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Peptides are gaining substantial attention as therapeutics for
human diseases. However, they have limitations such as low
bioavailability and poor pharmacokinetics. Periostin, a matri-
cellular protein, can stimulate the repair of ischemic tissues by
promoting angiogenesis. We have previously reported that a
novel angiogenic peptide (amino acids 142-151) is responsible
for the pro-angiogenic activity of periostin. To improve the in
vivo delivery efficiency of periostin peptide (PP), we used pro-
teins self-assembled into a hollow cage-like structure as a drug
delivery nanoplatform in the present study. The periostin peptide
was genetically inserted into lumazine synthase (isolated from
Aquifex aeolicus) consisting of 60 identical subunits with an
icosahedral capsid architecture. The periostin peptide-bearing
lumazine synthase protein cage nanoparticle with 60 periostin
peptides multivalently displayed was expressed in Escherichia
coli and purified to homogeneity. Next, we examined angio-
genic activities of this periostin peptide-bearing lumazine synthase
protein cage nanoparticle. AaLS-periostin peptide (AaLS-PP), but
not AalS, promoted migration, proliferation, and tube forma-
tion of human endothelial colony-forming cells in vitro. Intra-
muscular injection of PP and AaLS-PP increased blood perfusion
and attenuated severe limb loss in the ischemic hindlimb.
However, AalLS did not increase blood perfusion or alleviate
tissue necrosis. Moreover, in vivo administration of AalLS-PP,
but not AalLS, stimulated angiogenesis in the ischemic hindlimb.
These results suggest that AaLS is a highly useful nanoplatform
for delivering pro-angiogenic peptides such as PP. [BMB Reports
2022; 55(4): 175-180]
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INTRODUCTION

Peripheral artery disease (PAD) is a common circulatory problem
in which narrowed arteries show reduced blood flow to limbs.
PAD can progress into critical limb ischemia in the severe dis-
ease stage, which is associated with a higher risk of limb am-
putation. Therefore, it is essential to enhance blood perfusion
and angiogenesis to treat PAD (1, 2). Therapeutic angiogenesis
using growth factors and peptides is regarded as a promising
strategy for the treatment of PAD (3, 4). Peptides can be effi-
ciently delivered to target tissues because of their small sizes,
making them attractive therapeutics for ischemic diseases. How-
ever, there are disadvantages when using of peptide drugs be-
cause peptides cannot fully retain the bioactivity of their parental
protein, needing higher concentrations than their parental protein
to achieve similar effects (5). Moreover, peptides are highly sus-
ceptible to protease degradation and rapid clearance by kidney,
leading to poor pharmacokinetics when delivered systematical-
ly (6-8). Therefore, in vivo delivery efficacy of peptide drugs
must be improved to develop pro-angiogenic peptide therapeutics.
Protein cage nanoparticles are formed by self-assembly of
protein subunits to produce a cage-like structure (9). Lumazine
synthase originating from hyperthermophile Aquifex aeolicus
(AaLS) consists of 60 identical subunits with spherical and
hollow icosahedral capsid structures having exterior and interior
diameters of 15.4 nm and 9 nm, respectively (10). Accumulating
evidence suggests that AaLS can display various types of ligands
such as target-binding ligands, contrast agents, and large func-
tional proteins on its surface through genetic or chemical modi-
fications (11-14). Furthermore, AaLS can uniformly display pep-
tides on the surface without losing essential properties of protein
cage architectures (13, 15). Protein cage nanoparticles have been
used to deliver drugs and antigens (14, 16, 17). However, the
delivery of therapeutic peptides has not been reported yet.
Periostin, also known as osteoblast-specific factor 2 (OSF2),
is a 93-kDa matricellular protein which was identified as a cell
adhesion protein (18). It was recently classified as a novel
matricellular protein related to the extracellular matrix, sharing
homology with insect cell adhesion molecule fasciclin 1 (18,
19). Periostin can promote migration, invasion, and angiogene-
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sis of human umbilical endothelial cells (20-22). It also can
stimulate angiogenesis in tumors (23, 24). Previously, we have
identified a pro-angiogenic peptide consisting of 10 amino
acids (amino acids 142-151, WDNLDSDIRR) of periostin (21).
The periostin peptide (PP) can stimulate the migration, adhesion,
proliferation, and tube-forming abilities of human umbilical
cord blood-derived endothelial colony-forming cells (ECFCs).

In the present study, we utilized a lumazine synthase as a
template protein cage nanoparticle for multivalent display of
PP. Angiogenic and therapeutic capacities of PP-expressing
AaLS (AaLS-PP) were explored using in vitro ECFCs and in vivo
hindlimb ischemia models.

RESULTS

Engineering of a PP in lumazine synthase protein cage
nanoparticles

We utilized a previously developed lumazine synthase protein
cage nanoparticle (AaLS) (13) as a template and genetically
fused 10 amino acids of PP (WDNLDSDIRR), amino acid se-
quences 142-151 of periostin (21), with an extra linker (GSGG)
to form AalLS-PP (Fig. 1A). We have previously reported that
the C-termini of AaLS subunits are fully exposed to the surface
of the AalLS and that they can tolerate peptide insertion of
various lengths (25). In addition, a short extra linker is sufficient
for target recognition of fused peptides (25). AaLS-PP was over-
expressed in E. coli and purified using immobilized metal affinity
chromatography (IMAC). We obtained a highly pure (> 98%)
protein that migrated as a single protein band between ap-
parent molecular masses of 35 kDa and 28 kDa in sodium
dodecy! sulfate-polyacrylamide gel electrophoresis (Fig. 1B).
The actual molecular mass of the AalLS-PP subunit was deter-
mined to be 28,970.0 Da using a mass spectrometer, which
was almost identical to the calculated mass value (28,970.2
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Fig. 1. Construction and characterization of AaLS-PP. (A) Schematic
illustration of AaLS-PP construction consisting of 60 AaLS-PP subunits.
(B) SDS-PAGE analysis of purified AaLS-PP subunits. (C) Mass spec-
trometric analyses of AalLS-PP subunits. (D) Size exclusion chromato-
graphy elution profile of AalLS-PP. (E) Dynamic light scattering analysis
of AalLS-PP. (F) Transmission electron microscopic image of AalS-PP
stained with 1% uranyl acetate.
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Da) based on its amino acid sequences (Fig. 1C). AaLS-PP was
eluted as a single peak. It was eluted much earlier than that the
29 kDa monomeric protein in size exclusion chromatography
(Fig. 1D). It exhibited a hydrodynamic diameter of 28 nm
during dynamic light scattering analysis (Fig. 1E). A spherical
and hollow structure of AalLS-PP was confirmed by transmis-
sion electron microscopy (TEM; Fig. 1F). These results indicated
that PPs were successfully fused to AalLS and that AalS-PP
formed a spherical cage nanoparticle architecture with a uni-
form size. The concentration of AaLS-PP used in this study was
calculated based on the molar concentration of the AaLS pro-
tein cage nanoparticle.

AaLS-PP stimulates angiogenic activities of ECFCs

To explore pro-angiogenic effects of ECFCs, cell migration ability
was measured using a transwell cell migration assay. In previ-
ous studies, we have identified the PP sequence from the first
fasciclin domain (D1), which is responsible for periostin-medi-
ated angiogenesis (20, 21). VEGF, recombinant periostin proteins
(full length and D1 domain), and PP all stimulated the migra-
tion of ECFCs (Fig. 2A). To examine effects of AaLS-PP on ECFC
migration, we compared AalS-PP and its negative control,
AaLS, at different concentrations. As shown in Fig 2A, AaLS-PP
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Fig. 2. Effects of periostin peptide-bearing protein cage nanoparticle
on endothelial colony-forming cells. (A) The migration ability of endo-
thelial colony-forming cells (ECFCs) for AalS was evaluated after
treatment with VEGF (10 ng/ml), full-length recombinant periostin
(10 pg/ml), periostin domain 1 (10 ug/ml), PP (0.5 uM), AalS, or
AalS-PP at indicated concentrations. Data are presented as mean +
S.D. (n = 7). (B) Representative images of tube formation of ECFCs
after treatment with VEGF (10 ng/ml), full-length recombinant perio-
stin (10 pg/ml), periostin D1 (10 pg/ml), PP (0.5 uM), AalS (5
nM), and AalS-PP (5 nM). Scale bar = 100 um. (C) Lengths of
tubes were quantified in four random fields from each well and
values were normalized relative to those of the corresponding
control. Data are presented as mean + S.D. (n = 7). ECFCs were
incubated with PP (0.5 uM) or AalS-PP (5 nM) for 24 h. (D)
Representative images of ECFCs stained with Ki67 (green) and
DAPI (blue). Scale bar = 50 pm. (E) The number of Ki67-positive
cells was quantified per DAPI-positive cells. Data are presented as
mean + S.D. (n = 9). *P < 0.05 vs. PBS; *P < 0.05 vs. PP.
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dose-dependently promoted the migration of ECFCs with max-
imal stimulation at 5 nM, whereas AalS had no significant
effect on cell migration, suggesting that AaLS-PP specifically
stimulated the migration of ECFCs through a PP-mediated
mechanism. In the following experiments, we used 5 nM of
recombinant protein cage nanoparticles to compare pro-angio-
genic activities of AaLS-PP and AaLS in vitro.

We performed a tube-forming assay using ECFCs to confirm
the pro-angiogenic effect of AaLS-PP. The endothelial tube-form-
ing ability of ECFCs was increased by treatment with 5 nM of
AaLS-PP, which was as potent as treatment with VEGF, FL, D1,
or PP (Fig. 2B, O), suggesting that AaLS-PP could specifically
activate the endothelial tube-forming ability of ECFCs. More-
over, we have reported that PP can promote the migration and
tube formation of ECFCs and increase their proliferation (21).
To determine whether AaLS-PP also promote their proliferation,
ECFCs were treated with PP or AaLS-PP for 24 h and then
immunostained with an antibody against Ki67, a proliferation
marker, with their nuclei labeled with DAPI. The number of
Ki67-positive ECFCs was increased by treatment with PP or
AaLS-PP (Fig. 2D). The percentage of Ki67-positive cells per
DAPI-positive total cells was increased by treatment with AaLS-PP
(Fig. 2E). These results suggest that AaLS-PP can activate the mig-
ration, tube-forming ability, and proliferation of ECFCs in vitro.

AalLS-PP promotes blood perfusion and alleviates tissue
necrosis in a murine hindlimb ischemia model
Previously, we have demonstrated that periostin and D1 can
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Fig. 3. Effects of AaLS-PP on blood perfusion and limb salvage in
an ischemic hindlimb animal model. After modeling mouse hindlimb
ischemia, PP (5 uM), AalLS (50 nM), and AalS-PP (50 nM) were
intramuscular injected three times a week and observations were
made until day 28. (A) Representative images of hindlimbs and blood
flow measured by LDPI on days O and 28 from eight different
mice. (B) Quantitative analysis of blood flow measured by LDPI.
LDPI ratio was calculated as the ratio of ischemic to contralateral
hindlimb blood perfusion over the observation period. Data are
presented as mean + S.D. (n = 8 per group). *P < 0.05 vs. PBS.
(C) Statistical analysis of the necrosis score on day 28. Data are pre-
sented as mean + S.D. (n = 8 per group). *P < 0.05 vs. PBS.
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increase blood perfusion in ischemic limbs and alleviate tissue
necrosis (20). However, effects of PP and AaLS-PP on the repair
of ischemic tissues have not been reported yet. To investigate
effects of PP and AaLS-PP on vascular regeneration in vivo, we
examined therapeutic effects of PP, AaLS, and AalS-PP in an
ischemic hindlimb animal model. PP, AaLS, and AaLS-PP were
administered by intramuscular injection into ischemic hindlimbs
three times per week for four weeks. Blood flow was then
measured by laser Doppler imaging analysis. As shown in Fig.
3A, intramuscular injection of AaLS-PP, but not AaLS, improved
blood perfusion in ischemic limbs. Intramuscular administration
of PP also increased blood perfusion in ischemic limbs (Fig.
3B). Notably, on days 7 and 14, blood flow was improved more
rapidly in the PP group than in the AalLS-PP group. However,
on days 21 and 28, PP and AaLS-PP groups exhibited similar
blood flow levels. Tissue necrosis score was measured before
sacrifice on day 28. Administration of either PP or AalLS-PP
reduced tissue necrosis compared to PBS. However, there was
no significant difference between PP and AalS-PP groups (Fig.
3C). These results suggest that intramuscular injection of either
PP or AalLS-PP could augment blood perfusion and alleviate
tissue necrosis in ischemic hindlimbs.

AaLS-PP promotes angiogenesis in ischemic limbs

To explore whether PP and AalS-PP could promote angio-
genesis in ischemic hindlimbs, expression levels of CD31, a
capillary marker, and o-smooth muscle actin (a-SMA), an artery
vessel marker, were investigated by immunostaining analysis
(Fig. 4A). The density of CD31-positive capillaries in PP-injected
limbs was significantly higher than that in PBS-injected control
limbs. Furthermore, the number of CD31-positive capillaries in
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Fig. 4. Effects of AalLS-PP on neovascularization in ischemic hindlimbs.
Staining capillaries and blood vessels in ischemic limbs 28 days
after intramuscular injection of PBS, PP, AalLS, or AaLS-PP. (A) Re-
presentative images immunostained with CD31 (green) or o-SMA
(red). Nuclei (blue) were counterstained with DAPI. Overlaid images
are shown. (B) Quantitative analysis of capillary density expressed
by the number of CD31-positive capillaries per high power field
(HPF). (C) Quantitative analysis of o-SMA-positive vessels per HPF.
Data are presented as mean + S.D. (n = 24). *P < 0.05 vs. PBS.
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AalLS-PP-injected limbs was higher than that in AalS-injected
limbs, with values similar to those of PP-injected limbs (Fig.
4B). Furthermore, the density of o-SMA-positive blood vessels
was higher in PP- and AalLS-PP-injected groups than in PBS-
and AalS-injected groups (Fig. 4C). There was no significant
difference in the density of o-SMA-positive blood vessels
between PP and AalS-PP groups. These results suggest that
AaLS-PP could stimulate blood perfusion in ischemic limbs by
augmenting angiogenesis.

DISCUSSION

It has been reported that full-length recombinant and the first
FAS-I domain of periostin can stimulate angiogenic activities of
ECFCs by activating integrins 3 and B5 (20). Moreover, PP
can stimulate the migration of ECFCs through an integrin
B5-dependent mechanism (21), indicating that PP can act as a
ligand for integrin receptors. In the present study, we demon-
strated that periostin peptide-decorated protein cage nanoparti-
cles could promote migration, tube formation, and proliferation
of ECFCs for the first time. AaLS-PP dose-dependently increased
angiogenic activities of ECFCs with maximal stimulation at 5
nM, which corresponded to angiogenic activities of ECFCs
treated with 0.5 UM PP, indicating that the pro-angiogenic
activity of AaLS-PP was 100-times more potent than that of PP.
Because AalLS-PP contains 60 PPs multivalently expressed in
the exterior of the AalLS protein cage, this result suggests that
PPs displayed on the exterior of AalS can act as a ligand
similar to soluble PP. Therefore, AalLS is likely to be a good
carrier for the delivery of peptides.

Renal filtration affects pharmacokinetics of peptides and protein
drugs. It is believed that proteins with a molecular weight of
less than 15 kDa, but not plasma proteins larger than 60 kDa,
can freely filter through the glomeruli of kidneys (26). The
half-life of peptide drugs can be extended by several techno-
logies, including genetic fusion to the Fc domain, a long inert
polypeptide, PEGylation, and conjugation to serum albumin or
IgG (27). The molecular weight of the AalLS-PP subunit was
estimated to be approximately 29 kDa. Because AaLS-PP protein
cages were composed of 60 subunits, the total molecular
weight of AaLS-PP protein cages was 1,740 kDa. Using in vivo
near infrared imaging and magnetic resonance imaging analyses,
we have previously reported that AaLS variants show prolonged
blood circulation time (remaining in mouse for longer than 12
h) (28). This suggests that AaLS-PP protein cages cannot filter
through glomeruli and that AaLS-PP protein cages might have
a longer half-life than PP. We demonstrated that intramuscular
injection of PP and AalLS-PP increased blood perfusion and
alleviated tissue necrosis in ischemic hindlimbs. However, AalLS
did not affect blood perfusion or angiogenesis in vivo. Intri-
guingly, blood flow was improved more rapidly in the PP group
than in the AaLS-PP group. However, both PP and AalLS-PP
groups exhibited similar blood flow levels on day 28. Although
the molecular mechanism associated with the delayed blood
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perfusion in the AaLS-PP group remains unclear, these results
suggest that AaLS-PP can be used for the treatment of peri-
pheral artery diseases. Our findings suggest that protein cage
nanoplatform is a promising tool for clinical and biotechno-
logical applications of peptides, antibodies, chemicals, and other
molecules.

MATERIALS AND METHODS

Materials

The EGM-2MV bullet kit (CC-3202) and EBM-2 (CC3156) medium
were purchased from Lonza (Basel, Switzerland). PBS (LB0OOT1)
was purchased from Welgene (Gyeongsan, South Korea). Fetal
bovine serum (FBS) and 0.05% trypsin-EDTA were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Bovine
serum albumin (BSA) and gelatin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Recombinant human VEGF and
periostin were purchased from R&D Systems (Minneapolis,
MN, USA). Anti-CD31 antibody (MEC 13.3) and growth factor-
reduced Matrigel (GFR-Matrigel) were purchased from BD Bio-
sciences (Bedford, MA, USA). Rabbit anti-o-SMA antibody (ab5694)
was purchased from Abcam (Cambridge, United Kingdom).
Alexa 488, Alexa 568 goat anti-rabbit, and Alexa 488 goat
anti-mouse antibodies were purchased from Life Technologies
(Carlsbad, CA, USA).

Protein expression and purification

The AalLS-PP gene was cloned into the pETDuet-1 vector (AmpR)
and transformed into the competent E. coli strain BL21 (DE3).
Cells were grown in Luria-Bertani (LB) medium (1.0 L) containing
50 mg/L ampicillin at 37°C. For protein expression, cells were
induced with 500 uM IPTG at an optical density of 0.5-0.6 at
600 nm and further cultured overnight at 30°C. The cells were
harvested and lysed with a lysis buffer containing lysozyme,
followed by sonication, and cellular debris was removed by
centrifugation (15,000 x g, 1 h). Cell lysates were heated (65°C,
10 min), centrifuged (15,000 x g, 30 min), and subsequently
purified by fast protein liquid chromatography (FPLC) using
immobilized metal affinity chromatography (IMAC). The endo-
toxin was removed using Triton X-114 (Sigma) until the resulting
level was less than 0.25 EU/ml and quantified using a Limulus
Amebocyte Lysate assay (Genescript).

Cell culture

Human ECFCs were isolated from human umbilical cord blood
and characterized as previously described (20, 29, 30). ECFCs
were cultured on a 0.1% gelatin-coated dish with EGM-2MV
medium at 37°C in a 5% CO; incubator. When the ECFC
density reached 70-80% of the dish area, the cells were
subcultured at a ratio of 1:3. To harvest the ECFCs, cells were
washed with PBS two times and treated with 0.05% trypsin-
EDTA in a 5% CO> incubator at 37°C for 3 min. The trypsin-
treated cells were neutralized with FBS, collected in a conical
tube, and centrifuged at 200 x g for 4 min. ECFCs from passage
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numbers 6-8 were used in this study.

Hindlimb ischemia model and blood flow measurement

Animal experiments were performed using protocols approved
by the Pusan National University Institutional Animal Use and
Care Committee (PNU-2016-1381). The hind limb ischemia model
was established by ligating and burning the artery at the hind-
limb, as described previously (29). BALB/C (male, age 6-9 weeks,
weighing 22-24 g) mice were anesthetized with an intraperito-
neal injection of 400 mg/kg 2,2,2-tribromoethanol (Sigma-Aldrich,
St. Louis, MO) and shaved for operative resection of one femo-
ral artery and laser Doppler perfusion imaging (LDPI). The
femoral artery was excised from its proximal origin as a branch
of the external iliac artery to the distal point where it bifurcates
into the saphenous and popliteal arteries. After arterial ligation,
ischemic hindlimbs were injected with PBS, PP, AaLS, and
AaLS-PP into three sites (20 ul per site, total 60 pl) in the
muscle of the medial thigh three times per week. The extent of
necrosis in the ischemic hindlimb was recorded on day 28 after

surgery.

Measurements of blood flow and tissue necrosis

Blood flow in ischemic and normal limbs was measured on
days O, 7, 14, 21, and 28 after surgery using an LDPI analyzer
(Moor Instruments, Ltd., Devon, UK). The contralateral hind
limbs served as internal controls. Perfusions in ischemic and
contralateral limbs were calculated by counting red (high
perfusion) and blue (low perfusion) colored histogram pixels.
Blood perfusion was expressed as the LDPI index, which
represented the ischemic versus non-ischemic limb blood flow
ratio. A ratio of 1 before surgery indicated equal blood
perfusion in both legs. The extent of necrosis in the ischemic
hindlimb was recorded on day 28 after surgery. Scores for
necrosis were assessed as follows: 0, limb salvage; 1, toe
amputation; 2, foot amputation; and 3, limb amputation.

Statistical analysis

Results of multiple observations are presented as the mean +
SD. For multivariate data analysis, group differences were assessed
using a one-way or two-way analysis of variance, followed by
post hoc comparisons using Scheffe’s method.

Supplementary methods

Mass spectrometry analysis and characterization of the protein
cage nanoparticles, immunocytochemistry analysis, and assays
for migration, tube formation, and proliferation of ECFCs are
described in the supplementary information.
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