypsinized, collected, and centrifuged,
and the pellet was snap frozen for transcriptomic
analysis.

Human epidermal cells were seeded in a 25 cm2

t-flask in KGM supplemented with epidermal
growth factor, hydrocortisone, transferrin, epi-
nephrine, insulin, gentamycin, and 5% FBS. After
24 h, the medium was changed to serum-free KGM.
After another 2–5 days, the medium was changed
to keratinocyte basal medium, and the cells were
stimulated with PDGF2. After 48 h of incubation,
cell pellets were collected and snap frozen at -80�C
until RNA isolation.

Whole-transcriptome RNA-Seq analysis of the
PDGF2 stimulatory effect on primary ASCs
and fibroblasts

RNA was isolated from cell pellets stored at
-80�C using the miRNeasy Mini Kit (Qiagen, Hil-
den, Germany) according to the manufacturer’s
protocol with the following two modifications: 1-
bromo-3-chloropropane was used instead of chloro-
form, and the elution was conducted with 40lL of
water and repeated with a second elution of the
entire volume of the original eluate. RNA quantity
and quality (RNA Integrity Number [RIN]) were
assessed using the Bioanalyzer 2100 Instrument
and RNA 6000 Nano Kit (Agilent, Waldbronn, Ger-
many). RNA transcripts isolated from three ASC
and three fibroblasts replicates with an RIN above
7.0 were pooled in equal amounts (by mass) and
were later used for massive parallel transcriptome
sequencing. The reads were mapped to a reference
human genome (hg19 edition) using TopHat soft-
ware. Differential expression analyses comparing
between the PDGF2-treated and control cells were
performed with the Cufflinks package using the
complete workflow for version 2.2.0 (and higher)
as described by the authors (http://cole-trapnell-
lab.github.io/cufflinks/manual). The results of the
comparative analyses were used to build differential
gene expression matrices that were further pro-
cessed by Ingenuity Pathway Analysis (IPA).

Quantitative PCR gene expression analysis
Total RNA was extracted from epidermal cells

with an RNeasy kit (74104; Qiagen) according to the
manufacturer’s protocol. RNA quality and quantity
were evaluated with a NanoDrop 2000 spectro-
photometer. cDNA synthesis was performed with
Maxima Reverse Transcriptase (EP0741; Thermo
Scientific) according to the manufacturer’s proto-
col. Real-time PCR analyses were carried out on a
LightCycler 96 with FastStart Essential DNA
Green Master Mix (06402712001; Roche), and

ACTB and TBP were used as reference genes. The
analyzed transcripts and primer sequences are
listed in Supplementary Table S2.

Excision wound model in mice
Eight-week-old BALB/c female mice were used

for experiments. All experimental procedures were
approved by the local ethics committee in Bydgoszcz
(Approval No. 49/2016). Before experiments, mice
were randomized and divided into groups compris-
ing seven to eight individuals. The mice were an-
esthetized with inhaled 2–5% isoflurane. The skin
on the back was shaved and disinfected. The skin
was folded and raised cranially and caudally along
the spine. Then, the mouse was placed in a lateral
position, and the folded skin was pierced with a
j 6.0-mm biopsy punch, resulting in the formation
of two excisional wounds in the dorsal skin. A total
of 25lL of peptide (0.2 mg/mL) suspended in hy-
drogel was applied to each wound. The wounds were
covered with transparent Tegaderm film, and an
adhesive plaster was wrapped around the mouse
torso. During the first week of the experiment, the
mice were treated with the peptide, and the dressing
was replaced once a day for 5 days. During the sec-
ond week of the experiment, the dressing was re-
placed every other day. In the beginning of the third
week, the dressing was removed. The same protocol
was applied to the control mice, which were treated
with hydrogel alone. To measure the wound area,
a ruler was placed next to the injury site, and the
wound was photographed. Wound areas were
quantitated using the ImageJ software.

Tissue isolation for histological analyses
Mice were sacrificed at days 4 and 21 post-

injury. After the mice were euthanized, the skin
from the back was dissected and stored in formalin.
The skin samples were then embedded in paraf-
fin, cut into 5 lm sections, and stained with either
hematoxylin and eosin or Masson’s trichrome.
The stained sections were evaluated using a light
microscope.

Statistical analysis
Statistical significance was determined with the

Mann–Whitney U-test ( p < 0.05) using STATISTI-
CA software (StatSoft Polska, Krakow, Poland)
and XLSTAT (Addinsoft). Graphs were prepared
with GraphPad Prism 5 software.

RESULTS
Design of PDGF-derived peptides

Functional and structural studies of human
PDGF proteins allowed pinpointing loops L1, L2,
and L3 as crucial regions in the binding and acti-
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vation of PDGFRs.42–44 To date, only one X-ray
crystal structure of the complex formed by the hu-
man PDGF-BB homodimer with two PDGFRb re-
ceptor particles has been described (PDB: 3MJG).45

In the crystal structure, PDGF-BB interacts with
its receptor by three interstrand loops (L1-residues
25–38, L2-residues 53–58, and L3-residues 78–81)
and the C-terminal segment. Nonetheless, on the
PDGF-BB side, the majority of the interface is
contributed by the L1 and L3 loops of the protrud-
ing protomer, which contrarily, in complex-free
state, are defined as flexible and solvent exposed.46

Previous mutagenesis and deletion mapping data
of PDGF-BB:PDGFR interactions suggest that the
L1 and L3 loops of PDGF-BB are crucial for its
biological activity.47,48 To date, most efforts have
focused on the search for small-molecule inhibitors
(or intercalators) of the interactions of PDGFs with
their receptors in the context of cancer, chronic
inflammatory conditions, or atherosclerosis.49 Only
a few articles have reported the utilization of peptide
molecules based on the receptor-interacting loop of
PDGF-BB. Authors have emphasized the role of the
loop L3 of PDGF-BB as the template to synthesize
new inhibitors or synthetic antigens for the native
protein.50–52 Nonetheless, only Brennand et al.
showed stimulatory effects of some analogues based
on the interacting loop L3 of PDGF-BB on prolifera-
tion or DNA synthesis in cell cultures during the
search for inhibitors.50 However, none of the articles
evaluated the potency of the full covering sequence of
the L1 or L3 loop as a stimulant of skin cell prolif-
eration or migration in regard to wound healing.

Therefore, we decided to evaluate the potency of
the loops L1 and L3 of the PDGF-BB protein by
synthesizing peptides covering the interacting se-
quences based on the crystal structure complex
(Table 1 and Supplementary Fig. S5) and deter-
mine the biological activity of these peptides as
stimulants of skin regeneration. After preliminary
testing of the peptides designated PDGF1 and
PDGF2 (Table 1) in cell cultures, the latter was
selected for further modification. PDGF2 was cy-
clized by the attachment of a polyethylene glycol
linker (PEG2) to its N-terminus following the for-

mation of a peptide bond with the C-terminus
(PDGF2-HTT in Table 1). The PEG2 linker, which
had an estimated length of *11 Å, was chosen as
corresponding to the linear estimation of the dis-
tance between the N-terminus of Arg28 and the
C-terminus of Leu37 of the PDGF-BB protein in the
crystal structure complex.45 This modification was
chosen because, in general, cyclic peptides exhibit
reduced conformational freedom, which often re-
sults in higher receptor selectivity and binding af-
finity or improvement in their intercalation
abilities when acting as inhibitors.53,54 Further-
more, cyclic peptides exhibit improved metabolic
stability in the serum and elevated resistance to
microbial degradation.55

PDGF derivatives show different
cytotoxicities in human cells

Taking into consideration the fact that peptides
can be cytotoxic to human cells, we decided to
evaluate the effect of PDGF-BB-derived peptides on
human skin cells at concentrations of 50–150 lg/mL
with an LDH test. This method measures LDH
activity in culture supernatants. LDH is released
into culture medium when the plasma membrane
is damaged. In the LDH test, the PDGF1 and
PDGF2 peptides did not induce cytotoxicity in
human HaCaT keratinocytes, 46BR.1N fibro-
blasts, or primary fibroblasts isolated from patient
skin samples (Fig. 1). However, PDGF2-HTT ap-
peared to be cytotoxic to all tested cells. The
highest cytotoxicity was observed in the HaCaT
cells (50% cytotoxicity at concentrations of 100
and 150 lg/mL), and the 46BR.1N fibroblasts
were slightly less susceptible. The lowest cyto-
toxicity was observed in the primary fibroblasts
(*30% cytotoxicity at a concentration of 150 lg/mL
and no statistically significant effect at lower con-
centrations). Moreover, the PDGF2 peptide did not
induce cytotoxicity in ASCs, and at the concentra-
tions of 50 and 100 lg/mL, we observed lower LDH
activity in the supernatants from PDGF2-treated
ASCs than in control samples (Supplementary
Fig. S6A).

PDGF-derived peptides stimulate
the proliferation of human skin cells

The proliferation of skin cells plays a crucial
role in wound healing. Therefore, we decided to
check the effect of the tested peptides on the pro-
liferation of HaCaT keratinocytes, 46BR.1N fi-
broblasts, and human primary fibroblasts. The
results obtained from an XTT test (Fig. 2) showed
that PDGF1 stimulated proliferation in all exam-
ined cells. The strongest effects were observed in
the 46BR.1N fibroblasts and HaCaT keratinocytes

Table 1. Structures of the peptides under study

Name Sequence PDGF-BB Loop Origin

PDGF1 R73KIEIVRKKPIF84-NH2 L3
PDGF2 R28LIDRTNANFL37-NH2 L1
PDGF2-HTT Cyclo-[PEG2-R28LIDRTNANFL37] L1

Amino acid residues were assigned according to the numeric convention
in the crystal structure of PDGFRb:PDGF-BB (PDB:3MJG).

PDGF, platelet-derived growth factor.
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at a concentration of 0.1 lg/mL after 72 h of incu-
bation. PDGF1 slightly inhibited proliferation in
the HaCaT keratinocytes at the two highest con-
centrations, but it did not inhibit proliferation in
the primary fibroblasts.

PDGF2 stimulated proliferation in all tested
cells. However, the strongest effect was obtained in
the HaCaT keratinocytes after a 72-h stimulation.
For all tested cell types, the pro-proliferative effect
was observed with concentrations up to 50 lg/mL.
Moreover, PDGF2 did not inhibit proliferation at
any of the tested concentrations.

PDGF2-HTT, the heterocyclic derivative of
PDGF2, showed a pro-proliferative effect on all
tested cell lines. The strongest effect was observed
in the HaCaT keratinocytes at concentrations of
0.1–25 lg/mL after a 72-h incubation. However,
this effect was weaker than that obtained with

PDGF2. In addition, PDGF2-HTT significantly in-
hibited the proliferation of the 46BR.1N fibroblasts
and HaCaT keratinocytes at the two highest con-
centrations. A slight decrease in 46BR.1N cell pro-
liferation was also observed at the 25 and 50lg/mL
concentrations. The primary fibroblasts showed
the lowest sensitivity to the inhibitory effects of
PDGF2-HTT.

The results obtained from the XTT and LDH tests
allowed us to choose PDGF2 for further examina-
tion. PDGF2 was considered the most promising
candidate due to its strong pro-proliferative effect
and low cytotoxicity.

An additional analysis of PDGF2 activity in
human ASCs showed that after 72 h of incubation,
PDGF2 slightly stimulated ASCs proliferation at
concentrations of 0.1–50 lg/mL (Supplementary
Fig. S6B).

Figure 1. Cytotoxicity of PDGF1 (A), PDGF2 (B), and PDGF2-HTT (C) in human 46BR.1N fibroblasts, HaCaT keratinocytes, and human dermal primary
fibroblasts. Graphs show the results of four independent experiments, which are presented as the mean – SEM (*statistically significant difference, Mann–
Whitney U-test, p < 0.05).
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Figure 2. Effects of PDGF1 (A), PDGF2 (B), and PDGF2-HTT (C) on the proliferation of human 46BR.1N fibroblasts, HaCaT keratinocytes, and human dermal
primary fibroblasts. Graphs show the results of four independent experiments, which are presented as the mean – SEM (*statistically significant difference,
Mann–Whitney U-test, p < 0.05).
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PDGF2 has a slight effect on the migration
and chemotaxis of skin cells and does not
cause changes in the secretion of cytokines
and growth factors

The effect of PDGF2 on cell migration was evalu-
ated in HaCaT keratinocytes, 46BR.1N fibroblasts,
and primary dermal fibroblasts isolated from skin
samples. The cells were stimulated with PDGF2 at
concentrations of 0.1 and 1.0lg/mL for 24 h. The ob-
tained results showed a slight pro-migratory effect on
the human primary fibroblasts (reduction in the
scratch surface area by 5–20% relative to the control
scratch surface area) at the concentration of 1.0lg/
mL. However, PDGF2 did not stimulate the migra-
tion of the 46BR.1N fibroblasts and caused a small
reduction in the migration of the HaCaT keratino-
cytes at the concentration of 0.1lg/mL (Fig. 3A). In
addition, PDGF2 showed a slight chemotactic effect
on the human primary and HaCaT keratinocytes at
theconcentrationof1.0lg/mL (Fig.3B). Additionally,
to a small extent, PDGF2 reduced the chemotaxis of
the 46BR.1N cells and primary fibroblasts at the 0.1
and 1.0lg/mL concentrations, respectively (Fig. 3B).

The assessment of levels of selected cytokines and
growth factors involved in wound healing in post-
culture medium after the stimulation of primary
fibroblasts and keratinocytes with the PDGF2 pep-
tide (1.0lg/mL) was made by Luminex xMAP tech-
nology. The analysis of obtained results did not reveal
statistically significant changes in the concentrations
of the examined growth factors and cytokines (data
not shown).

PDGF2 is immunologically safe
Peptides, similar to other biological drugs, can

cause allergic responses and induce an immune

response, so it is crucial to check their allergic
potential. Several tests are useful for the pre-
clinical evaluation of the immunogenicity of
peptide-based drugs.25 In our research, we used a
lymphocyte activation assay and basophil activa-
tion test (BAT) test.

The results obtained from the BAT assay showed
no basophil activation in the presence of PDGF2
(1.0 lg/mL), as the PDGF2-treated samples showed
values comparable to the negative control samples
(Fig. 4A).

An analysis of the impact on immune cell activ-
ity was performed with human PBMCs. The cells
were incubated with PDGF2 (1.0 lg/mL) for 48 h.
The effects of the stimulation were evaluated by
flow cytometry. We assessed the activation level of
T cells (CD3/CD4/CD8) and natural killer (NK)
cells (CD16/CD56) through the evaluation of the
expression of the activation markers CD69, CD71,
CD25, and HLA-DR. The influence of the examined
compound on dendritic cells (CD11c, HLA-DR) was
also investigated by assessing the expression of
CD80 and CD83.

The obtained results (Fig. 4B) showed no im-
munogenic properties for PDGF2. The analysis
of the expression of activation markers (CD25,
CD69, CD71, and HLA-DR) in individual lym-
phocyte subpopulations (cytotoxic T lymphocytes
[CTLs], T helper [Th] cells, and NK cells) did not
show differences between the negative control
cells and the peptide-stimulated cells. In addi-
tion, dendritic cells were not activated in the
presence of PDGF2 (Supplementary Fig. S7) (in-
active dendritic cell phenotype: CD11c+, CD80-,
and CD83-; active phenotype: CD11+, CD80+, and
CD83+).

Figure 3. Effects of PDGF2 on the migration (A) and chemotaxis (B) of skin cells. Graphs show the results of at least three experiments, which are presented
as the mean – SEM. (*statistically significant difference, Mann–Whitney U-test, p < 0.05).
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Therefore, based on the conducted tests, the
immunological safety of PDGF2 was confirmed.

Transcriptional responses of ASCs,
fibroblasts, and keratinocytes to PDGF2
stimulation

Examinations of ASC and fibroblast transcrip-
tomic profiles in response to PDGF2 were per-
formed using RNA-Seq analysis followed by
bioinformatic analyses with the IPA software. The
IPA software enables the analysis of transcript
changes in experimental data sets and assigns
these changes to shifts in upstream regulators and
downstream effects. The analyses were limited to
human tissues and primary cell lines. The regula-
tory network for genes with significant expression
changes ( p-score <0.05) and with the highest con-
sistency score (6.414) in the ASCs revealed distinct
activation of cell cycle progression and inhibition of
T lymphocyte migration (Fig. 5). Additionally, the
disease and function mode implemented in the IPA
showed the activation of effects related to cell cycle
progression and cell viability and the concurrent
inhibition of phenomena associated with the in-
flammatory response in the ASCs cultured with
PDGF2 (Supplementary Table S3). An analysis of
fibroblasts stimulated with PDGF2 using the same
settings generated no regulatory networks and
showed a rather weak response to PDGF2 stimu-
lation. However, several effects related to cell and
stem cell migration and movement and l-tyrosine
phosphorylation adhesion were found to be acti-
vated in the fibroblasts stimulated with PDGF2.
The latter is connected with crucial signaling
pathways that control cell proliferation, migration,
adhesion, and differentiation. Apoptotic pathways
were inhibited at the same time (Supplementary
Table S4). Additionally, IPA toxicity (TOX) analy-
sis of both cell types was performed to assess the
biofunctions and toxic effects of PDGF2 stimula-
tion. This analysis revealed no toxic effects of
PDGF2 at the transcriptomic level: none of the
phenomena connected with hyperproliferation, in-
flammation, apoptosis, or oncogenesis was acti-
vated in either the ASCs (Supplementary Table S5)
or the fibroblasts (Supplementary Table S6).

The transcriptional responses to PDGF2 stimu-
lation in keratinocyte cultures expanded from epi-
dermal cells collected from patients were evaluated
using quantitative PCR (qPCR) analyses for the
CDKN1A, KIT, MYC, POU5F1, TGFb3, and TP53
transcripts. The gene expression levels displayed
no consistent changes among the keratinocyte cul-
tures isolated from different patients (Supplemen-
tary Fig. S8). However, some individual responses

Figure 4. Analysis of PDGF2 immunological safety. (A) The BAT was used to
evaluate the allergic potential of PDGF2. In vitro activation of basophils in the
presence of activating antibodies (first positive control), fMLP (second positive
control), a negative control vehicle (water), or PDGF2 was monitored. (B) An
analysis was performed via flow cytometry to evaluate the activation levels of
selected immune cell subpopulations. Graphs present the expression levels of
activation markers on CTLs, Th cells, and NK cells after an incubation with
PDGF2 (1 lg/mL). BAT, basophil activation test; CTLs, cytotoxic T lymphocytes;
fMLP, N-Formylmethionyl-leucyl-phenylalanine; Th, T helper; NK, natural killer.
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were noted. For one of the cell lines, the transcript
levels of CDKN1A, KIT, MYC, POU5F1, and
TGFB3 dropped significantly after stimulation
with PDGF2.

PDGF2 topically delivered in P407 hydrogel
stimulates dorsal skin wound healing in mice

To evaluate the effectiveness of the PDGF2
peptide in stimulating wound healing, we estab-
lished a dorsal skin excisional injury mouse model
and applied the peptide topically in 18% P407 hy-
drogel (0.2 mg/mL) (Fig. 6). Notably, the regions
corresponding to the PDGF2 peptide sequence
were identical between the mouse orthologue of
human PDGFB and human PDGFB (Supplemen-
tary Fig. S9). Four days after wounding, we ob-
served the formation of an epithelial membrane in
the wound area.

The analysis of wound epithelialization showed
that PDGF2 accelerated this process (Fig. 6A, B).
Changes were visible beginning on day 7. In the
PDGF2-treated group, all wounds showed com-
plete epithelialization on day 9, whereas in the

control group, complete epithelialization was ob-
served in 58.3% and 66.7% of wounds on days 9 and
11, respectively. No adverse effects of PDGF2 on
the mice were observed during the experiments.

Histological analysis
Histological samples collected 3 weeks after in-

jury showed remarkable differences between the
PDGF2-treated and control animals (Fig. 6D). The
control group displayed extensive scar tissue with
highly marked collagen. Sporadic formation of de-
veloping hair follicles was observed within the scar.
The outlets of the hair follicles could be seen along
the edges of the scar. In the samples from the mice
receiving PDGF2, scar tissue could also be ob-
served; however, it was much less extensive than
the scar tissue in the control samples. The collagen
structure was looser and less regular, especially in
the deeper scar regions, in the PDGF2-treated
mice, and we observed much more frequent occur-
rences of hair follicles.

Skin sampled on day 4 revealed that the mem-
branes in the wound area were significantly thicker

Figure 5. IPA regulatory network with the highest consistency score (6.414) in ASCs isolated from three patients (after RNA pooling) and stimulated with the
PDGF2 peptide (1 lg/mL) compared with parallel controls untreated with PDGF2. The consistency score is a measurement used to describe the relationship
among the observed expression profile and upstream and downstream regulatory effects. The values below the molecules correspond to log2-fold changes in
expression and p-value. Negative and positive values indicate a decrease and an increase in expression, respectively. In the bottom panel, the arrow shows
the activation or inhibition of a downstream effect. ASCs, adipose-derived stem cells; IPA, Ingenuity Pathway Analysis.
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Figure 6. Representative images of dorsal skin wounds in mice (A), wound epithelialization (B), and the percentage of wounds showing complete
epithelialization (C) in mice treated with PDGF2. Histological analysis of wound healing: (D) images of skin samples at day 21 after injury and stained with
hematoxylin and eosin (on the left) or Masson’s trichrome (on the right). Yellow arrows indicate hair follicles, and red arrows indicate glands. Black arrows
show areas of cells with a distinct morphology. (E). Images of epithelial membrane samples at day 4 postinjury stained with hematoxylin and eosin (1–2) or
Masson’s trichrome (3–4).
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in the mice receiving the PDGF2 peptide. The
membranes were composed of several cell layers,
while in the control skin samples, a single layer of
cells was present. This finding suggested that
PDGF2 increased early epithelization of the wound
(Fig. 6E).

DISCUSSION

Nonhealing wounds constitute an increasingly
significant medical issue. Conventional methods of
therapy often do not produce effective clinical out-
comes. In this study, we presented an original un-
published peptide designated PDGF2, which may
be a promising candidate drug for stimulating
wound healing. We also proposed a method of ap-
plying the peptide in the form of a hydrogel. In
addition, we demonstrated a multidimensional
strategy for developing and testing new candidate
drugs for wound treatment.

The experiments were carried out with the use
of immortalized human HaCaT keratinocyte and
46BR.1N fibroblast cell lines as well as human
primary fibroblasts, keratinocytes, and ASCs. Im-
mortalized cell lines are a reliable research model,
ensuring high reproducibility.56–58 In our study, we
also decided to use dermal fibroblasts and kerati-
nocytes isolated from clinical samples. We also car-
ried out tests with ASCs, which perform an active
role in wound healing, and recently, there have been
trials studying the application of ASCs in the ther-
apy of chronic wounds.59,60 Under appropriate con-
ditions, ASCs can also differentiate into fibroblasts,
keratinocytes, chondrocytes, and osteocytes.60–63

The treatment of chronic wounds is based on the
application of a drug on the open lesion, which in-
volves direct interactions with local cells. There-
fore, the evaluation of toxicity of the potential
dermal drugs is crucial.64,65 In our study, we per-
formed preliminary tests of three novel peptides
designed on the basis of the PDGF-BB:PDGFRb
complex structure. Only one of the three evaluated
peptides, PDGF2-HTT, showed significant cyto-
toxicity in skin cells and proliferation inhibition.
Interestingly, the weakest effect was observed in
primary fibroblasts, and additionally, there were
differences in the responses of the cells from dif-
ferent donors. A number of peptides have been re-
ported to be cytotoxic to skin cells.65 Therefore, it is
worth noting that the lack of cytotoxicity of PDGF2
is its great asset and shows that PDGF2 can be
used without the risk of damaging skin cells.

Next, we checked the effect of our designed
peptides on the proliferation of human keratino-
cytes and fibroblasts. The proliferation of these

cells is crucial for proper wound healing, including
the formation of the epidermis and production of
the ECM.1 Our PDGF-BB-derived peptides stimu-
lated the proliferation of these cells mainly at
concentrations of 0.1–50 lg/mL. The strongest
effect was observed after a 72-h stimulation of
HaCaT keratinocytes with PDGF2. Primary fibro-
blasts showed the weakest response to the tested
compounds. This outcome may be because primary
cell lines are not homogeneous and interindividual
differences can appear. The cyclization of PDGF2
resulted in a decrease in its activity in HaCaT cells.
Additionally, PDGF2-HTT at concentrations of 100
and 150 lg/mL significantly inhibited HaCaT and
46BR.1N cell proliferation. The weakest effect was
observed with primary fibroblasts. The obtained
data correlate with the results of Brennand et al.,50

who demonstrated that the cyclization of a PDGFB
peptide derivative led to the inhibition of DNA
synthesis in fibroblasts.

We also should refer to the influence of PDGF-
BB peptide derivatives on skin cells in regard to the
activity of the protein itself. Interestingly, Park
et al.66 reported that PDGF-BB does not stimulate
proliferation of HaCaT keratinocytes. The authors
also showed that PDGF-BB stimulates prolifera-
tion in primary fibroblasts at a concentration of
5 ng/mL. In addition, this effect was significantly
greater than that obtained by using 10% bovine
serum. Agren et al.67 reported similar data for
primary fibroblasts isolated from various sources
(healthy skin, acute wounds, and chronic wounds).
In the abovementioned publication, stimulation
was observed at concentrations of 1–10 ng/mL.
However, it should be noted that in the case of the
compounds tested in this work, cells were stimu-
lated with only a small fragment of protein, and
therefore, the biological effect may be different.

Based on the results of cytotoxicity and prolif-
eration tests, we chose PDGF2 for further, more
complex analyses. The migration and chemotaxis
of skin cells are crucial for proper wound healing.
While it is known that PDGF-BB stimulates the
migration of primary fibroblasts at concentrations
of 1–30 ng/mL,68 we did not observe significant
stimulation of these processes in cells treated with
PDGF2. Only a small increase in the chemotaxis of
HaCaT cells and only a small pro-migratory effect
on primary fibroblasts were observed. However, it
should be noted that cells undergoing division
(proliferation) usually have limited migratory/
chemotactic properties; hence, the effect observed
in this work may have a biological justification.

The risk of immunogenicity of peptide drugs is a
constantly increasing issue. Excessive activation of
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the immune system can cause side effects and limit
the effectiveness of a therapy.69–71 Furthermore, it
can hinder the healing of chronic wounds, for ex-
ample, diabetic wounds in which the wound heal-
ing process often arrests in the inflammatory
phase.29 Our results indicate that PDGF2 does not
activate the immune system (no activation of CTLs,
Th cells, or NK cells), thus indicating a low risk of
immunogenic reactions. It is worth noting that in
this work, an additional in vitro method of asses-
sing allergenic potential, namely the BAT, was
applied. This test allowed us to examine the pos-
sibility of causing an allergic reaction without
having to apply the compound to a patient.25 This
test in our work showed low allergenic potential of
the PDGF2 peptide, which confirmed the high
safety profile of this peptide.

Transcriptomic analysis provides a great deal of
data regarding the activity of tested compounds,
which makes it a powerful tool for assessing po-
tential drugs. The process of discovering and de-
veloping new drugs is a challenge in part because of
the complexity of humans. RNA-Seq is a high-
throughput technology that allows the simulta-
neous measurement of the expression of thousands
of genes and provides insight into functional
pathways and regulation in biological processes.72

It can provide a large amount of valuable data
about the potential mechanism of action of a tested
compound, its biological activity, and possible side
effects. Understanding drug side effects seems to
be particularly important since the withdrawal of a
potential drug during clinical trials generates
enormous costs. Therefore, increasing emphasis is
being placed on identifying the effects of a drug
before it enters this costly and time-consuming
stage.73 In our work, we performed RNA-Seq
analysis of ASCs and primary fibroblasts stimu-
lated with PDGF2, which revealed neither toxic
effects nor activation of oncogenesis pathways,
thus indicating the safety of PDGF2 (Supplemen-
tary Tables S5 and S6). In addition, in PDGF2-
stimulated cells, we observed the activation of
wound healing–related pathways, such as cell and
stem cell migration, proliferation, and cell cycle
progression pathways, with concurrent slight anti-
inflammatory activity (Supplementary Tables S2
and S3). These results showed a strong potential
for PDGF2 as a wound healing stimulant.

A model of excisional skin injury in mice showed
that the application of PDGF2 with a P407 polox-
amer slightly stimulated wound healing. The ef-
fects of PDGF2 were especially evident on days 9
and 11 and manifested as increased epithelializa-
tion. Accelerated wound closure seems to be crucial

because it can limit the possibility of bacterial
infection.74 Moreover, on the fourth day after
wounding, the epidermis of the mice receiving
PDGF2 was much thicker than that of the con-
trols. However, it is worth remembering that
wound healing in healthy mice is fast and effec-
tive, and it is difficult to accelerate this process.
Therefore, further studies utilizing a model of
delayed wound healing, for example, diabetic
wound healing, are required.

Also, the model of skin wound in mice has lim-
ited relevance to human skin wound healing due to
anatomical differences and significant contraction
observed in rodents but not in humans.75 Despite
the limitations, animal experiments are necessary
to assess the pro-regenerative potential of the tes-
ted compounds in preclinical studies. What is more,
it has been demonstrated that contraction and re-
epithelialization contribute to full-thickness exci-
sional skin wound closure in mice to a comparable
extent.76

In summary, we proved that a newly synthe-
sized peptide designated PDGF2 stimulated hu-
man skin cells; showed high immunological safety,
low cytotoxicity, and significant pro-proliferative
effects on human skin cells; and accelerated dorsal
skin wound healing in an excisional mouse model.
Therefore, this peptide is a promising drug candi-
date for stimulating chronic wound healing in
humans, and after clinical evaluation, it may be-
come a safe alternative to becaplermin, the re-
combinant form of human PDGF-BB.33 However,
further research is necessary to dissect the mech-
anism of action of PDGF2 and its influence on other
processes, such as angiogenesis, extracellular pro-
duction, and skin cell migration. In addition, we
showed that a peptide derived from a human pro-
tein growth factor could be a starting point for the
development of novel wound healing drugs. We
also presented a multifaceted in vitro model for the
initial selection and evaluation of the regenerative
potential of novel molecules.

INNOVATION

The results of the study demonstrate that short
peptide named PDGF2, derived from PDGF-BB,
may be potentially used as an alternative for re-
combinant growth factors for treating chronic
wounds. Our results also indicate that endogenous
growth factors participating in wound healing
may be used as a starting point to design pro-
regenerative small-molecule peptide. In our work,
we also present a multifaceted in vitro model based
on cell culture tests, animal model, immunological
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tests, and transcriptomic analysis for the
screening and development of new com-
pounds that can improve wound healing.
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KEY FINDINGS
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� The new compound is not cytotoxic and does not activate the immune
system (no activation of CTLs, Th cells, or NK cells), thus indicating a low
risk of immunogenic reactions confirmed also with low allergenic po-
tential in the BAT.

� The compound delivered topically in P407 hydrogel caused acceleration
of wound healing (evident on days 9 and 11 from injury) in dorsal skin
wound injury model in mice.

� RNA-Seq analysis of dermal skin cells and ASCs stimulated with the new
compound did not reveal the activation of oncogenesis pathways and any
toxic effects.

� A multifaceted in vitro model, based on cell culture tests, animal models,
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that stimulate wound healing is presented.
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Abbreviations and Acronyms

ACN ¼ acetonitrile
ASCs ¼ adipose-derived stem cells

BAT ¼ basophil activation test
ECM ¼ extracellular matrix

HG ¼ high glucose
IL-8 ¼ interleukin 8
LDH ¼ lactate dehydrogenase
NK ¼ natural killer

PDGFRb ¼ beta-type platelet-derived growth
factor receptor

qPCR ¼ quantitative PCR
TFA ¼ trifluoroacetic acid

Th ¼ T helper
TIPSI ¼ triisopropylsilane
TOX ¼ toxicity

VEGF ¼ vascular endothelial growth factor
XTT ¼ sodium 3¢-[1- (phenylaminocarbonyl)-

3,4- tetrazolium]-bis (4-methoxy6-
nitro) benzene sulfonic acid
hydrate
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