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Abstract Dysfunction or loss of blood vessel causes several ischemic diseases. Although endothelial progenitor cells (EPCs) are a
promising source for cell-based therapy, ischemia-induced pathophysiological condition limits the recovery rate by causing drastic
cell death. To overcome this issue, we attempted to develop a cell-targeted peptide delivery and priming system to enhance EPC-
based neovascularization using an engineered M13 bacteriophage harboring nanofibrous tubes displaying ~2700 multiple
functional motifs. The M13 nanofiber was modified by displaying RGD, which is an integrin-docking peptide, on the minor coat
protein, and by mutilayering SDKP motifs, which are the key active sites for thymosin 4, on the major coat protein. The engineered
M13 nanofiber dramatically enhanced ischemic neovascularization by activating intracellular and extracellular processes such as
proliferation, migration, and tube formation in the EPCs. Furthermore, transplantation of the primed EPCs with the M 13 nanofiber
harboring RGD and SDKP facilitated functional recovery and neovascularization in a murine hindlimb ischemia model. Overall,
this study demonstrates the effectiveness of the M 13 nanofiber-based novel peptide delivery and priming strategy in promoting EPC
bioactivity and neovessel regeneration. To our knowledge, this is first report on M 13 nanofibers harboring dual functional motifs,
the use of which might be a novel strategy for stem and progenitor cell therapy against cardiovascular ischemic diseases.
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1 Introduction

Since the discovery of vasculogenic stem/progenitor cells called
as endothelial progenitor cells (EPCs) in human blood, many
researches have proposed patient peripheral blood-derived or
cord blood-derived EPCs to be a promising cell source for
therapeutic neovascularization against several ischemic diseases
including cardiovascular diseases, peripheral arterial diseases,
and neuronal ischemic diseases [1-3]. The challenge of such
EPC-based therapy is the dysfunction or loss of the vascular
system, which limits the recovery rate; this challenge needs to be
overcome by strategic modulation of pathophysiological bad-
soil conditions in ischemic tissues, which represent harsh
oxidative stress and aggressive inflammatory reactions, as well
as oxygen and nutrient insufficiency in the ischemic injured
tissues, which eventually result in low engraftment and limited
therapeutic efficacy [4]. Moreover, ex vivo cell expansion to
increase the amount of EPCs isolated from patients induces
cellular replicative senescence and changes at the genomic and/
or epigenomic level and reduces activating signaling at the
proteomic level; such phenomena are also accompanied by loss
of cellular functionalities including self-renewal, migration, and
homing [4—6]. To improve stem/progenitor cell engraftment and
survival in ischemic tissues, several researchers have suggested
various strategies including cell priming, cytokine precondi-
tioning, genetic modification, cell microencapsulation, mag-
netic targeting, and multiple tissue engineering strategies for
manipulation [4, 7]. In more recent studies, combined strategies
for biological regeneration have shown to be more effective
synergisms than the currently used one-stop and single-cell
strategies, thus indicating that the development of efficient
protocols to protect ischemic microenvironment-mediated
transplanted stem cell death is extremely important for the
successful application of stem/progenitor cell-based therapy [7].

The delivery of specific therapeutic molecules is a key
technology for the development of combined strategies for
primed stem/progenitor cell-based therapy. The recently
adopted conventional cell-priming strategies with multiple
growth factors, cytokine cocktails, and functional peptides
represent limited and low efficacy in terms of blood vessel
recovery because of unstable interactions between the cell and
the target molecules, non-specific reactions, improper distri-
bution, and cell toxicity. The M13 bacteriophage (referred to
as the M 13 nanofiber), which is a bacterium-hosted bio-safe
virus harboring nanofiber-like tubes, can easily express vari-
ous functional proteins and peptides on its surface [8—11]. The
M13 phage is composed of 2700 copies of major coat proteins
(pVIII) and 5 copies of minor coat proteins (pIIl) [12] and
displays the integrin-binding peptide (Arg-Gly-Asp; RGD),
which binds to integrin-expressing cells and internalizes into
the cells [13, 14]. In particular, the use of RGD peptide-dis-
playing M 13 phage/poly (lactic-co-glycolic acid) nanofibers
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as cell-adhesive matrices promotes smooth muscle cell
adhesion, myoblast differentiation, proliferation of fibrob-
lasts, and myogenesis of myoblasts [15-18]. In addition, RGD
peptide-displaying M 13 phage-based films induce the osteo-
genic differentiation of mesenchymal stem cells without any
osteogenic supplements [11]. These findings suggest that
functional peptide-displaying M 13 nanofibers are a promising
candidate for use in combined strategies for biological repair.

Although the engineered M13 nanofiber is a biocom-
patible and attractive biomaterial for targeting specific
molecules in various cells, many studies have mainly
focused on the development of M 13 phages displaying only
one functional peptide on the pVIII sites. Moreover,
because of the filamentous structure of the M13 phage,
several researchers have developed engineered M13 phage-
based nano-/macro-fibers and films to modulate cell
behaviors. To shift this paradigm, in this study, we aimed
to develop a M13 phage-based double functional peptide-
carrying system, where RGD peptides were displayed in
the pIII minor coat proteins to bind to integrin-expressing
cells in order to construct an artificial niche.

Ischemia triggers the generation of reactive oxygen species
(ROS), and ROS in ischemic sites inhibit the adhesion of
transplanted stem/progenitor cells to the extracellular matrix
(ECM), resulting in cell apoptosis; this process is known as
anoikis [19]. Since the RGD peptide derived from fibronectin is
a major adhesive motif in ECM, and because stem cells come
into contact with ECM in the niche, the RGD peptide-dis-
playing M 13 phage establishes an artificial ECM as the stem
cell niche and prevents anoikis [20—22]. In the pVIII major coat
proteins, a small biomolecule peptide of thymosin 34 (Ser-Asp-
Lys-Pro; SDKP) was displayed to improve cell functions
including proliferation, tube formation, anti-oxidant effect, and
immunomodulation. Thymosin 4 has various biological
activities such as anti-microbial, anti-apoptotic, and anti-in-
flammatory activity [23]. Ac-SDKP, which is the active site of
thymosin B4, enhances cell survival, inhibits apoptosis, and
induces angiogenesis [23, 24]. In the current study, we devel-
oped an engineered M13 nanofiber harboring both RGD and
SDKP motifs and investigated the priming effect and in vivo
and in vitro vasculogenic effect of the EPCs primed with the
therapeutic M 13 nanofiber against cardiovascular diseases.

2 Materials and methods

2.1 Ethical statement

For isolation of EPCs, human umbilical cord blood (hUCB)
was collected from healthy volunteers after obtaining

informed consent according to the protocol approved by
the Ethics Review Board of the Pusan National University
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Yansan Hospital, Republic of Korea. The consent was
written and approved. The Institutional Review Board of
the Pusan National University Yangsan Hospital, Republic
of Korea (Approval No. PNUH-2012-19) approved all
surgical interventions and postoperative animal care. For
animal experiments, male 8-week-old Balb/C nude mice
(Biogenomics, Seoul, Korea) were maintained under a 12-h
light/dark cycle and the experiments were conducted in
accordance with the regulations of Pusan National
University. All the procedures were performed in accor-
dance with the policies of the Institutional Animal Care and
Use Committee of Pusan National University of Korea
(IACUC090017).

2.2 Isolation, culture, and characterization of EPCs

Human EPCs were isolated from human umbilical cord
blood (hUCB) as reported previously [25]. Briefly, hUCB
was collected from healthy volunteers after obtaining
informed consent according to the protocol approved by
the Institutional Review Board of the Pusan National
University Yangsan Hospital, Republic of Korea (Approval
No. PNUH-2012-19). Total mononuclear cells were iso-
lated by Ficoll (GE healthcare, Buckinghamshire, UK)
gradient density centrifugation of the hUCB. Freshly iso-
lated cells were then cultured in endothelial growth med-
ium-2 (EGM-2) supplemented with 5% fetal bovine serum,
human vascular endothelial growth factor, human basic
fibroblast growth factor, human epidermal growth factor,
human insulin-like growth factor 1, ascorbic acid, and GA-
1000 (Lonza, Walkersville, MD, USA). After 4 days in
culture, non-adherent cells were discarded, and the
attached cells were cultured further. The cells were sub-
jected to long-term culture to allow for the formation of
spindle-shaped colonies, and the medium was replenished
every 14-21 days. For the characterization of several sur-
face and pivotal functional markers, flow cytometry anal-
ysis was performed. The EPCs were positive for
endothelial lineage markers (CD31 and VEGFR2) and
hematopoietic stem cell markers (CD34, CXCR4, and
c-Kit) and negative for hematopoietic markers, such as
CDl11b, CDI14, and CD45 (Figure S1, Supporting
Information).

2.3 Genetic engineering of the M13 nanofiber

To engineer the M13 bacteriophage displaying both RGD
and SDKP, we genetically engineered the major coat pro-
tein pVIII and minor coat protein plIl of the M13 bacte-
riophage using a recombinant DNA engineering technique
as reported previously [26-28]. To construct the RGD
peptide on the minor coat protein and the SDKP peptide on
the major coat protein, M13KE single-stranded phage

(New England Biolabs, Ipswich, MA, USA) was used as a
base for the library and insert construction. We used a
partially constrained library method to design a
stable peptide sequence. This was accomplished by site
directed mutagenesis using methods described in the
QuikChange Kit (Stratagene, La Jolla, CA, USA). Fol-
lowing mutagenesis, the resulting phages were verified by
DNA sequencing (Cosmo Genetech, Seoul, Korea), and the
viability of the phages was assessed by plaque forming
units (PFU). Several types of engineered M13 bacterio-
phages were treated on EPCs for 24 h.

2.4 Immunocytochemistry

EPCs grown on a microscope cover glass were washed in
PBS, fixed in 4% paraformaldehyde (USB Corporation,
Santa Clara, CA, USA) for 10 min, permeabilized with
0.2% (w/v) Triton X-100 in PBS for 5 min, and then
incubated in PBS containing 5% bovine serum albumin
(BSA; Sigma-Aldrich, St. Louis, MO, USA) for 2 h to
block non-specific binding sites. The cells were then
incubated with primary anti-M13 antibody (Abcam, Cam-
bridge, UK), and secondary antibody Alexa-488 (Thermo
Fisher Scientific, Waltham, MA, USA). The nuclei were
stained  with  4’,6-diaminido-2-phenylindol  (Sigma-
Aldrich), and the immunostained cells were imaged under a
confocal microscope (Olympus, Tokyo, Japan).

2.5 Cell viability assay

The viability of the EPCs following treatment with the
engineered M13 nanofiber was assessed using a WST-1
assay kit based on the measurement of water-soluble
tetrazolium salt (LPS Solution, Saejeon, Korea); the assay
was carried out according to the manufacturer’s instruc-
tions. Briefly, after treatment with the M13 phage at vari-
ous concentrations (0-10° PFU/cell), the EPCs were
incubated with tetrazolium salt for 4 h at 37 °C in 5% CO”.
The formazan dye formed was then quantified by mea-
suring the absorbance at 450 nm using a microplate reader
(Tecan, Mannedorf, Switzerland).

2.6 Cell cycle analysis

The EPCs treated with the engineered M13 nanofiber were
fixed with 70% ethanol at —20 °C for 1 h. After washing
with cold PBS, the cells were incubated with RNase A
(Sigma-Aldrich) and the DNA-intercalating dye, propid-
ium iodide (PI; Sigma). Cell cycle histograms of the PI-
stained EPCs were constructed by fluorescence-activated
cell sorting (FACS; BD FACSCanto II, San Jose, CA,
USA).
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2.7 Western blot analysis

Total protein was extracted using RIPA lysis buffer
(Thermo Fisher Scientific). The cell lysates were separated
by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, and the proteins were transferred to
polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA). The membranes were then blocked with 5%
BSA and incubated with primary antibodies against cyclin
D, PRX I, PRX II, JNK, phosphor-JINK (p-JNK), p38,
p-p38, MCP-1, and B-actin (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). After incubation of the membranes
with peroxidase-conjugated secondary antibodies (Santa
Cruz Biotechnology), bands were visualized using
enhanced chemiluminescence reagents (Amersham Bio-
sciences, Uppsala, Sweden).

2.8 Trans-well migration assay

The trans-well migration assay was performed using a
modified Boyden chamber (Thermo Fischer Scientific)
containing a polycarbonate membrane filter (8 um pore
size). The upper chamber contained EPCs in EGM-2 sup-
plemented with 1% FBS (Lonza), and the lower chamber
contained EGM-2 supplemented with 5% fetal bovine
serum, human vascular endothelial growth factor, human
basic fibroblast growth factor, human epidermal growth
factor, human insulin-like growth factor 1, ascorbic acid,
and GA-1000 (Lonza). The cells were incubated for 12 h at
37 °C in a 5%-CO, incubator. Non-migrated cells were
scraped off the upper surface of the membrane with a
cotton swab, and the migrated cells remaining on the bot-
tom surface were imaged under a confocal microscope
(Olympus) after staining with DAPI (Sigma-Aldrich).

2.9 Scratched wound healing assay

To investigate the migratory capacity of the EPCs, the cells
were plated in 6-well plates and grown until confluence.
The monolayer was wounded with a cell scraper, and the
detached cells were removed by washing with media. After
6 h of incubation, the migrated cells were observed under a
light microscope (Olympus) with a 40x objective lens.

2.10 Tube formation assay

Matrigel tube formation assay was performed to confirm
the endothelial differentiation potential of EPCs. Matrigel
(BD Biosciences, San Jose, CA, USA) was added to
96-well plates and incubated at 37 °C for 1 h. The EPCs
were then seeded onto the Matrigel-coated plates and cul-
tured at 37 °C for 6 h in a 5% CO, incubator. Once tube
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formation was observed, images were captured using a
light microscope (Olympus) with a 40x objective lens.

2.11 Murine hindlimb ischemia model

Male 8-week-old Balb/C nude mice (Biogenomics, Seoul,
Korea) were maintained under a 12-h light/dark cycle and
the experiments were conducted in accordance with the
regulations of Pusan National University. All the proce-
dures were performed in accordance with the policies of
the Institutional Animal Care and Use Committee of Pusan
National University of Korea (IACUC090017). For
developing the murine hindlimb ischemia model, ischemia
was induced by ligation and amputation of the proximal
femoral artery of the mice. No later than 6 h after the
operation, PBS, non-treated EPCs, EPCs treated with the
wild-type M13 phage, EPCs treated with M13 phage dis-
playing only RGD peptide on the minor coat protein, and
EPCs treated with M13 phage displaying RGD peptide on
the minor coat protein and SDKP peptide on the major coat
protein were transplanted intramuscularly into the ischemic
sites (5 x 10° cells/60 pl PBS per mouse). Blood perfu-
sion was investigated by measuring the ratio of the
ischemic (left) limb blood flow/non-ischemic (right) limb
blood flow on postoperative days 0, 3, 7, 14, 21, and 28
using laser Doppler perfusion imaging (LDPI; Moor
Instruments, Wilmington, DE, USA).

2.12 Immunohistochemistry

After 3 or 28 days following surgery, the ischemic sites
were removed and fixed with 4% paraformaldehyde. Each
sample was embedded in paraffin, and immunofluorescent
staining was performed using primary antibodies against
PRX I (Santa Cruz Biotechnology), PRX II (Santa Cruz
Biotechnology), MCP-1 (Santa Cruz Biotechnology), o-
SMA (Abcam), CD31 (Abcam), human nuclear antigen
(HNA; Millipore), cleaved caspase-3 (Santa Cruz
Biotechnology), PCNA (Santa Cruz Biotechnology), and
human-specific CD31 (Abcam), and secondary antibodies
Alexa-488 and Alexa-594 (Thermo Fisher Scientific).
Nuclei were stained with DAPI (Sigma-Aldrich), and the
immunostained tissue slides were imaged under a confocal
microscope (Olympus).

2.13 Statistical analysis

All the data were expressed as mean =+ standard error of
the mean (SEM). Statistical significance was assessed
using Student’s ¢ test, where differences with p < 0.05
were considered significant.
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«Fig. 2 Effect of the engineered M13 nanophage on the EPCs.
A Adhesion of the wild-type M13 phage (M13%7) and the engineered
M13 phages displaying RGD (M13®) or RGD and SDKP (M13R+S)
on the EPCs. The M13 phages were immunostained with anti-M13
bacteriophage antibody (green). The nuclei were stained with DAPI
(Blue). Scale bar = 10 pum. B Quantification of adhesion of the
engineered M13 phage at various concentrations (0-10° plaque
forming unit (PFU)/cell) on the EPCs. C After treatment with the
engineered M13 phage (0-10° PFU/cell), the viability of the EPCs
was assessed. Values are expressed as the mean + standard error of
the mean (SEM). **p < 0.01 versus control. D The morphologies of
the EPCs after treatment with the M13 phage displaying RGD and
SDKP (0-10° PFU/cell) for 24 h. Scale bar = 50 pm. E Quantifica-
tion of the diameter of the EPCs after treatment with the M13 phage
displaying RGD and SDKP. Values are expressed as the mean +
SEM. **p < 0.01 versus control. (Color figure online)

3 Results

3.1 Production of the engineered M13 nanofiber
displaying RGD and SDKP peptides

To construct a novel engineered MI13 nanofiber with
functional peptide delivery function, we genetically mod-
ified the M 13 phage to display RGD, which is an integrin-
binding peptide, on the pIll minor coat protein and SDKP,
which is the active site of thymosin B4, on the pVIII major
coat protein (M13%"5; Fig. 1A). Wild type M13 (M13%V7)
and the M13 phage displaying RGD on plII without SDKP
(M13R) was used as a control (Fig. 1A). We hypothesized
that EPCs treated with M13%"> may show enhanced
bioactivities such as proliferation, migration, tube forma-
tion, anti-oxidant effect, and anti-inflammatory effect, and
that the transplantation of the primed EPCs into the
ischemic tissues might result in blood vessel recovery
through blood perfusion, limb salvages, and neovascular-
ization, in a hindlimb ischemia model (Fig. 1B).

To verify this hypothesis, we first determined the opti-
mal concentration of the M13 nanofiber for the priming of
the EPCs. The adhesion of the M13 nanofiber on the EPCs
was confirmed by immunofluorescent staining for anti-M13
phage (Fig. 2A). While M13%7 rarely adhered to the EPCs
at a concentration of 10 plaque forming unit (PFU)/cell,
the adhesion of M13® and M13%"S on the EPCs was sig-
nificantly higher than that of MI13“" at 10 PFU/cell
(Fig. 2B). These results suggest that the expression of RGD
on the M13 phage increases the adhesion of the phage on
EPCs.

To explore the cytotoxic effect of the M13 phage on the
EPCs, cell survival analysis was performed. The survival of
the EPCs treated with M13™", M13%, or M13%"° was
significantly decreased at a concentration of 10° PFU/cell
compared with that of the control (Fig. 2C). In addition, the
morphologies of the EPCs treated with M13%"> were sig-
nificantly changed at a concentration of 10° PFU/cell

(Fig. 2D, E). These findings indicate that the optimal
concentration of the engineered M 13 nanofiber in the EPCs
is 10> PFU/cell.

To confirm the internalization of the RGD-displaying
M13 phage into the EPCs, after treatment of the EPCs with
the M13% "5 phage for 6 h, immunofluorescent staining was
performed for detecting the internalized M13%*S phage in
the EPCs, and the stained slides were scanned along the
z-axis by confocal microscopy (Figure S2, Supporting
Information). The scanned images indicated that the
M13R"S phage was internalized into the EPCs. These data
suggested that a M13 phage displaying both RGD and
SDKP would significantly increase the adhesion and
internalization in the EPCs compared with that observed
for the wild M13 phage and that the optimal concentration
of the M13 pages was 10* PFU/cell.

3.2 M13 nanofiber displaying both RGD and SDKP
enhances the bioactivities of the EPCs

To confirm the effect of the engineered M13 phage on the
proliferative potential of the EPCs, cell cycle analysis was
performed using flow cytometry for PI staining (Fig. 3A).
Treatment with the RGD-expressing M 13 phage resulted in
a greater number of cells in the S phase than that observed
for the non-treated EPCs (Fig. 3B). In addition, the per-
centage of cells in the S phase was significantly higher in
the EPCs treated with M13%"S than in those treated with
MI13R (Fig. 3B). To investigate the expression of cell
cycle-associated proteins, the level of cyclin D was
assessed using western blot, and it was found that cyclin D
expression was significantly augmented by treatment with
M13R and M13%"S (Fig. 3C). Our findings reveal that our
engineered M13 phage carrying both RGD and SDKP
increased EPC proliferation by regulating the expression of
cyclin D.

To investigate the migration capacity of the EPCs after
treatment with the engineered M13 nanofiber, the migra-
tion capacity of the EPCs was assessed using the trans-well
assay (Fig. 3D). The EPCs treated with M13%"> showed
significantly enhanced migration capacity compared to
those of the other groups (Fig. 3E). In addition, a scratched
wound healing assay revealed that treatment with M138%+5
significantly increased EPC migration (Fig. 3F).

To determine whether the engineered M13 nanofiber
improved tube formation in the EPCs, a Matrigel tube
formation assay was performed (Fig. 3G). Tube formation
capacity was significantly increased after treatment with
M13R+S compared to that observed in the other groups
(Fig. 3H). Interestingly, although the proliferation, migra-
tion, and tube formation capacity was higher in the group
treated with M13® than in untreated group and the group
treated with M13WT, treatment with M13%"S showed a
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«Fig. 3 Assessment of the effect of the engineered M 13 nanophage on
the bioactivities of the EPCs. A The number of cells in different
phases of the cell cycle—GO0/G1, S, and G2/M—in the EPCs treated
with the engineered M13 phage was determined by flow cytometry
analysis of the Pl-stained cells. B Quantification of the percentage of
cells in the S phase. Values are expressed as the mean + SEM.
##p < 0.01 versus control and $p < 0.05 versus EPCs treated with
the M13 phage displaying RGD and SDKP peptide. C Cyclin D
expression in the EPCs treated with the engineered M13 phage was
assessed by western blot analysis. D Migration capacity of the EPCs
treated with the engineered M13 phages was investigated using a
trans-well migration assay. Migrated cells were stained with DAPI
(blue). Scale bar = 50 pm. E Quantification of the migrated EPCs
treated with the engineered M13 phage. Values are expressed as the
mean + SEM. **p < 0.01 versus control and $$p < 0.01 versus
EPCs treated with M13 phage displaying RGD and SDKP peptide.
F Migration of the EPCs treated with the engineered M13 phage was
evaluated using the scratched wound healing assay. Scale
bar = 100 pm. G Tube formation capacity of the EPCs treated with
the engineered M13 phage was assessed using the Matrigel tube
formation assay. Scale bar = 100 um. H Quantification of tube
branched number of the EPCs treated with the engineered M 13 phage.
Values are expressed as the mean £ SEM. *p < 0.05, **p < 0.01
versus control, #p < 0.05 vs. EPCs treated with M 13 phage display-
ing RGD, and $$p < 0.01 versus EPCs treated with M13 phage
displaying RGD and SDKP peptide. (Color figure online)

maximal effect on the bioactivities of the EPCs. Our results
indicate that the M13 phage displaying both RGD and
SDKP enhanced the bioactivities such as proliferation,
migration, and tube formation in the EPCs, thus suggesting
that RGD and SDKP show a synergistic effect.

3.3 M13 nanofiber displaying both RGD and SDKP
enhances anti-oxidant and anti-inflammatory
effects in EPCs

To investigate the anti-oxidant effect of the engineered
M13 nanofiber in EPCs, the expression of the anti-oxidant
proteins peroxiredoxin I (PRX I) and PRX II was assessed
using western blot. The levels of PRX I and PRX II were
significantly increased in the group treated with M13® and
MI13RS compared to that in the untreated group or the
group treated with M13%VT (Fig. 4A). In particular, PRX II
expression was significantly increased in the group treated
with M13%" compared to that in the group treated with
M13R (Fig. 4A). These results show that treatment with
MI13R*S enhances the anti-oxidant effect in EPCs by
increasing endogenous PRX I and PRX II levels.

To determine whether the engineered M13 nanofiber
regulated the apoptosis-associated signal pathway in the
EPCs, activation of apoptosis-associated mitogen-activated
protein kinases (MAPKSs) including c-Jun N-terminal
kinase (JNK) and p38 was confirmed under long-term
hypoxic conditions (48 h). Western blot revealed that
treatment with M13%*S inhibited the phosphorylation of

JNK and p38 under long-term hypoxia (Fig. 4B). These
results suggest that SDKP inhibits the activation of p38 and
JNK in response to hypoxia-induced oxidative stress. To
confirm the anti-inflammatory effect of the engineered
MI13 nanofiber in EPCs, the expression of monocyte
chemoattractant protein 1 (MCP-1), a pro-inflammatory
cytokine, was assessed using western blot. Long-term
hypoxia (48 h) increased the level of MCP-1 in the EPCs,
but treatment with M13%"S significantly inhibited MCP-1
expression (Fig. 4C).

To explore the anti-oxidant and anti-inflammatory effect
of the engineered M 13 nanofiber in vivo, EPCs treated with
the engineered MI13 nanofiber were transplanted in
ischemic tissues of a murine hindlimb ischemia model.
After postoperative day 3, PRX I, PRX II, and MCP-1
expression in the ischemic tissues was assessed by
immunofluorescent staining. The expression of the anti-
oxidant enzymes PRX I and PRX II was significantly
higher after transplantation of the EPCs treated with
MI13RS compared to that observed for the other groups
(Fig. 4D, E). MCP-1 levels were markedly decreased in the
group transplanted with EPCs treated with M13%"S com-
pared to that in the other groups (Fig. 4F). These findings
suggest that the M13 nanofiber displaying both RGD and
SDKP exerted an anti-oxidant and anti-inflammatory effect
in EPCs by augmenting PRX I and PRX II levels and
inhibiting MCP-1 expression.

3.4 Transplantation of EPCs treated
with the engineered M13 nanofiber improved
functional recovery in a murine hindlimb
ischemia model

To determine whether the transplantation of EPCs treated
with the engineered M13 nanofiber improves vascular
regeneration, blood perfusion and tissue repair were
examined following transplantation of the EPCs into the
ischemic thigh of the murine hindlimb ischemia model.
Groups of animals were transplanted with phosphate buf-
fered saline (PBS), EPCs, and EPCs treated with M13%7T,
MI13R, or M13R+S, and blood perfusion was confirmed
using laser Doppler perfusion imaging (LDPI) at postop-
erative days 0, 3, 7, 14, 21, and 28 (Fig. 5A). The ratio of
blood perfusion was significantly improved in the group
transplanted with EPCs treated with M13%"S compared to
that in the other groups (Fig. 5B). Transplantation of EPCs
treated with M13R™> resulted in significantly reduced limb
loss, foot necrosis, and toe loss compared to that in the
other groups (Fig. 5C, D).

To determine the effect of the engineered M 13 nanofiber
on EPC-mediated neovessel formation, the densities of the
arterioles and capillaries were quantified by immunofluo-
rescent staining for «-SMA and CD31 in the ischemic
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«Fig. 4 Anti-oxidant and anti-inflammatory effect of the engineered
M13 phage on the EPCs. A After treatment with the engineered M13
phage for 24 h, the expression of the anti-oxidant enzymes peroxire-
doxin I (PRX I) and PRX II in the EPCs was confirmed by western
blot analysis. B After the EPCs were incubated in hypoxic conditions
for 48 h, the activation of the apoptosis-mediated MAPKs JNK and
p38 was assessed by western blot analysis. C After the EPCs were
incubated in hypoxic conditions for 48 h, the levels of MCP-1 were
assessed by western blot analysis. D-F EPCs treated with the
engineered M13 phage were transplanted into the ischemic region of a
murine hindlimb ischemia model. At postoperative day 3, the
ischemic thigh tissues were subjected to immunofluorescent staining
to detect PRX I, PRX II, and MCP-1 (green). The nuclei were stained
with DAPI (blue). Scale bar = 50 pm. (Color figure online)

tissues at postoperative day 28 (Fig. SE, F). Immunofluo-
rescent staining indicated that the number of a-SMA-pos-
itive arterioles and CD31-positive capillaries was
significantly increased in the ischemic sites of mice
injected with EPCs treated with M13%"S than in the other
groups (Fig. 5G, H).

To investigate the proliferation and survival of the
transplanted EPCs, immunofluorescent staining was per-
formed on the ischemic tissues at postoperative day 3. The
proliferation of the transplanted EPCs was assessed by
counting the number of proliferating cell nuclear antigen
(PCNA) and human nuclear antigen (HNA) double-posi-
tive cells (Fig. 6A), and the apoptosis of the transplanted
EPCs was evaluated by counting the number of cleaved
caspase-3 and HNA double-positive cells (Fig. 6B). The
proliferation of the transplanted EPCs was significantly
higher in the MI13R"S-treated groups than in the other
groups (Fig. 6C), and the apoptosis of the transplanted
EPCs was significantly lower in the M13%"S_treated EPCs
compared to that in the other groups (Fig. 6D).

To verify the differentiation of the transplanted EPCs
into endothelial cells, immunofluorescent staining for
human-specific CD31 and mouse-specific CD31 was per-
formed at postoperative day 28 (Fig. 6E). Immunofluo-
rescent staining revealed that the endothelial differentiation
of the transplanted EPCs was significantly higher in the
mice injected with M13%5-treated EPCs than in the other
groups (Fig. 6F). These findings suggest that SDKP is a
key molecule for enhancing neovascularization.

4 Discussion

Stem and progenitor cell transplantation shows great pro-
mise as a novel strategy for ischemic regenerative therapy.
However, low efficacy of engraftment and survival of
transplanted cells within ischemic injured area is a major
limitation for pre- and clinical application. To address this
issue, this study showed that engineered RGD and SDKP-

displaying M13 nanofiber enhanced the functionalities of
EPCs by regulating intracellular and extracellular process.

In the present study, we developed the multifunctional
RGD and SDKP-displaying M13 nanofiber as delivery
molecule (RGD), artificial niche component (RGD) and
cell stimulator (SDKP). Previous studies have reported that
cell adhesion is enhanced on a matrix expressing RGD
[17, 29]. RGD-coated sterically stabilized doxorubicin-
loaded liposomes enhance intracellular drug delivery by
integrin-mediated endocytosis [30]. Moreover, RGD-dis-
playing M13 phages exhibited higher internalization effi-
ciency than the wild type MI13 phage in HelLa cells
expressing integrins on their cell membrane [14]. SDKP as
a key effective peptide of thy thymosin 4 enhances pro-
liferation, anti-oxidant effect, anti-apoptotic activity, and
immunomodulation [23].

We revealed that RGD and SDKP-displaying M13
nanofiber promoted EPC proliferation through regulation
of cyclin D expression. A previous report showed that an
M13 phage displaying RGD enhances the proliferative
potential of neural progenitor cells and human fibroblasts
[27, 31], and the interaction between integrin, which is the
RGD-binding receptor, and its ligand lead to cell prolif-
eration through focal adhesion kinase-cyclin D pathway
[32]. Ac-SDKP augments cell proliferation in endothelial
cells and smooth muscle cells [24, 33]. In addition, engi-
neered M13 nanofiber increased migration and tube for-
mation capacity in EPCs. In a previous study, an RGD-
mimetic small molecule was found to promote endothelial
cell migration by promoting VEGFR2 expression [34].
Moreover, AC-SDKP has also been shown to increase the
migration capacity and the ability to form tube-like struc-
tures in endothelial cells [24]. Furthermore, engineered
M13 phage activated anti-oxidant effect by regulating PRX
and MAPK, and enhanced anti-inflammatory activity
through inhibition of MCP-1 expression against oxidative
stress. The anti-oxidant activity of PRX is critical for
protecting cellular components from oxidative stress
[35, 36]. PRX knockdown induces cell apoptosis by
increasing oxidative stress, while PRX overexpression
prevents cell death [37]. Hypoxia-induced ROS activates
JNK and p38, resulting in inflammatory reactions and
apoptosis [38]. Fifteen thymosin B4-derived peptides con-
taining SDKP promote cell survival and prevent apoptosis
[23]. In addition, Ac-SDKP is known to inhibit macro-
phage infiltration into the left ventricle in a rat myocardial
infarction model [39]. Ac-SDKP was also shown to
attenuate renal inflammation in a unilateral ureteral
obstruction model by inhibiting MCP-1 expression [40].
Taken together, our findings indicate that engineered M13
nanofiber accelerates the functionalities of EPC via RGD
as extracellular regulator and SDKP as intracellular
regulator.

@ Springer



798 Tissue Eng Regen Med (2017) 14(6):787-802

B
107 |-e—rpBs $$
—@— EPC A
0sd | EPC(M13:'T) ” i
c —A— EPC(M13R) "
2 —a— epc(M13RS) #
,g 0.6 1
[}]
Qo
T 0.4
k)
[}
0.2 1
0.0 T ~ T
0 3 F | 14 21 28
Day
D C— Limb loss
— Foot necrosis
B Toe loss
c '25? 2 R Limb salvage
- ol @100 E
SELIN C
i c 80 -
9
S 60
2
s 40
2
o 20
0 z - T
O O ()
& & &N &
SEERENERN
N N N
Normal PBS Control EPC EPC(M13%T) EPC(M13R) EPC(M13R+S)
E 3
F

Hit #HH#
G H N —
40 80 o
ey = =y - $$
— w -
5 _ 30 $ oL 2~ —
%E '08 *k
o € 20 *k >E 40
S35 T S3
£Z 3 . %
€7 10 T 201
SF—1 IsniSnis oL || —L
" O O-LE V& w O OrVE O
8 & RERLE R? ®m & atRER?
o 1] W W= Wem o 1] W W= We
= = = g = =

@ Springer



Tissue Eng Regen Med (2017) 14(6):787-802

799

«Fig. 5 Assessment of the functional recovery in the murine hindlimb
ischemia model. A The murine hindlimb ischemia model was
established using Balb/C nude mice. The ratio of blood perfusion
was assessed by laser Doppler perfusion imaging analysis in the
ischemic limbs of the mice injected with PBS, untreated EPCs (EPC),
EPCs treated with the wild type M13 phage (EPC (M13%™T)), EPCs
treated with M13 phage displaying RGD only (EPC (M13%)), and
EPCs treated with M13 phage displaying both RGD and SDKP (EPC
(M13R+S)) at 0, 3,7, 14, 21, and 28 days post-surgery. B The ratio of
blood perfusion was measured, and values are expressed as the
mean = SEM. *p < 0.05, **p <0.01 versus PBS, #p <0.05,
##p < 0.01 versus EPC (MI3VT), and $$p < 0.01 versus EPC
(M13%F5), C Representative images illustrating the various outcomes
(limb loss, foot necrosis, toe lose, and limb salvage) of the ischemic
limbs at post-operative day 28. D Distribution of the different
outcomes at postoperative day 28. E, F At 28 days post-operation, the
ischemic limb tissues were analyzed for vessel regeneration at the
injured sites. Vessel formation was investigated by immunofluores-
cent staining for a-SMA(E) (arteriole density, green) and CD31(F)
(capillary density, green). Scale bar = 20 pum. G, H Standard
quantification of arteriole density (G) and capillary density (H) rep-
resented as the number of a-SMA- and CD31-positive cells per high-
power field. Values are expressed as the mean + SEM. *p < 0.05,
#¥p < 0.01 versus PBS, $p < 0.05, $$p < 0.01 versus EPC (M13%),
and ##p < 0.01 versus EPC (M13R+5)_ (Color figure online)

Transplantation of stem and progenitor cells is a
promising therapeutic strategy for ischemic diseases, but
ischemia injury-induced pathophysiological conditions
such as oxidative stress and inflammation lead to low
therapeutic efficacy [4, 41]. Transplantation of functional
EPCs by stimulation of growth factors or transduction of
functional genes is known to enhance neovascularization
by increasing the survival, proliferation, incorporation, and
endothelial differentiation of transplanted cells [2, 42—44].
To promote survival and function of EPC in ischemic
injured tissues, EPCs treated with M13 nanofiber were
transplanted in a murine hindlimb ischemia model, result-
ing that M13 nanofiber enhanced EPC survival, neovas-
cularization, and functional recovery in a murine hindlimb
ischemia model. Thymosin B4 and Ac-SDKP promote
angiogenesis in vitro and in vivo [24, 45]. In addition, in a
murine acute myocardial infarction model, Ac-SDKP has
been shown to improve heart function by inhibiting mac-
rophage activation [46]. Although the functional recovery
was significantly lower in the group transplanted with the
EPCs treated with M13® than in the group transplanted
with EPCs treated with M13R+S, the transplantation of
EPCs treated with M13® resulted in significantly better
functional recovery compared to that observed with the
injection of PBS, non-treated EPCs, and EPCs treated with
M13%WT, It has been found that low concentrations of RGD-
based contrast agents promote VEGFR2 recycling in
endothelial cells and VEGF-mediated angiogenesis [34].
Moreover, RGD-modified alginate increases angiogenesis
in myocardial infarction by regulating the ischemic

microenvironment [47]. These findings suggest that adop-
ted RGD, in part, affects the ECM niche by RGD-integrin
docking. Taken together, our results clearly showed that
the transplantation of EPCs treated with the engineered
M13 nanofiber displaying both RGD and SDKP synergis-
tically improved neovascularization and limb salvage in the
murine hindlimb ischemia model by activating the intra-
cellular and extracellular processes of the primed EPCs,
including cell survival, proliferation, and endothelial dif-
ferentiation of the transplanted cells.

To the best of our knowledge, this is the first study to
show that engineered M 13 nanofibers can deliver effective
functional peptides into targeted cells by docking RGD
peptides with high affinities for integrin-expressing cell
surfaces and simultaneously releasing ~2700 SDKP pep-
tides per M 13 phage for priming the intracellular signals of
EPCs. Our engineered M 13 nanofiber displaying both RGD
and SDKP promoted the bioactivities of EPCs, including
proliferation, migration, and tube formation. In addition,
the transplanted EPCs treated with the engineered M13
bacteriophage significantly improved neovascularization,
thus representing significant therapeutic efficacy in a
murine hindlimb ischemia model. In particular, RGD could
not only bind and dock to integrin-expressing cell surfaces,
but also facilitate cell-ECM niche formation, suggesting
that the harbored RGD and SDKP motifs on the M13
nanofiber represent dual and synergetic effects for
enhancing the functions of the EPCs.

Our findings provide one of applicants for novel bio-safe
and biocompatible therapeutics, as well as a breakthrough
for cell therapy strategies. However, although non-thera-
peutic applications of bacteriophages approved from Food
and Drug Administration, United States Department of
Agriculture, and United States Environmental Protection
Agency, additional efforts are needed to ensure safety for
clinical application [48]. The major advantages of our
engineered M13 nanofiber-based peptide delivery and
priming system for stem/progenitor cells to target specific
cell receptors are as follows: (1) It is cheaper than direct
treatment with cytokines and drugs. (2) The system can be
produced more easily than a nanoparticle or a physical
delivery system because of the characteristics of the M13
bacteriophage, such as self-replication, self-evolution, and
self-assembly [10, 49]. (3) Our system represents a more
bio-safe method than genetic modification methods. (4) It
can be simply expanded for other applications and can be
expected to provide multiple combinational and synergistic
effects; i.e., other cell surface-binding peptides and func-
tionally effective signaling molecules related to stem cell
survival and/or engraftment in the ischemic tissue can be
harbored on the M13 nanofiber. In conclusion, we, for the
first time, showed that our engineered M13 nanofiber dis-
playing both RGD and SDKP is an effective therapeutic
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<«Fig. 6 Effect of the engineered M13 nanophage on the proliferation,
incorporation, and endothelial differentiation of the transplanted
EPCs at the ischemic sites. At 3 days post-operation, the ischemic
limb tissues were analyzed to determine the proliferation and survival
of the transplanted EPCs treated with the engineered M13 phage at
injured sites. A The proliferation of the transplanted cells in the
ischemic injured tissues was visualized by immunofluorescent
staining for human nuclear antibody (HNA, red) and proliferating
cell nuclear antigen (PCNA, green). Scale bar =20 nm. B The
apoptosis of the transplanted cells in the ischemic injured tissues was
visualized by immunofluorescent staining for human nuclear antibody
(HNA, red) and cleaved caspase-3 (caspase-3, green). Scale
bar = 20 pm. C The number of proliferating transplanted cells was
quantified by counting the number of PCNA and HNA double-
positive cells per high-power field. Values are expressed as the
mean £ SEM. **p < 0.01 versus EPC, $$p < 0.01 versus EPC
(M13R), and ##p < 0.01 versus EPC (M13R+S). D The apoptosis in
the transplanted cells was quantified by counting the number of
cleaved caspase-3 and HNA double-positive cells per high-power
field. Values are expressed as the mean + SEM. **p < 0.01 versus
EPC, $p < 0.05 versus EPC (M13®), and ##p < 0.01 versus EPC
(M13R*+S) E At 28 days post-operation, the ischemic tissues were
analyzed to determine the endothelial differentiation of the trans-
planted EPCs treated with the engineered M13 phage at the injured
sites. Endothelial differentiation of the transplanted EPCs was
visualized by immunofluorescent staining for human-specific CD31
antibody (hCD31, red) and mouse-specific CD31 antibody (mCD31,
green). The arrows indicate endothelial differentiation of the trans-
planted EPCs at the injured tissues. Scale bar = 20 pm. F The
number of endothelial differentiated cells was quantified by counting
the number of hCD31 and mCD31 double-positive cells per high-
power field. Values are expressed as the mean = SEM. *p < 0.05,
##p < 0.01 versus EPC, $p <0.01 versus EPC (M13®), and
##p < 0.01 versus EPC (M13R+S), (Color figure online)

strategy for EPC-based neovascularization in ischemic
diseases, thus providing critical evidence indicating that
the novel M13 nanofiber engineering system could be a
useful tool for targeted cell-specific peptide delivery.
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