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ABSTRACT. WKYMVm hexapeptide has been identified as a strong FPR2 agonist through a
library screening of synthetic peptides. The FPR2 has been reported to play a crucial role in
inflammation and angiogenic responses via stimulation of chemotaxis, migration, cell
proliferation, wound healing and vessel growth. Recently, the therapeutic effects of WKYMVm
have been reported in various disease models. In cutaneous wound model in diabetic mice,
WKYMVm facilitated wound healing processes by stimulating the formation of capillary and
arteriole and re-epithelialization. In coronary artery stenosis model, WKYMVm coating on stent
promoted re-endothelialization and lowered restenosis rate. In hindlimb ischemia mouse model,
intramuscular injection of WKYMVm promoted homing of exogenously transplanted
endothelial colony-forming cells and neovascularization, resulting in salvaging hindlimb.
Furthermore, a single injection of WKYMVm encapsulated in poly (lactide-co-glycolide)
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microspheres was demonstrated to be as efficient as multiple injections of WKYMVm in
restoring blood flow in hindlimb ischemia model. These observations may open up promising
biomedical applications of WKYMVm for tissue repairs and regenerations.

KEYWORDS. anti-restenosis, angiogenesis, formyl peptide receptor-2, neovascularization, re-

endothelialization, WKYMVm, wound healing

INTRODUCTION

Formyl peptide receptors (FPRs) belong to
the transmembrane domain G-protein-coupled
receptor (GPCR) family. Formyl peptide recep-
tor 2 (FPR2) has been mainly identified to acti-
vate immune cells like phagocytes, lympho-
cytes and play a crucial role in host defense and
inflammation." The FPR2 has been known to
stimulates chemotaxis, cell proliferation,
wound healing, migration and vessel growth.”
Various FPR2 agonists stimulating different
cell lines have been identified. Excepting lip-
oxin A4, resolvins and D-series resolvins, most
of the FPR2 agonists are peptides, which
include microbe-derived peptides, endogenous
peptides such as mitochondrial peptides, amy-
loidogenic peptides, and inflammatory response
related peptides.? Through a screening of syn-
thetic  peptide library, a  hexapeptide
WKYMVm (Trp-Lys-Tyr-Met-Val-D-Met)
was identified as a strong agonist of FPR2 with
weak affinity to FPR1 and FPR3 (Fig. 1).!
WKYMVm has been reported to activate
immune cells, including neutrophils, monocytes,
and NK cells.> Recently, along with high affin-
ity of WKYMVm to FPR2 receptor and its ability
on modulating inflammatory cell activity, several
studies identified that WKYMVm can induce
angiogenesis of endothelial cells via FPR2 depen-
dent stimulation of proliferation, migration, tube
formation, and sprouting activity.*’ In addition,
several studies showed that WKYMVm
improved tissue repair with enhanced neovascu-
larization through promoting homing, prolifera-
tion, and tube formation of endothelial colony-
forming cells (ECECs).*'! Furthermore, synthe-
sis of WKYMVm peptides composed of few
amino-acids can be easily and quickly performed
and cost-effective. With these properties of
WKYMVm, recent studies are using these small

peptides in various biomedical application fields.
The commentary highlights the biomedical appli-
cation of WKYMVm in the repair of various tis-
sues with different delivery methods.

Stimulation of cutaneous wound healing

Cutaneous wound healing is mediated by
complex processes: inflammation, re-epithelial-
ization, granulation tissue formation, neovascu-
larization, wound contraction, and ECM reor-
ganization.'” Various cells such as platelets,
macrophages, leukocytes, fibroblasts, endothe-
lial cells, and keratinocytes are involved during
the inflammatory and tissue regeneration pro-
cesses. Wound healing processes are also regu-
lated by various molecules such as interferon,
integrin, matrix metalloproteinase, cytokines
and growth factors."?

Many drugs have been developed and investi-
gated to facilitate repair of acute or chronic skin
wounds and stimulate tissue regeneration. For
instance, erythropoietin (EPO) has been identi-
fied that reduced tissue damage by modulating
inflammatory cell activity, and induced neovas-
cularization through induction of stem cells and
endothelial progenitor cells recruitment.'* Fur-
thermore, EPO has been identified to stimulate
the re-epithelialization and ECM formation."*
Among FPR2 agonists, LL-37 was shown to
expedite wound healing by accelerating re-epi-
thelialization and granulation tissue formation in
excisional wounds of ob/ob mice.'?

Recently, Kwon et al. identified that the
WKYMVm effectively stimulated the healing of
a cutaneous wound in streptozotocin-induced dia-
betic mice.” By topical treatment with a small
amount of WKYMVm (20 uL of 1 uM in
HBSS) on wound sites for 12 days, they found
that WKYMVm accelerated re-epithelialization
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FIGURE 1. Chemical structure of synthetic WKYMVm hexapeptide. Peptide consists of six amino
acid residues: tryptophan, lysine, tryrosine, methionine, valine, and D-form methionine. WKYMVm
was selected from random hexapeptide sequence library as suitable agonist of FPR2.

NH,

I
ZI

e

=
ZI

Sy

I=

OH

and angiogenesis in dermal tissues. Histological
analysis showed WKYMV-m-treated group
accelerated re-epithelialization at the early time
points compared with the HBSS-treated control
group. Furthermore, regeneration of hair follicles

was promoted on day 12. Insufficient angiogene-
sis is known to cause chronic and non-healing
wounds in diabetic models.'® WKYMVm treated
group showed a higher number of endothelial
cells and mature blood vessels in wound site

FIGURE 2. Cellular responses after activation of FRP2. FPR2 activation induces chemotaxis and
Ca?* mobilization and suppresses apoptosis of neutrophils, monocytes and T-lymphocytes. Endo-
thelial progenitor cell proliferation and vessel growth are effectively facilitated by FPR2 activation.
Invasion and migration of epithelial cells and wound healing are stimulated by FPR2 activation.
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FIGURE 3. Biomedical therapy using synthetic WKYMVm hexapeptide. WKYMVm-induced FPR2
activation promotes homing of ECFCs (equivalent to endothelial progenitor cells) to the ischemic
injury sites and angiogenesis to restore blood flow. Topical application of WKYMVm accelerates
skin wound healing by promoting angiogenesis and re-epithelialization. WKYMVm-coated stent

reduces restenosis and restores vascular function.

Biomedical therapy using WKYMVm peptide
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when the wound dermis immuno-stained with
vWF, an endothelial marker, and «-SMA, a
mature blood vessels marker. Furthermore, they
identified that the WKYMVm promoted immune
cells infiltration into dermal tissues in an early
stage of wound healing and ECM organization.
Previous studies reported that immune cells were
recruited via activation of FPR2, to which
WKYMVm is a strong agonist.>'” Cytokines
from numerous inflammatory cells play a crucial
role to facilitate epidermal regeneration, wound
vascularization, fibroblast-mediated synthesis of
extracellular matrix, and granulation tissue for-
mation.'” Inflammatory cells have additional
functions, including host defense and removal of
apoptotic cells during wound repair process.'®
Though exact target cell and downstream molec-
ular mechanism of WKYMVm-mediated FPR2
in accelerating wound repair process remain
unclear, treatment of WKYMVm peptides has
shown the remarkable efficacy in several stages
of wound healing process (Fig. 2).

Induction of re-endothelialization and
anti-restenosis in stent implantation

Coronary artery stenosis, atherosclerosis, is
characterized by the accumulation of cells, lipids,

Wound healing

Infiltration of immune cells into dermis

Vascular wall healing

WKYMVm-eluting stent
Re-endothelialization

Anti-thrombosis

and connective-tissue elements within artery
wall."” Myocardial infarction occurs when the
growth of atheroma disturbs blood flow through
the coronary artery.”’ In order to treat coronary
artery stenosis, intracoronary stents have been
developed to prevent occlusion and restenosis.’
However, stent implantation revealed limitations
by early acute vessel closure due to stent thrombo-
sis and late stent failure due to in-stent restenosis.**
These limitations led to the development of drug-
eluting stents, which release anti-proliferative
agents targeting smooth-muscle cells, such as siro-
limus or paclitaxel, and have proven effective in
lowering stent failure rate by reducing the risk of
restenosis and repeat revascularization> The
long-term safety of drug-eluting stents, however,
has been questioned due to delayed arterial heal-
ing, incomplete endothelialization and vessel
remodeling, which increases the risk of stent
thrombosis beyond 1 y after stent implantation.*
Recently, a dual drug-coated stent was devel-
oped to simultaneously promote re-endothelializa-
tion and anti-restenosis.'' The stent was coated
with WKYMVm to recruit circulating ECFCs and
promote re-endothelialization. In addition, the
stent was coated with sirolimus to inhibit resteno-
sis by preventing the proliferation of smooth mus-
cle cells. Hyaluronic acid and WKYMVm
mixtures were coated onto the bare metal stent and
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sirolimus was consecutively applied to the pep-
tide-coated stent. To identify treatment efficacy,
WKYMVm- and sirolimus-coated stent, bare-
metal stent and a commercial everolimus-eluting
stent was implanted into rabbit iliac artery. At 6
week post implantation, rabbit iliac arteries were
isolated and histological analysis was conducted.
Histological analysis showed WKYMVm- and
sirolimus-coated stent provided a consecutive lin-
ear staining of CD31-positve cells with low reste-
nosis rate whereas bare-metal stent or everolimus-
eluting stent showed incomplete CD31 staining.
Through the in vivo study, they identified that the
dual-drug coating stent prevented the restenosis
and promotedd endothelial healing.

In addition, a bi-directional stent coatings
with WKYMVm and sirolimus were developed
and the therapeutic efficacy was investigated.**
The efficacy of drug-eluting stents was investi-
gated by altering the drug position and compar-
ing the single and simultaneous drug delivery.
Bi-directional drug-coated stent showed en-
hancement of human vein endothelial cells pro-
liferation and inhibition of smooth muscle cell
proliferation and movement when analyzed in
the instrument mimicking the body’s circula-
tion system. Therefore, the simultaneous and
sustained release of WKYMVm and sirolimus
had therapeutic efficacy in decreasing resteno-
sis and improving the healing of endothelial
cells covering stent for vascular wall healing.
These results suggest a biomedical application
of WKYMVm as a strong candidate in reducing
long-term risks of stent implantation by pro-
moting re-endothelialization.

Stimulation of ischemic
neovascularization

Since the discovery of endothelial progenitor
cells (EPCs) in 1997, EPCs have drawn atten-
tion as a good source to treat various ischemic
diseases including critical limb ischemia.*>*°
EPCs have been shown to contribute to neovas-
cularization through direct incorporation into
new vessels or indirect paracrine secretion to
boost angiogenesis by preexisting endothelial
cells.””*® Identifying the effect of WKYMVm
on enhancing the therapeutic efficacy of EPCs

was pioneered by Heo et al in the study of
exogenously transplanted ECFCs in mouse hin-
dlimb ischemia model.® ECFCs were derived
from 7 day culture of human cord blood mono-
nuclear cells and transplanted through tail vein
in mouse hindlimb ischemia model. Intramus-
cular injection of WKYMVm at ischemic sites
(20 uLL of 10 uM in HBSS, three sites, three
times per week for 28 days) promoted homing
of transplanted ECFCs and significantly incre-
ased restoration of blood flow and degree of
limb salvage. Therapeutic augmentation of
ECFCs by WKYMVm as well as up-regulation
of migration and tube formation of ECFCs in
vitro by WKYMVm were dependent on FPR2
expression in ECFCs. These findings opened
up the biomedical application of WKYMVm in
promoting tissue repair and regeneration.
Therapeutic activities of peptides are known
to diminish with their short circulation time
and rapid degradation when delivered by direct
injection. Because of this limitation, repeated
injection of peptides is necessary to achieve
therapeutic efficacy. However, due to the poor
patient compliance, repeated injection of pepti-
des is not favored in clinical practice.”® There-
fore, in our recent study, we have fabricated the
injectable biodegradable microspheres encap-
sulating WKYMVm and evaluated the effect
on neovascularization in vitro and therapeutic
efficacy with a single injection in vivo.'® The
aim of our study was to achieve the sustainable
and controllable delivery of WKYMVm with a
single injection of microspheres, which pro-
vides a comparable efficacy to that of multiple
injections. Poly lactic-co-glycolic acid (PLGA)
is a biocompatible and biodegradable polymer
that exhibits a broad range of erosion times and
tunable mechanical properties and extensively
studied for protein and peptide carriers.’*>' We
fabricated the PLGA microspheres to encapsu-
late WKYMVm peptides by W;/O/W, double
emulsion solvent evaporation method. To
enhance the stability of peptides, peptides were
solubilized in enzyme-free distilled water (W,
phase), and this drug solubilized W phase was
encapsulated by PLGA polymer (O phase).
Finally this emulsion solution was stabilized
and hardened by a stabilizing agent PVA (W,
phase). We identified that the size distribution,
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surface areas, and stability of microspheres
were suitable for injection from the syringe for
drug release.

In mouse aorta ring ex vivo experiment to mea-
sure angiogenic sprout formation, PLGA micro-
spheres encapsulating WKYMVm showed the
sustained and efficient release of drugs and
increased sprout formation comparable to free
WKYMVm treatment in 3 day culture. When
PLGA microspheres encapsulating WKYMVm
were injected into hindlimb mouse ischemia
model, a single injection of high dose micro-
spheres was as efficient as multiple injections of
free WKYMVm in restoring blood flow and sal-
vaging limbs. Injection of free WKYMVm was
carried out three times per week. 513.6 ng
(60 uL x 10 uM) of WKYMVm was injected
per injection, and a total of 6163.2 ng (12 X
60 uL x 10 uM) was injected over 4 weeks.
Injection of PLGA microspheres encapsulating
WKYMVm (6163.2 ng, 60 uL x 12 x 10 uM)
was prosecuted at one time when the hind limb
ischemia was induced. Both group significantly
increased blood perfusion and tissue regeneration
compared with the HBSS-injected control group
or control PLGA microsphere-injected group.
These results demonstrated biomedical efficacy
and efficiency of PLGA microspheres encapsulat-
ing WKYMVm in treating ischemic disease by
facilitating neovascularization at the injury site.

CONCLUSION

WKYMVm, a strong FPR2 agonist, have
recently been proven to be effective in promoting
recoveries from tissues damages in various dis-
ease models (Fig. 3). In cutaneous wound healing
of diabetic mice, topical application of
WKYMVm  promoted re-epithelialization,
angiogenesis, and infiltration of immune cells at
the injury site. In a stent application, a dual coat-
ing of WKYMVm with sirolimus on stent surface
decreased in-stent restenosis and increased re-
endothelialization, which may reduce the long-
term risk of a drug-eluting stent. In hindlimb
ischemia model, WKYMVm injection at injury
site enhanced homing of transplanted ECFCs
and increased the blood flow. With PLGA micro-
spheres encapsulating WKYMVm, a single

injection of microspheres in hindlimb ischemia
model was shown to be as efficient as multiple
injections of free WKYMVm to restore blood
flow and salvage limbs. These studies have dem-
onstrated the therapeutic potential of WKYMVm
in treating ischemic diseases, and safe delivery
methods may expedite the clinical applications
of WKYMVm hexapeptide.
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