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Abstract

Decreased angiogenesis contributes to delayed wound healing in diabetic patients. Recombinant human bone
morphogenetic protein-2 (rhBMP2) has also been demonstrated to promote angiogenesis. However, the short
half-lives of soluble growth factors, including rhBMP2, limit their use in wound-healing applications. To address
this limitation, we propose a novel delivery model using a protein transduction domain (PTD) formulated in a lipid
nanoparticle (LNP). We aimed to determine whether a gelatin hydrogel dressing loaded with LNP-formulated PTD-
BMP2 (LNP-PTD-BMP2) could enhance the angiogenic function of BMP2 and improve diabetic wound healing. In
vitro, compared to the control and rhBMP2, LNP-PTD-BMP2 induced greater tube formation in human umbilical
vein endothelial cells and increased the cell recruitment capacity of HaCaT cells. We inflicted large, full-thickness
back skin wounds on streptozotocin-induced diabetic mice and applied gelatin hydrogel (GH) cross-linked by
microbial transglutaminase containing rhBMP2, LNP-PTD-BMP2, or a control to these wounds. Wounds treated
with LNP-PTD-BMP2-loaded GH exhibited enhanced wound closure, increased re-epithelialization rates, and higher
collagen deposition than those with other treatments. Moreover, LNP-PTD-BMP2-loaded GH treatment resulted
in more CD31- and a-SMA-positive cells, indicating greater neovascularization capacity than rhBMP2-loaded GH or
GH treatments alone. Furthermore, in vivo near-infrared fluorescence revealed that LNP-PTD-BMP2 has a longer
half-life than rhBMP2 and that BMP2 localizes around wounds. In conclusion, LNP-PTD-BMP2-loaded GH is a viable
treatment option for diabetic wounds.
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Introduction

Diabetes mellitus is a chronic metabolic disorder affecting
millions of people worldwide.'> Diabetic foot ulceration,
one of the most common complications of diabetes, is
associated with delayed wound healing.>* Wound healing
involves a well-coordinated sequence of cellular and bio-
molecular events, including inflammation, cell migration
and proliferation, and tissue remodeling.>* However, dia-
betic wounds exhibit abnormal chemokine production and
inflammatory responses, decreased growth factor levels,
and reduced angiogenic activity.*®® Previous research has
explored the efficacy of advanced treatments involving
stem cells, chemokines, growth factors, skin substitutes,
and gene therapy for improving diabetic wound healing.
Nonetheless, their efficacy remains low, highlighting the
need for more effective treatment methods.’

Insufficient angiogenesis results in limited recruitment
of inflammatory cells and a reduced supply of oxygen and
nutrients.® Impaired recruitment and migration of cells to
wound sites also decrease the chemokine production cru-
cial for wound repair.>®7 Thus, enhancing angiogenesis is
one of the main strategies for treating diabetic wounds.”>'
Although growth factor treatments can improve angiogen-
esis, their short half-lives and adverse effects limit their
success.*’

Recombinant human bone morphogenetic protein-2
(thBMP2) has received Food and Drug Administration
(FDA) approval for bone regeneration.'"'> Moreover,
numerous studies have demonstrated the critical role of
BMP2 in physiological development and vascular homeo-
stasis,'’ including angiogenesis.'*'® BMP signaling regu-
lates mesoderm formation, vasculogenesis, sprouting
angiogenesis, arteriovenous differentiation, endothelial
barrier function, and endothelial-to-mesenchymal transi-
tion.'>!7 Furthermore, BMP signaling influences endothe-
lial cell (EC) migration, proliferation, and network
formation."® During sprouting angiogenesis, BMP signal-
ing promotes vascular morphogenesis by controlling vas-
cular activation and maturation.'”> BMP2 also induces in
vitro proliferation of human pulmonary artery and aortic
ECs, increases migratory efficiency, and promotes tube
formation in human dermal microvascular ECs, as well as
human aortic and umbilical vein ECs.!315:18-21

The angiogenic potential of BMP2 led us to hypothe-
size that it could improve diabetic wound healing.
However, few studies have explored the association
between BMP2 and wound healing. Since BMP2 can
influence bone formation, potential side effects may
include ectopic ossification or vascular calcification.?>?
Nonetheless, the activation of BMP signaling plays a role
in stem cell recruitment to wound sites and wound healing
acceleration.?*

The short half-life of rhBMP2 necessitates its adminis-
tration at high dosages to be effective. Research aiming to
overcome this limitation has been actively conducted. In a

previous study, a recombinant protein transduction domain
(PTD)-fusion polypeptide was delivered intracellularly
across the membrane without any specific receptor.?2°
After transduction, the PTD-fusion polypeptide refolded,
was post-translationally cleaved, and secreted in its active
form.'2%27 We reported PTD-BMP2 as a prodrug of
BMP2 using this strategy.!! It demonstrated improved
functionality in vivo at a lower dose than rhBMP2.!
Moreover, to overcome the size limitation imposed by
endosomal cellular delivery, we previously developed
PTD-BMP7 formulated in micelles as lipid nanoparticles
(LNPs).?82° The micelle enhanced endosomal transduction
of PTD-BMP7, and micellized PTD-BMP7 was success-
fully processed and secreted as active BMP7.2%2

We hypothesize that a newly designed PTD-BMP2 for-
mulated in micelles could induce intracellular transduction
in wounds and secrete active BMP2, leading to enhanced
angiogenesis, improved cell recruitment, and a more effec-
tive reparative process for wound healing (Scheme 1).
Therefore, this study aimed to investigate whether LNP-
formulated PTD-BMP2 (LNP-PTD-BMP2) could suc-
cessfully enter a diabetic wound when applied via a gelatin
hydrogel (GH) dressing and whether the angiogenic func-
tion of BMP2 could improve diabetic wound healing.

Materials and methods

Preparation of LNP-PTD-BMP2

Recombinant PTD-BMP2 was synthesized as previously
described.!'" The PTD-fusion BMP2 polypeptide was
amplified using pRSET (Invitrogen, Waltham, MA,
USA), a bacterial expression vector containing an Xpress
epitope and a His tag. The precursor cDNA of BMP2 was
amplified from the cDNA of Saos-2 osteosarcoma cells
using polymerase chain reaction. The TAT sequences
(RKKRRQRRR) for the PTD domain were inserted adja-
cent to the epitope, and the precursor cDNAs of BMP2
were cloned into a TAT-expression cassette. Following
the transformation of BL21 competent cells and IPTG
induction, inclusion bodies were obtained from the insol-
uble fraction using 1% Triton X-100 buffer. The insolu-
ble fraction was solubilized with an 8 M urea solution,
and the recombinant protein was purified using Ni-Ti
beads and imidazole elution. Buffer shock was then
employed to imbue high surface energy (AG) properties.
Denatured polypeptides were micellized with filtered
0.1% egg lecithin (BOC Sciences, Shirley, NY, USA) via
bath sonication.?%?

Preparation of LNP-PTD-BMP2-loaded GH

GH was synthesized as previously described.?*3! Gelatin
gels were prepared by cross-linking gelatin using micro-
bial transglutaminase (mTG). TI transglutaminase formula
(Modernist Pantry) was dissolved in phosphate-buffered
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Scheme |. Schematic illustration of the approaches used in this study: The back wound of a streptozotocin-induced diabetic

mouse was treated with either rhBMP2- or LNP-PTD-BMP2-loaded

gelatin hydrogel. Following intracellular transduction of

micellized PTD-BMP2 and subsequent processing, active BMP2 was secreted, leading to autocrine and paracrine action.

saline (PBS) to obtain a 10% (wt, weight ratio) mTG solu-
tion. Subsequently, gelatin (Sigma-Aldrich, St. Louis,
MO, USA) was added at 5.5% (w/v%: weight/total solu-
tion volume) in PBS. GHs were prepared by mixing the
appropriate volume of the 10% mTG solution with 5.5%
gelatin, according to the experimental requirements. As
previously described, 4.4% GH at 200 uL/cm? was used.?!
The GH, mTG solution, and LNP-PTD-BMP2 were mixed
at room temperature.

In vitro cell migration study

In vitro cell migration study was assessed using a scratch
wound assay as previously described.’?33 HaCaT cells
were seeded at a density of 2 X 103 cells/mL into 6-well
plates and incubated at 37°C under 5% CO,. When the
cells reached 80%-90% confluency, they were scratched
using 200-pL micropipette tips. Floating cells were
immediately removed by washing with PBS, and 1.5mL
of culture medium was added. Because the LNP-PTD-
BMP2 was purified in an E. coli system, we used E. coli-
derived thBMP2 (Daewoong Pharmaceutical Co., Ltd.,
Seoul, Korea). thBMP2 and LNP-PTD-BMP2 were added
at concentrations of 100ng/mL each. After 48h of cell
culture, images were captured using a digital camera
(Nikon, Tokyo, Japan) coupled to an optical microscope
(Nikon TMS). Quantification of the percentage of wound
closure between 0 and 48h was assessed using Imagel
software (Ver. 1.48, Aspire Software International,
Leesburg, VA, USA). All experiments were repeated at
least three times.

HaCaT cell proliferation assay with LNP-PTD-
BMP2

The proliferation of HaCaT cells by LNP-PTD-BMP2 was
evaluated using a water-soluble tetrazolium salt (WST)
assay (EZ-Cytox Kit, Daeil Lab Service, Seoul, Korea).
First, HaCaT cells were seeded in 12-well plates at
1 X 10%cells/mL and incubated with 100ng/mL LNP-
PTD-BMP2 for 24, 72, and 120h at 37°C and 5% CO,,.
Then, 10 uL of EZ-Cytox solution was added to each well,
and the cells were incubated at 37°C for 3h. The absorb-
ance was measured at 450nm. All samples were tested in
triplicate.

In vitro angiogenesis study via tube formation
assay

EC migration and capillary tube formation assays were
used to assess angiogenesis in vitro.>*3* Human umbilical
vein endothelial cell (HUVEC) capillary tube formation
assays were performed to assess LNP-PTD-BMP2-
induced angiogenesis in vitro.*

Primary HUVECs (Lonza, Basel, Switzerland) were
cultured in EC growth medium-2 (EBM-2, Lonza) sup-
plemented with 10% fetal bovine serum (FBS, Gibco-
Invitrogen), 100units/mL penicillin G, and 100 ug/mL
streptomycin at 37°C under 5% CO,/95% air. All cells
used in experiments underwent fewer than eight passages
after resuscitation.>> Additionally, 500ng of LNP-PTD-
BMP2 was added to the HUVEC culture medium and
allowed to incubate overnight. The insoluble fractions of
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cells were used for western blotting to detect transduced
recombinant protein in cells.

The tube-like structures formed by HUVECs on
Matrigel with reduced quantities of growth factors were
analyzed as previously described.?*38 Briefly, 96-well cul-
ture plates were coated with Matrigel (50 uL/well) and
incubated for 30min at 37°C. After HUVECs were cul-
tured in EBM-2 containing 1% FBS, they were plated onto
a layer of Matrigel at a density of 2 X 10*cells/well.
Following a 2-h incubation at 37°C, the cells were treated
with either H,0, (200nM), thBMP2 (100ng) with H,O,
(200nM), or LNP-PTD-BMP2 (100ng) with H,O,
(200nM). Each well was analyzed at 1-h intervals for up to
6 h. Tube formation was observed using an inverted phase-
contrast microscope, and the number of nodes and tubes
were quantified.

In vivo BMP2 release test and diabetic wound
healing study

Preparation of streptozotocin (STZ)-induced diabetic mouse
model. ICR mice (male, 7weeks old) were procured from
Orient Bio (Seoul, Korea) and housed in wire cages. The
temperature and humidity of the cages were maintained at
20-22°C and 40-50%, respectively, throughout the exper-
iment. Type I diabetes was induced in all mice by intra-
peritoneally injecting STZ (Sigma-Aldrich) dissolved in
0.05M citrate buffer, pH 4.5, at a dosage of 200 mg/kg
body weight. One week later, a diabetic phenotype was
confirmed using a OneTouch Select meter (Johnson &
Johnson, UK) when the fasted blood glucose level
exceeded 300mg/dL. The animal studies were conducted
in compliance with the guidelines set by the Institutional
Animal Care and Use Committee (IACUC) and authorized
by the Yonsei University College of Medicine (Permit No.
2018-0325).

Diabetic wound treatment with rhBMP2 or LNP-PTD-BMP2-
loaded GH dressings. Mice (male, 9 weeks old) were anes-
thetized through intraperitoneal injection of Zoletile
(30mg/kg body weight) and Rompun (10mg/kg body
weight). The hair on the mice’s backs were shaved and
wiped with 70% ethanol. Full-thickness skin wounds
(10mm in diameter) were created on the backs of diabetic
mice. Silicone rings were sutured around each wound to
prevent wound contraction.>*

The groups for evaluating the efficacy of LNP-PTD-
BMP2-loaded GHs were as follows: Defect (untreated
group), GH (a group treated with GH only), thBMP2 (a
group treated with rhBMP2-loaded GH), and LNP-PTD-
BMP2 (a group treated with LNP-PTD-BMP2-loaded
GH). The wounds were treated once after surgery by fill-
ing them with GH, rhBMP2-loaded GH, or LNP-PTD-
BMP2-loaded GHs (5 mice/group) using a pipette.

Subsequently, all wounds were covered with Vaseline
gauze (Covidien, USA), which served as a moist dressing
to minimize GH dehydration. The wound dressing and
gauze were changed twice a week. The concentration of
rthBMP2 used was 100ng/cm?. The optimized concentra-
tions of LNP-PTD-BMP2 used were 0, 25, 100, and
400 ng/cm?.

Measurement of BMP2 release. Indocyanine green (ICG)-
labeled rhBMP2- or LNP-PTD-BMP2-loaded GH was
applied to the wound site. After dressing the wound, near-
infrared fluorescent images were captured in vivo at 0, 1,
3, 5, and 7days using an animal optical imaging system
(IVIS, Caliper Life Sciences, Waltham, MA, USA). Dur-
ing imaging, the mice were anesthetized using isoflurane
inhalation. The excitation and emission wavelengths of
ICG were 780 and 831 nm, respectively. The fluorescence
signal (p/s/cm?) from each mouse was measured using
Living Image software (version 2.50, Xenogen, Alameda,
CA, USA). All tests were conducted with five mice.

Measurement of wound closure. Photographs of the wounds
were captured using a digital camera (Nikon, Japan) at
days 0, 3, 7, 10, and 14. To evaluate the degree of wound
closure, the remaining wound area was measured using
ImagelJ software. The regenerated wound area on the spec-
ified day (4,) relative to the initial wound area on day zero
(4,) (%) was calculated as [(4,—4,)/4,] X 100.4°

Histological analysis of regenerative tissues. At the time of
sacrifice, perilesional skin samples were collected and
fixed in a 10% formalin solution. The skin samples were
stained with hematoxylin and eosin (H&E) and Masson’s
trichrome (MT). The wound area was digitally analyzed
using ImageJ software. The distance between the regener-
ated keratinocyte cell layers was measured on both ends of
the wound. The re-epithelialization rate was determined by
comparing the measured distances with those in the initial
wound images of MT-stained histological sections.

Collagen deposition in regenerated skin tissue at
14 days was measured by counting the pixels in MT-positive
blue areas of granulation and assessing the staining inten-
sity, using ImagelJ software for quantitative analysis. Von
Kossa staining was employed to evaluate calcium deposi-
tion in regenerated perilesional skin tissue. A total of five
mice per group were analyzed to determine the histology
of the regenerated tissues.

Immunofluorescence. The central wound area was sec-
tioned for immunofluorescence analysis. The sections
were deparaffinized, rehydrated, washed twice with
PBS, and then incubated with H,O, for 10 min to sup-
press endogenous peroxidase activity, reducing non-
specific background staining. The sections were washed
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twice again with PBS and incubated overnight at 4°C
with primary antibodies against CD31 (1:50, Abcam
Inc., Waltham, MA, USA) to detect EC and against
a-smooth muscle actin (a-SMA, Sigma-Aldrich) to
detect vascular smooth muscle cells formed during
neovascularization.*!

Subsequently, the sections were washed three times with
PBS. Phycoerythrin-conjugated goat anti-rabbit secondary
antibodies (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) were added to visualize the primary antibodies.
For nuclei staining, 4',6-diamidino-2-phenylindole (Sigma-
Aldrich) was used. The images were captured using an
inverted fluorescence microscope (IX-71, Olympus, Tokyo,
Japan). To determine whether the angiogenic ability of the
diabetic mouse model decreased, wound sections were
compared between normal ICR mice and diabetic ICR
mice.

Statistical analysis

All data are presented as the mean =* standard deviation.
Statistical analysis was conducted using either SPSS 25.0
software (IBM Corp., Armonk, NY, USA) or GraphPad
Prism 8 software (GraphPad Software Inc., San Diego,
CA, USA). One-way analysis of variance and post hoc
analysis were used to identify differences between groups.
Significance levels were set at *p <0.05, **p <0.01, and
**%p <0.001.

Results

Concentration optimization of LNP-PTD-BMP2

To determine the optimal concentration of LNP-PTD-
BMP2, we treated mice with LNP-PTD-BMP2 loaded in
GHs at concentrations of 0 (0.1% egg lecithin without
PTD-BMP2), 0.4, or 4 ug/cm? (Figure 1). We discovered
that the mice treated with 0.4 pg/cm?> LNP-PTD-BMP2
exhibited significantly enhanced wound closure, while
those treated with 4 ug/cm?> LNP-PTD-BMP2 showed no
significant wound closure compared to the defect group
(Figure 1(a) and (b)). Similar results were observed in the
neovascularization study (Figure 1(c)). All samples were
tested in triplicate.

Consequently, we subdivided the concentrations into 0,
25, 100, and 400 ng/cm” and obtained the wound healing
capacity and neovascularization results (Figure 2). The
groups treated with 100 and 400 ng/cm?> LNP-PTD-BMP2
demonstrated significantly enhanced wound closure and
collagen deposition compared to the defect, GH, and lower
concentrations groups (Figure 2(a), (b), (e) and (f)).
Comparing the neovascularization capacity of different
concentrations in an immunofluorescence study revealed
that the groups treated with 100 and 400ng/cm?> LNP-
PTD-BMP2 displayed significantly higher numbers of
CD31-positive cells than the defect, GH, and lower

concentrations groups (Figure 2(c) and (d)). Although a
significantly higher number of CD31-positive cells was
observed at the 400 ng/cm? concentration compared to the
100ng/cm? concentration, mild wound inflammation was
also detected. Therefore, we selected 100ng/cm? as the
optimal LNP-PTD-BMP2 concentration.

Cell migration, cell proliferation, and
angiogenesis study of LNP-PTD-BMP2
in vitro

A scratch cell migration assay on HaCaT cells was con-
ducted to evaluate the efficacy of LNP-PTD-BMP2 in
inducing in vitro cell migration compared to thBMP2
(Figure 3(a)). HaCaT cells treated with LNP-PTD-BMP2
demonstrated a significantly enhanced cell migration
capacity compared to those treated with the control and
rthBMP2, exhibiting 81.3% wound gap closure at 48h
(Figure 3(b)).

To determine the effect of LNP-PTD-BMP2 on the pro-
liferative capacity of HaCaT cells, the WST assay was per-
formed (Figure 3(c)). HaCaT cells treated with
LNP-PTD-BMP2 showed no significant differences in
proliferative capacity compared to the control group, sug-
gesting that LNP-PTD-BMP2 does not inhibit the growth
of HaCaT cells.

HUVEC capillary tube formation assays were con-
ducted to assess LNP-PTD-BMP2-induced angiogenesis
in vitro (Figure 3(d)). To mimic an environment with oxi-
dative stress similar to the diabetic environment,* we
added H,0, to the cells. Images were obtained after 6 h and
quantified. Compared to the control and thBMP2 treat-
ments, LNP-PTD-BMP2 treatment displayed significantly
higher tube and node formation capacity (Figure 3(e)).
Intracellular transduction efficiency of LNP-PTD-BMP2
was confirmed by western blot analysis (Figure 3(f)).

In vivo BMP2 release profile of LNP-PTD-
BMP2-loaded GH

ICG labeling was utilized to investigate the in vivo BMP2
release profile of thBMP2- or LNP-PTD-BMP2-loaded
GH. In vivo near-infrared fluorescent images acquired are
displayed in Figure 4(a). Wounds treated with LNP-PTD-
BMP2-loaded GH exhibited high fluorescent intensity
until day 7 (Figure 4(b)). The fluorescent intensity of
wounds treated with thBMP2-loaded GH significantly
diminished from day 5 onward. Consequently, LNP-PTD-
BMP2 demonstrated a longer half-life than rhBMP2.

Wound closure and histological changes of
LNP-PTD-BMP2 in diabetic wound healing

We confirmed the decreased wound healing capacity in an
STZ-induced diabetic mouse model used to simulate Type
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Figure |. Optimization of LNP-PTD-BMP2 concentration (1). (a) Large full-thickness back skin wounds were inflicted on
streptozotocin-induced diabetic mice and treated with LNP-PTD-BMP2-loaded GH at concentrations of 0, 0.4, and 4 ug/cm?.
Photographs of the wounds were taken on days 0, 3, 7, 10, and 14. (b) Quantitative analysis of wound closure rates for each

concentration. (c) Hematoxylin and eosin-stained microscopic images of newly formed red capillary vasculature (black arrows) in
the regenerated tissue for each concentration on day 4.

1 diabetes (Supplemental Figures S1A, S1B).* We also  and (b)). The LNP-PTD-BMP2 group exhibited signifi-
investigated the effect of thBMP2 or LNP-PTD-BMP2- cantly enhanced regeneration capacity compared to the

loaded GH on wound closure in this model (Figure 5(a)  GH group after day 3. When compared to the rhBMP2
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Figure 2. Optimization of LNP-PTD-BMP2 concentration (2). (a) Large full-thickness back skin wounds created in streptozotocin-
induced diabetic mice were treated with gelatin hydrogel (GH) and LNP-PTD-BMP2-loaded GH at concentrations of 0, 25, 100, and
400 ng/cm?. Representative images depict the skin wounds on days 0, 3, 7, 10, and 14. (b) Quantitative analysis of wound healing
rate relative to the initial wound over time. (c) Immunofluorescence staining reveals CD3 | expression in regenerated wound tissues
on day |4. (d) Quantitative analysis of CD3 | -positive cells. (¢) Hematoxylin and eosin-stained microscopic images of newly formed
red capillary vasculature (black arrows) in the regenerated tissue at concentrations of 0, 25, 100, and 400 ng/cm? on day 14.

(f) Masson’s Trichrome-stained regenerated soft tissues on day 14. Granulation tissue displays the deposition of newly formed
collagen tissues (blue areas). (g) Enumeration of the newly formed red capillary vasculature. (h) Quantitative analysis of collagen
deposition for each concentration. All quantitative analyses were performed using Image] software.
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Figure 3. LNP-PTD-BMP2 enhanced migration and angiogenesis in vitro. (a) Incubated HaCaT cells (2 X 10°cells/mL) were
scratched and treated with rhBMP2 (100 ng/mL) or LNP-PTD-BMP2 (100 ng/mL). After 48h of culture, gap differences were
measured from the initial time point. (b) Wound closure rates were quantified using ImageJ software. (c) A water-soluble
tetrazolium salt assay was performed to determine the proliferative capacity of LNP-PTD-BMP2-treated HaCaT cells. Each
experiment was conducted in triplicate (n=3). All error bars indicate * SEM. (d) HUVECs were treated with vehicle, H,O,
combined with vehicle, H,O, combined with rhBMP2 (100 ng), or H,0O, combined with LNP-PTD-BMP2 (100 ng) for tube
formation assays. Representative images were taken after 6 h. () The number of nodes and tubes were quantified. Results from
five independent experiments are presented. (f) HUVECs were treated with 500 ng of LNP-PTD-BMP2 overnight, and the insoluble
fraction was used for western blotting.
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Figure 4. In vivo BMP2 release profile of rhBMP2- or LNP-
PTD-BMP2-loaded gelatin hydrogel (GH) using indocyanine
green (ICG) labeling. (a) ICG signal from the back wounds

was observed using VIS at |, 3, 5, and 7 days after treating
streptozotocin-induced diabetic mice with ICG-labeled
rhBMP2- or LNP-PTD-BMP2-loaded GH. Wounds treated

with LNP-PTD-BMP2-loaded GH maintained high fluorescence
intensity until day 7, while wounds treated with rhBMP2-loaded
GH showed an abrupt decrease in intensity from day 5 onward.
(b) The relationship of the relative radiant efficiency of ICG-
labeled LNP-PTD-BMP2 and rhBMP2 revealed that LNP-PTD-
BMP2 has a longer half-life than rhBMP2.

group, the LNP-PTD-BMP2 group demonstrated a signifi-
cantly reduced wound size after day 7. No significant dif-
ference in wound healing over time was observed between
the rhBMP2 and GH groups.

To investigate re-epithelialization rates and collagen
deposition, we analyzed the regenerated skin tissues using
H&E and MT staining on day 14. The epithelial layer of
wound sites treated with LNP-PTD-BMP2-loaded GH
exhibited the best re-epithelialization rate (Figure 5(c) and
(d)). The rhBMP2 group displayed a re-epithelialization
rate similar to the GH group (p=0.779). The LNP-PTD-
BMP2 group showed significantly higher collagen deposi-
tion than the GH (3.3-fold) and rhBMP2 groups (4.1-fold),
respectively (Figure 5(e) and (f)).

To assess whether BMP2 induces calcification of
wounds and regenerated tissue, we analyzed regenerated
skin perilesional tissues using Von Kossa staining on day

14. No calcium deposits were observed in the regenerated
tissues of all groups (Supplemental Figure S2).

Neovascularization of LNP-PTD-BMP2 in
diabetic wound healing

To assess wound neovascularization, we used H&E stain-
ing, as well as CD31 and a-SMA immunofluorescence
labeling. The number of red capillary vasculatures stained
with H&E was significantly higher in the LNP-PTD-
BMP2 group than in the GH or thBMP2 group (Figure
6(a) and (b)). The numbers of CD31-positive cells and
a-SMA-positive cells were significantly greater in the
regenerated tissue of the LNP-PTD-BMP2 group than in
the GH or thBMP2 group (Figure 6(c) and (d)). The rate
of CD31-positive cells in the LNP-PTD-BMP2 group
was 1.7- and 1.8-fold higher than the rates in the GH and
rhBMP2 groups, respectively. Similarly, the rate of a-
SMA-positive cells was found to be 2.9- and 3.1-fold
higher, respectively.

Discussion

Angiogenic capacity is decreased in diabetic chronic
wounds and plays a critical role in the pathogenesis of
impaired wound healing.®” Various studies have been con-
ducted to identify treatments that improve angiogenesis in
chronic wounds.*'** Previous therapeutic approaches have
used growth factors, endothelial progenitor cells, and stem
cells, but the results have been limited.*$

BMP was the first member of the TGF-beta superfam-
ily known to induce bone formation.* thBMP2 has been
widely used for spinal fusion in orthopedic surgery. It has
shown promising results, but complications were reported
in studies using high doses; 9.9% of patients who under-
went anterior cervical fusion and used a high dose of
rthBMP2 developed a hematoma after surgery.>*? Among
them, 73.3% developed a hematoma 4-5 days after sur-
gery.’® Hematomas correlated with a high dose of
rhBMP2 showed a higher frequency and later onset than
other hematomas that occurred in patients who under-
went anterior cervical fusion without thBMP2.5 This
report led to the idea that BMP2 may also be involved in
angiogenesis.

BMP2 plays an essential role in pathobiological pro-
cesses and the homeostasis of skin and various tissues.>® It
induces chemotaxis in microvascular ECs.*** BMP2
receptor mutations were identified in 70% of patients with
familial pulmonary arterial hypertension, which is an
uncommon vascular disorder.>>>’ Decreased expression of
BMP2 receptors in lung tissues leads to EC dysfunction,
resulting in increased vascular resistance.'>*>*%%° In fetal
skin, BMP2 promotes dermal and epidermal growth and
appears to be involved in wound healing.®® Therefore,
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Figure 6. Neovascularization effects of rhBMP2- and LNP-PTD-BMP2-loaded gelatin hydrogel in streptozotocin-induced

diabetic mice on day 14. (a) Microscopic images show newly formed red capillary vasculature (indicated by black arrows) in
regenerated tissue obtained using hematoxylin and eosin staining. (b) Enumeration of the newly formed red capillary vasculature.
(c¢) Immunofluorescence study demonstrates CD3 | -positive cells (red) and a-SMA-positive cells (green) in the regenerative tissue,
suggesting the formation of mature vessels. (d) Quantitative analysis of CD31- and a-SMA-positive cells using Image] software.

treatment with BMP2 could be an ideal therapy for dia-
betic wound healing. The present study demonstrates the
angiogenic and wound healing capacity of BMP2 in vitro
and in vivo.

Previous studies have shown that BMP regulates the
proliferation, migration, and tube formation of ECs.?!
BMP2 is known to exhibit various activities depending on
the cell type. It stimulates the proliferation of human aortic
ECs but does not affect the proliferation of HUVECs or
human dermal microvascular ECs.!*?! It also induces
migration and tube formation in human aortic ECs,
HUVECs, and human dermal microvascular ECs.'? In this
study, vessel formation was thought to be induced via the
microvascular endothelial cells around the wound in vivo.

BMP2 is thought to be involved in angiogenesis during the
possible mechanism by which it promotes wound healing.
More research is needed to elucidate the specific mecha-
nism underlying the effect of BMP2 on dermal and epider-
mal growth.

However, hBMP2 is challenging to use for wound
healing due to limitations such as a short half-life.!'*! To
overcome this limitation, we employed a novel delivery
method using PTD formulated in micelles. In a previous
study, micellized PTD-BMP7 was transduced directly into
cells via an endosomal pathway, and active BMP7 was
successfully secreted in HEK293 cells.?® In our study,
LNP-PTD-BMP2 was successfully delivered into cells
independently of the BMP2 receptor to secrete active
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BMP2 (Figure 3(f)). In another study, PTD-BMP7 injected
intraperitoneally in Balb/C nude mice demonstrated a five
times longer half-life and nine times greater area under the
curve than rBMP7 in intravital fluorescence imaging.?
Our study revealed that LNP-PTD-BMP2 has a longer
half-life and duration of effect compared to rhBMP2
(Figure 4). Furthermore, when LNP-PTD-BMP2 was
loaded into a GH and applied topically, LNP-PTD-BMP2
localized around the wound without a systemic effect, as
shown in the in vivo BMP2 release study (Figure 4).

When using the PTD-mediated delivery method, the
isolated and purified protein has the advantage of not
exhibiting toxicity even at microgram concentrations in
vitro, as reported in previously published papers.'!
Considering that a significant amount of protein permeates
adjacent cells or tissues within minutes, it is expected that
equivalent pharmacological effects can be expected when
applied as a local treatment even when the protein is
administered in a smaller amount than conventional solu-
ble recombinant BMP.

Previous studies found that BMP2 promotes vascular
calcification, resembling osteoblast differentiation in ves-
sels.? In contrast, our study confirmed the absence of cal-
cific deposits around the regenerative tissue using Von
Kossa staining (Supplemental Figure S2). Based on the
BMP2 release profile from the GH, this effect was observed
locally around the wound without any systemic effect
(Figure 4(a)).

In addition, possible adverse effects of BMP2 include
inflammatory reactions in soft tissue and the risk of cancer
development. In previous studies, soft tissue inflammation
and swelling occurred at the surgical site as an adverse
effect when BMP2 was administered in spinal fusion.>%3
Considering that BMP2 is a chemoattractant of lympho-
cytes, monocytes, and macrophages, an inflammatory
response is possible.* In this study, we observed more
inflammation in the 0.4 ug/cm?* LNP-PTD-BMP2 group
than in the 0.1 pg/cm? group. Therefore, many inflamma-
tory cells seem to be recruited during the wound-healing
process. In an in vivo experiment using a rat femoral onlay
model, when an absorbable collagen sponge loaded with a
high concentration of BMP2 (4 mg/mL) was applied, a sig-
nificant number of inflammatory cells were infiltrated and
exudates were produced, compared to the control group.®
The transfection and protein expression efficiency of LNP-
PTD-BMP2 was good, indicating that sufficient BMP2
was produced even at 0.4 ng/cm?, and more inflammation
occurred at this concentration than at 0.1 pg/cm?. Moreover,
the risk of incidence of cancer was not high in retrospec-
tive cohort studies of spinal surgery and had no significant
association with BMP2 use.®>% These adverse effects are
thought to be caused by high concentrations of BMP2.
LNP-PTD-BMP2, which was used in this study, can be
used at a low dose and thus reduce adverse effects.

Meanwhile, Lewis et al. demonstrated that BMP signal-
ing inhibits keratinocyte proliferation and migration in
skin epithelium during wound healing.®” In another study,
BMP2 and BMP-4 negatively affected keratinocyte prolif-
eration.’”® Different experimental settings or the half-life
of BMP2 constructs may have influenced the results. Our
study found that low concentrations of E. coli-derived
thBMP2 did not affect keratinocyte migration,®7%7!
whereas the same concentration of LNP-PTD-BMP2
enhanced keratinocyte migration and did not inhibit prolif-
eration in vitro (Figure 3(a)—(c)). In the group treated with
LNP-PTD-BMP2, the continuous intracellular production
of BMP?2 protein was considered high. In addition, because
rhBMP2 derived from E. coli was used at a low dose
(100ng/mL), it is thought that the effect was insignificant
in this study. Furthermore, in our experimental settings
with LNP-PTD-BMP2, we observed the activities of fibro-
blasts, ECs, and keratinocytes both in vitro and in vivo in
the wound healing process of normal and diabetic mice.
We used BMP2 in its active form after transduction, and
angiogenesis and migration were improved and more pro-
longed, which may affect wound healing.

Our study demonstrates that BMP2 treatment enhances
angiogenesis and diabetic wound healing. Previously, topical
growth factor therapy, such as vascular endothelial growth
factor (VEGF), exhibited limited success in diabetic foot
wounds.** Although VEGF has demonstrated some angio-
genic capacity, clinical trials have not shown significant
effects, leading to unsuccessful treatments in clinical set-
tings.”** Several factors, including a short half-life, may have
acted as limiting factors hindering its use in wound treatment.
VEGEF primarily acts on ECs and activates angiogenesis.'¢ In
contrast, BMP2 promotes activation and maturation of angio-
genesis, affecting not only ECs but also vascular smooth mus-
cle cells.'® Additionally, BMP2 stimulates dermal and
epidermal growth, resulting in keratinized and thickened
skin.*%%.72 Considering these factors, since BMP2 acts on
various cells necessary for wound healing, we propose it as an
excellent candidate for treating chronic wounds. As BMP2 is
already used to induce bone formation clinically, its clinical
application is extremely likely to expand following additional
research on wound healing efficacy.

This study had several limitations. Firstly, the study
subjects were limited to type 1 diabetes. Secondly, the
long-term side effects of BMP2 were not confirmed.
However, since BMP2 has received FDA approval for
clinical use, it is not expected to have fatal side effects.
BMP2 is an essential molecule that induces vascular calci-
fication by acting on vascular smooth muscle cells. As
microvessels were observed around wounds, BMP2 treat-
ment does not appear to be related to cardiovascular
pathology. Nonetheless, for safety, the long-term effects of
BMP2 on wound sites need to be evaluated and validated
through in vivo studies.
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Conclusion

We developed LNP-PTD-BMP2, which has the ability to
promote direct intracellular transduction and angiogenesis.
Based on the accelerated wound healing effects of LNP-
PTD-BMP2 observed in this study, we propose that LNP-
PTD-BMP2 is a potential therapeutic agent for the
treatment of diabetic wounds.
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