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Homing peptides to the spinal cord were identified and isolated
using phage display technology. In vivo biopanning was per-
formed by intravenous systemic injection of a phage library
to screen specific peptides targeting the spinal cord of mice.
Analyses of the sequences of targeted phages yielded two candi-
date peptides targeting the spinal cord: SP1 (C-LHQSPHI-C)
and SP2 (C-PTNNPRS-C). These peptides were synthesized
and intravenously injected into mice to evaluate their tissue
specificity and potential as gene delivery carriers. The com-
plexes between SP1 or SP2 peptides and the plasmid vector ex-
pressing the reporter gene could induce gene transduction in
the spinal cord through systemic injection without gene expres-
sion in the brain, liver, and kidney. In addition, intravenous
injection of the complex between SP1 and the vectors induced
interleukin-4 expression in the spinal cord, resulting in effec-
tive suppression of lipopolysaccharide-induced hyperalgesia.
Therefore, intravenously administered spinal cord homing
peptides complexed with a plasmid vector provided tissue-
specific treatment featuring gene delivery to the CNS through
systemic circulation. This novel method of gene delivery is
feasible and has great potential for clinical application.

INTRODUCTION
Homing peptides to many kinds of tissues have been identified, and
cell- or tissue-specific delivery of drugs and genes has been antici-
pated when they are coupled together.1,2 These peptides are typically
very short, consisting of 3–12 amino acids.1,3 However, these peptides
may have great potential value, given their avid affinity and specificity
against target ligands, such as the arginine-glycine-aspartic acid
(RGD) motif against av integrins.4,5 Insertion of homing peptides
into virus vectors to produce tissue-specific targeting virus vectors
for gene therapy have improved the transduction efficacy by over
100 times.6,7 These homing peptides were identified by screening
with in vivo or in vitro phage display technology using M13 filamen-
tous phages as the platform for the phage library, which displayed
short random peptides in minor coat protein (pIII).8 Cell- or tis-
sue-specific binding peptides have been isolated by several repeats
of a procedure called biopanning with phage.2
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Previously, we identified the successful targeting of homing peptides to
the neurons in the dorsal root ganglion (DRG) inmice.9 Three kinds of
DRG homing peptides were used, which recognized different sizes of
neurons.9 The peptides were inserted into helper-dependent
adenovirus vectors (termed gutless adenovirus vectors) and devel-
oped for clinical use. The result was a novel technology of DRG-
targeted tissue-specific gene therapy.6 In another study, homing
peptides to microglia and astrocytes were also identified and applied
for the delivery of small interfering RNA (siRNA) to treat neuropathic
pain in a mouse model.10 Although homing peptides have great
potential applicability and could become powerful tools for drug and
gene delivery, these experiments showed successful results of gene ther-
apyonly by the intrathecal route of administration.6,10 Intrathecal injec-
tion after lumbar puncture is routinely performed clinically. However,
a less-invasive route, such as intravenous injection, is desirable for
patients, especially if repeated injection is required for therapy.

In this study, phage display technology was applied to identify the
specific peptide motif that recognized the spinal cord through the sys-
temic circulation in mice. These peptides were combined with
plasmid vectors for a gene delivery trial. In particular, we performed
gene therapy for inflammation-induced allodynia by the delivery of
interleukin (IL)-4 expression vector with homing peptides, since
IL-4 has been reported to be effective for allodynia.11–13 The spinal
cord is a potential target for the treatment of motor neuron diseases,
spinal injury, spastic paraplegia, multiple sclerosis, sensory ataxia,
and neuropathic pain.14–19

In this study, the demonstrated delivery of vectors containing homing
peptides to the spinal cord through the systemic circulation verified
the potential value of homing peptides for disease treatment in com-
bination with therapeutic genes.
019 ª 2019 The Author(s).
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Figure 1. Titer of Total Recovered Phage in the Spinal Cord

Bars show the numbers of recovered phages per milligram of protein weight of the

spinal cord in each biopanning round. In each round, the phages contained in the

spinal cords of 3–5 mice were combined after the injection of 1011 plaque-forming

units (PFU) of phage into each mouse.

Table 1. Amino Acid Sequences and Phage Plaque Frequencies of Peptides

that Specifically Home to Spinal Cord in the Fifth Round of Biopanning

Homing Peptide Amino Acid Sequence Frequency (/Total)

SP1 C-LHQSPHI-C 31/47

SP2 C-PTNNPRS-C 12/47

SP3 C-NMRTLMQ-C 2/47

SP4 C-DMHQGKT-C 1/47

SP5 C-SPDKNRS-C 1/47
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RESULTS
Screening of Specific Phage Homing to the Spinal Cord by

Phage Display

In the first biopanning of in vivo phage display, phages were collected
at an absolute titer of 103 plaque-forming units (PFU)/mg spinal cord
protein (Figure 1). The biopanning was repeated five times, and the
titers of the total recovered phages gradually increased with each
repeat, finally reaching 106 PFU/mg spinal cord protein (Figure 1).
It is likely that the phages with high affinity to the spinal cord were
concentrated by the in vivo phage display, because the titers gradually
increased and the final titer was quite high. DNA sequence analysis of
each phage displaying avid affinity to the spinal cord was performed
after the third, fourth, and fifth rounds of biopanning.

The DNA sequences coding the SP1 (C-LHQSPHI-C) peptide
were observed four times among 44 phage plaques in the third
round (9.1%), eight times among 49 phage plaques in the fourth round
(16.3%), and 31 times among 47 phage plaques in the fifth round
(66.0%). The SP1 population gradually increased from the third to
the fifth rounds of biopanning, and the final frequency was the highest
of the phages examined (Table 1; Tables S1 and S2). The second most
frequent peptide sequence was SP2 (C-PTNNPRS-C), which was
observed 12 times among 47 phage plaques in the fifth round
(25.5%).Aswith the SP1 peptide, the frequency of the SP2 peptide grad-
ually increased (Table 1; Tables S1 and S2). The other three peptides
(SP3–SP5) were observed among 47 phage plaques in the fifth round,
but onlyonceor twice (Table 1). SP1andSP2were considered candidate
homing peptides specific for the spinal cord.

High Affinity and Specificity of SP1 and SP2 Peptides to the

Spinal Cord

To demonstrate the spinal cord specificity of SP1 and SP2, each phage
expressing SP1 or SP2was individually amplified to 10–11 PFU and in-
Molecul
jected into the tail veins ofC57BL/6mice. Subsequently, the spinal cord,
brain, and several organs were isolated, and the titer of the inclusive
phageswasmeasured and comparedwith the phage library (Figure 2A).
In the SP1 group, a large number of phages accumulated in the spinal
cord. The phage numbers were approximately 100–1,000 times higher
compared to that in the brain and other organs with abundant blood
flow. In addition, the accumulation of the injected SP2 phages in the
spinal cord was 10–500 times greater than that in the brain and other
organs (Figure 2A). In addition, an affinity of over 104-fold to the spinal
cord was observed in both the SP1 and SP2 groups against the library
injection group. These phages mainly accumulated in the gray matter
of the spinal cord (Figure 2B). Immunohistochemistry showed that
the distribution of phage antibodies was similar between SP1 and
SP2 phages (Figure 2B). These results suggest that the SP1 andSP2 pep-
tides have high affinity and specificity to the spinal cord.

Characterization of Spinal Cord and Cell Targeting with SP1 and

SP2 Peptides

The SP1 and SP2 peptides were synthesized and applied to mice and
cultured cells to clarify as to what type of cells each peptide had a high
affinity (Figures 3 and 4). Control (CTR [C-SPGARAF-C]), SP1, and
SP2 peptides were labeled with fluorescein isothiocyanate (FITC) for
the localization analysis (Figure 3A). The FITC-labeled peptides were
separately injected into the mice through the tail vein. After systemic
circulation of the peptides, the spinal cord was isolated and the local-
ization was analyzed with a marker stain (Figure 3B). FITC signaling
from both SP1 and SP2 peptides was mainly observed in gray matter
areas of the spinal cord, which mainly overlapped with the Nissl stain
as a neuronal marker (Figure 3B).

In the in vitro studies, the SP1 and SP2 peptides penetrated NSC-34
motor neuron cells at a moderate or high frequency (Figures 4A
and 4D). These two peptides were also incubated with primary
cultured astrocytes or microglia (Figures 4B and 4C). The SP1 peptide
localized in both cell types at frequencies of 29% and 45%, respectively
(Figures 4B–4D). In contrast, the SP2 peptide was observed only at
low frequencies (16% and 8%, respectively) in the primary culture
of astrocytes and microglia (Figures 4B–4D).

Production of Complexes between Peptides and Vectors for

Gene Delivery and Their Transduction Efficacy in Cultured Cells

Next, the SP1 and SP2 peptides were applied for tissue-specific gene de-
livery. Both peptideswere synthesized and combinedwithnine arginine
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 475
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Figure 2. Comparison of Recovered Phage Titers with

Other Organs and Localization of Phages in the Spinal

Cord

(A) Phage titers in multiple organs after intravenous injection of

phages. Bars show the numbers of recovered phages per

milligram of protein weight of each organ after the injection of

library, SP1, or SP2 phage of 1011 PFU. (B) Immunohisto-

chemistry with anti-phage antibodies in spinal cord sections

from C57BL/6 mice after the injection of 1011 library, SP1, or

SP2 phage. Scale bars, 100 mm.
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residues (R) at the C-terminal end to harbor positive electric charges
(SP1-9R [SP1(C-LHQSPHI-C) + GGG + 9R] and SP2-9R [SP2(C-
PTNNPRS-C) + GGG + 9R]) (Figure 5A). To confirm that these pep-
tides were potentially useful for gene delivery, gene delivery of yellow
fluorescein protein (YFP)-expressingplasmidswith SP1or SP2peptides
was assessed. Either SP1-9Ror SP2-9Rwasmixedwith pBOS-YFPplas-
mids. Bonding occurred due to electrostatic interaction, because of the
negative electric charges of the plasmids related to their constituent
nucleic acids (Figure 5A). Mixtures between peptides and plasmids
were prepared using several molecular weight ratios to determine the
appropriate molecular weight ratio for gene therapy (Figure 5B).

In the SP1-9R group, the binding plasmids (pBOS-YFP) with SP1-9R
peptides were loaded at peptide:plasmid vector ratios of 0:1 (0), 1:1
(1), 3:1 (3), 5:1 (5), and 10:1 (10). Of these, broad weak bands were
evident at the 3:1 ratio in agarose gels after electrophoresis (Figure 5B,
lane 3 at left). Non-binding plasmids with SP1-9R peptides showed
bright and sharp bands (Figure 5B, lanes 0 and 1 at left). Similarly,
the binding plasmids with SP2-9R peptides were loaded at peptide:plas-
mid vector ratios of 0:1 (0), 1:1 (1), 3:1 (3), 5:1 (5), and 10:1 (10). The
3:1 ratio produced broad, very weak bands in the SP2-9R + plasmid
group (Figure 5B, lane 3 at right). Therefore, the 3:1 molecular weight
ratio was defined as the appropriate mixture condition of the two kinds
of peptide-plasmid complexes for in vivo studies.

Next, the complexes were applied to NSC-34 neuronal cells, primary
cultures of astrocytes, and microglia (Figure 5C). A high level of YFP
476 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2019
mRNA expression was observed in neuronal cells
for both the SP1 and SP2 groups. In addition, these
groups showed significantly higher expression of
the YFP gene than the CTR group in astrocytes.
In microglia, only the SP1 group produced a signif-
icantly higher result than the CTR group. In all
three cultured cells, the transduction efficacy of
the YFP gene showed higher in the SP1 group
than in the SP2 group (Figure 5C).

Gene Delivery of Plasmid Vectors with Homing

Peptides to the Spinal Cord in Mice

Gene delivery of pBOS-YFP vectors with SP1
or SP2 peptides was performed in wild-type
C57BL/6 mice. Sections were prepared from
mouse spinal cords 3 days after injection of the peptide-plasmid
complexes through the tail vein. Histological analysis of spinal
cord sections was performed by Nissl stain, glial fibrillary acidic
protein (GFAP), or ionized calcium binding adaptor molecule 1
(Iba1) immunostaining (Figure 6A). YFP signals were mainly
observed in white matter lesions of the spinal cord, and they
were merged with the Nissl stain in both the SP1 and SP2 groups
(Figure 6A). However, the YFP signal was not observed in the
vector-only group (Figure S1). Liver sections were observed as a
representative control of organs with abundant blood flow (Fig-
ure 6B). In liver sections, only YFP-positive spots were observed
mainly in the CTR group and rarely in the SP1 and SP2 groups
(Figure 6B). In addition, mRNA expression of the YFP gene was
analyzed by RT-PCR with mRNA from the spinal cord and other
organs (Figure 6C). Expression of mRNA of the YFP gene was
detected in the tissues of the spinal cord in the SP1 and SP2 groups
(Figure 6C). These results suggested that the SP1 and SP2 peptides
have great potential to deliver genes transvenously and to target
plasmid vectors specifically to the spinal cord.

Gene Therapy for Inflammation-Induced Mechanical Allodynia

by IL-4-Expressing Vectors with SP1 Homing Peptides to the

Spinal Cord in Mice

Gene therapy was performed in a mouse model of lipopolysaccha-
ride (LPS)-induced mechanical allodynia by the overexpression of
IL-4 using the SP1 peptide + pBOS-IL-4-YFP vector complex (Fig-
ure 7A). The SP1 peptide + pBOS-IL-4-YFP vector complex was



Figure 3. In VivoDistribution of SP1 and SP2 Peptides

in the Spinal Cord

(A) Scheme of the control (CTR), SP1, or SP2 peptide

structure labeled with FITC and their amino acid

sequences. Cys, cysteine; X, amino acid. (B) CTR, SP1,

and SP2 peptide distribution in spinal cords after the

injection of 3 mg CTR, SP1, or SP2 peptide. Peptides are

shown in green. Red color indicates staining with Nissl or

immunohistochemistry with anti-GFAP or anti-Iba1 anti-

bodies. Scale bars, 100 mm.
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intravenously injected into mice 2 days before the induction of me-
chanical allodynia. Upon intrathecal injection of LPS, a reduction
in the mechanical threshold against allodynia was observed with
a planter test at 5 and 7 h, and the effects of gene therapy were
evaluated by the mechanical threshold level 1–6 h after LPS injec-
tion (Figure 7B).

At 5 and 7 h after LPS injection, the mechanical threshold in the SP1 +
IL-4 vector group was significantly increased compared to the
threshold in the IL-4 vector-only group (Figure 7B). Expression of
IL-4 mRNA in the spinal cord after behavioral tests was upregulated
in the SP1 + IL-4 vector group (Figure 7C). In addition, immunohis-
tochemistry experiments were performed using spinal cord sections
from neuropathic pain model mice after gene therapy with the
Molecular Therapy: Methods
SP1 + IL-4 vector; IL-4 immunostaining was
much stronger than that in the IL-4 vector-only
group (Figure 7D).

Furthermore, to investigate whether IL-4 was
secreted or not, IL-4 ELISAwas performed in spi-
nal cord homogenized in either PBS or radioim-
munoprecipitation (RIPA) buffer (Figure 7E).
This was important to determine since secreted
IL-4 provides therapeutic benefits. In both PBS-
and RIPA-treated spinal cords, IL-4 protein
expression was significantly increased in the spi-
nal cord of the SP1 + IL-4 group compared to the
CTR and IL-4 groups (Figure 7E). Remarkably,
the elevation of IL-4 protein level in the SP1 +
IL-4 group compared to CTR and IL-4 groups
in PBS-treated spinal cord indirectly indicated
the increased secretion of IL-4 protein, because
cells do not lyse in PBS, although the expression
level was less than in RIPA-treated spinal cord
(Figure 7E).

BothmRNA and protein levels of IL-4 were effec-
tively expressed by the SP1-IL-4 vector com-
plexes (Figure 7C–7E), which could lead to a
reduction in neuropathic pain in the disease
mouse model. These findings highlight the selec-
tive targeting ability of SP1 peptides to deliver
IL-4 vectors to the spinal cord, and they indicate the potential value
in the development of novel gene therapy modalities.

DISCUSSION
Development of an effective gene therapy to the spinal cord re-
quires the identification of homing peptides that can access the
CNS through the blood-brain barrier. Therefore, in vivo bio-
panning of a phage library through systemic circulation was
used in this study to screen peptides that target the spinal cord.
We identified two homing peptides, SP1 and SP2, which were
able to target the spinal cord through blood vessels. In addition,
SP1 and SP2 peptides displayed a marked potential to deliver
plasmid vectors to the spinal cord, which were transferred into
several kinds of cells, and the delivered reporter gene was
& Clinical Development Vol. 13 June 2019 477
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Figure 4. Characterization of the Cell Type Targeted

with SP1 and SP2 Peptides

1 mg SP1 or SP2 peptide labeled with FITC was separately

incubated with NSC-34 cells, astrocytes, or microglia. (A) SP1

and SP2 peptide distribution (green) and MAP2 immunocy-

tochemistry (red) in NSC-34 cells. (B) SP1 and SP2 peptide

distribution (green) and GFAP immunocytochemistry (red) in

the primary culture of astrocytes. (C) SP1 and SP2 peptide

distribution (green) and Iba1 immunocytochemistry (red) in the

primary culture of microglia. (D) Percentage of the cell popu-

lation labeledwith spinal cord homingpeptides (SP1 andSP2).

Low, low magnification; high, high magnification. Scale bars,

100 mm (A–C). Bars show means ± SD in (D).
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expressed in the cells. Moreover, reporter gene expression was not
seen in the brain, liver, and kidneys as representative organs with
abundant blood flow. This suggests the high tissue specificity of
these peptides.

In molecular therapy with gene or drug delivery, some side effects
are always present, especially in non-target tissues. Merits and de-
merits are to be considered at the time of therapy. After treatment
with anti-cancer drugs, many types of side effects occur systemically
because the drugs were delivered to cancer tissues and normally
functioning tissues.20,21 The administration of drugs will be
restricted if side effects are not minimized. Recently, molecular
target drugs or virus vectors capable of overexpressing therapeutic
genes were widely developed for clinical usage.22,23 However, these
478 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2019
therapies also suffer from the same safety issues
due to side effects. A drug delivery system
(DDS) capable of effective molecular therapy
with minimum side effects is needed.24

For the past decade, we have focused on homing
peptides and developed novel technologies.
Developing a tissue-specific DDS could realize
the ideal treatment and allow the administration
of potently therapeutic drugs free of undesirable
side effects. We previously identified homing
peptides to DRG tissues.9 A DRG peptide
was inserted into helper-dependent adenovirus
vectors, which delivered therapeutic genes to
the DRG with high transduction efficiency.6

However, the authors reported that inflamma-
tion was induced by the virus vectors in the
nervous system.

To improve this DDS, we delivered a gene from
naked plasmid DNA with homing peptides. This
reflected the observation that virus proteins can
become antigens for immune responses in vivo.6

In the spinal cord, the SP1 homing peptide dis-
played a certain therapeutic effect by the deliv-
ery of plasmid DNA without virus vectors.
This advantage will accelerate achievement of the safer clinical
application of gene therapy.

Non-viral vectors have been explored as another strategy for plasmid
vector delivery.25,26 Cationic liposomes and polymers are classically
the most representative materials. They are easily complexed with
nucleic acids through electrical interactions.27 In vitro experiments
revealed the high transduction efficiency of these cationic carriers.
However, they are potentially toxic to cells and are unstable in vivo.28

Considering the safety aspects, biocompatible materials have been
recently developed as nucleotide carriers.29–31 Neutral lipids and lipid
nanoparticles are very safe, very stable in vivo, and are very likely to
interact with siRNA.25,32 Lipid nanoparticles are expected to be devel-
oped as carriers for plasmid DNA, but they do not have tropism for



Figure 5. Design and Stability of Complexes between

Peptides and Plasmid Vectors

(A) Scheme for peptide structure and binding of peptides

with vectors. Cys, cysteine; R, arginine; X, amino acid;

pBOS-YFP, YFP expression vectors driven by the BOS

promoter. (B) Electrophoresis of complexes between pep-

tides (SP1-9R or SP2-9R) and vectors at several patterns of

molecular weight ratio. 0, 1, 3, 5, and 10 indicate the pep-

tide:plasmid vector ratios of 0:1, 1:1, 3:1, 5:1, and 10:1. (C)

Expressions of YFPmRNA in neuron (n = 6/group), astrocyte

(n = 6/group), and microglia (n = 6/group) were analyzed by

qRT-PCR after transduction with BOS-YFP vector control

(CTR), SP1 + BOS-YFP (SP1), or SP2 + BOS-YFP (SP2).

YFP mRNA expressions were standardized by b-actin

mRNA expression, and their relative expression ratios in SP1

and SP2 groups were calculated against each CTR group.

Bars show means ± SD in (C). *p < 0.05 and **p < 0.01

versus the CTR group.
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every tissue. In contrast, homing peptides are tissue specific and very
efficiently transduce to the target organ. In addition, these homing
peptides bind strongly with plasmid DNA via nine arginine residues.
The use of homing peptides will be a powerful strategy for the delivery
of plasmid DNA and for gene therapy in combination with lipid
nanoparticles.

The route of administration of therapeutic agents is one of the
most important points for effective gene therapy. Gene therapy
is widely performed by subcutaneous, intramuscular, intraperito-
neal, or intravenous injection or by local injection (e.g., joint injec-
tion, organ injection, or brain injection).33 In the CNS, the blood-
brain barrier protects nervous tissues from external factors.34

Therefore, permeability through this barrier needs to be consid-
ered for the development of a DDS to neuronal tissues.35 In previ-
ous reports, we demonstrated DRG-targeting gene therapy or
microglia-specific gene delivery in the spinal cord by intrathecal
injection.6,10 Lumbar puncture and intrathecal injection are usu-
ally performed clinically. Side effects include headache and intra-
Molecular Therapy: Method
cranial hypotension.36 A non-invasive approach
is most suitable for patients, and intravenous
injection is safer than intrathecal injection.
Presently, via a circulation approach dependent
on the homing peptides SP1 and SP2, plasmid
vector was delivered to the spinal cord and
taken up by cells, and the transgene was ex-
pressed in the spinal cord. These findings are
very encouraging and represent an advance in
the delivery of plasmid DNA.

MATERIALS AND METHODS
Animals

C57BL/6 mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). All animals
were housed and provided with water and mouse
chow ad libitum, and they were maintained under a 12-h light and
dark cycle. All animal experimental protocols were approved by the
Institutional Animal Care and Usage Committee (IACUC) at Shiga
University of Medical Science, and they were performed according
to the guidelines of the IACUC at Shiga University of Medical
Science.

Preparation of Cultured Cells

NSC-34 cells were purchased from CELLutions Biosystems (Burling-
ton, ON, Canada), and they were prepared as the representative
neuronal cells. NSC-34 cells were maintained with 10% fetal calf
serum in DMEM/F12 medium (Thermo Fisher Scientific, Waltham,
MA, USA). Primary cultures of astrocytes and microglia were isolated
from the brain tissue of C57BL/6 pups at days 1–3 after birth. Astro-
cytes were isolated by the passage of whole cells at the initial 5–7 days.
After a 14-day incubation of mixed cultured cells, microglia began to
grow on the astrocyte cell sheet and were isolated to another culture
dish. The isolated microglia were then used for experiments as previ-
ously described.37
s & Clinical Development Vol. 13 June 2019 479
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Figure 6. Transduction Efficiency of Gene Delivery with Homing Peptides to

the Spinal Cord

(A) Histological analysis of YFP signal (green) with a marker stain by Nissl, GFAP, or

Iba1 (red) in spinal cord tissues 3 days after the injection of SP1 + pBOS-YFP (SP1)

or SP2 + pBOS-YFP (SP2). Scale bars, 100 mm. (B) Histological analysis of YFP

signal (green) in liver sections 3 days after the injection of BOS-YFP only (CTR), SP1,

or SP2. Arrowheads show the positive signal of YFP. Scale bars, 100 mm. (C) RT-

PCR of the YFP gene in the spinal cord, brain, liver, and kidney from C57BL/6 mice

at 3 days after the injection of SP1 + pBOS-YFP (1) or SP2 + pBOS-YFP (2).

Molecular Therapy: Methods & Clinical Development
In Vivo Phage Display and Screening of Spinal Cord Homing

Peptides

The CX7C phage library purchased from New England Biolabs (Ips-
wich, MA, USA) was used for in vivo phage display for the screening
of spinal cord homing peptides. The protocols described by Christian-
son et al.38 were employed with minor modifications. The phage
library was injected into C57BL/6 mice (n = 3–5 in each round of
biopanning) through the tail vein at a titer of 1011 PFU in 100 mL
Tris-buffered saline (TBS; 50 mM Tris-HCl [pH 7.5]). At 5 min after
480 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
injections, whole spinal cords were isolated after transcardiac removal
of blood. The weight of each spinal cord was measured, and each was
homogenized in DMEM (Thermo Fisher Scientific) containing prote-
ase inhibitor (Sigma-Aldrich, St. Louis, MO, USA). Aliquots from
3–5 mice were combined and infected into Escherichia coli ER2738
(New England Biolabs). The number of phages included in the spinal
cord was titrated as PFU. After amplification to 1011 PFU, the phages
were again injected into other C57BL/6 mice. This biopanning pro-
cedure was repeated five times to select phages that specifically bound
to the spinal cord. After the third to fifth rounds of biopanning, each
phage genome was isolated from 44–49 phage plaques and analyzed
using DNA sequence-coding pIII protein.

Analysis of Spinal Cord Binding Affinity of a Specific Phage

To analyze the binding affinity of a phage to the spinal cord, including
candidate homing peptides, the two phages displaying the greatest
affinity (including SP1 and SP2) were individually amplified to 1011

PFU and systemically injected through the tail veins of mice.
After 5 min, the spinal cord, brain, heart, liver, and kidney were
isolated from each mouse after transcardiac removal of blood. Each
organ was examined to determine the phage titer.

For the histological analysis of specific phages targeting the spinal
cord, the two aforementioned phages (including SP1 and SP2) were
individually amplified to 1011 PFU and were systemically injected
through the tail veins of mice. After 5 min, transcardiac perfusion
and fixation with 4% paraformaldehyde (PFA) were performed.
Sections of the spinal cord from each mouse were incubated with
an anti-phage antibody (Sigma-Aldrich), and the sections were incu-
bated with a goat anti-rabbit Alexa Fluor 488 antibody (Molecular
Probes, Eugene, OR, USA). These sections were mounted with Vecta-
shield mounting medium with DNA staining using DAPI (Vector
Laboratories, Burlingame, CA, USA).

Peptides, Their Applications to Mice and Cultured Cells, and

Histological Analysis

SP1 and SP2 peptides were synthesized and labeled with FITC (Invitro-
gen, Carlsbad, CA, USA). CTR peptide labeled with FITC, which tar-
geted the DRG, was prepared as a negative control.6,9 The peptides
(3 mg/100 mL in PBS) were administered to mice through the tail veins.
After 5min, transcardiac perfusion and fixationwith 4%PFAwere per-
formed. Some sections of the spinal cord from eachmouse were treated
with Nissl stain and the others were incubated with either anti-GFAP
(Promega, Madison, WI, USA) or anti-Iba1 antibody (Wako Pure
Chemical Industries, Osaka, Japan). Next, the sections were incubated
with a goat anti-rabbit Alexa Fluor 555 antibody (Molecular Probes).

The peptides were applied to NSC-34 cells as representative neuronal
cells and a primary culture of astrocytes and microglia at a concentra-
tion of 1 mg/mL in 200 mL culture medium in wells of 48-well plates.
After 24 h of incubation with the peptides, the cells were fixed with 4%
PFA, and immunocytochemistry assays were performed with each
primary antibody. The primary antibodies were anti-microtubule-
associated protein (MAP)2 antibody (Merck Millipore, Darmstadt,
019



Figure 7. Gene Therapy for Neuropathic Pain by IL-4

Expression with SP1 Homing Peptides to the Spinal

Cord

(A) Scheme of SP1 peptide structure and binding of peptides

with vectors. (B) Mechanical threshold of the hind paw before

and after LPS injection with gene therapy in pBOS-IL4-YFP

(IL-4, n = 7) and SP1 + pBOS-IL-4-YFP (SP1 + IL-4, n = 8)

groups. (C) mRNA expression of IL-4 in the spinal cord after

gene therapy by pBOS-YFP (CTR, n = 5), pBOS-IL4-YFP

(IL-4, n = 5), or SP1 + pBOS-IL-4-YFP (SP1 + IL-4, n = 5). IL-4

mRNA expressions were standardized by GAPDH mRNA

expression, and their relative expression ratios were calcu-

lated against the CTR group. (D) Immunohistochemistry of

IL-4 in the spinal cord after gene therapy. Top shows YFP

(green) and bottom shows IL-4 staining (blue). Scale bars,

100 mm. (E) IL-4 protein expression by ELISA analysis in spinal

cord homogenized in PBS or RIPA buffer after the injection of

pBOS-YFP (CTR, n = 5), pBOS-IL-4-YFP (IL-4, n = 5), or

SP1 + pBOS-IL-4-YFP (SP1 + IL-4, n = 5). IL-4 protein

contents were standardized by spinal cord protein weight.

*p < 0.05 and **p < 0.01 versus others; #p < 0.01 in (E).

www.moleculartherapy.org
Germany) for neurons, anti-GFAP antibody for astrocytes, and anti-
Iba1 for microglia. This was followed by species-matched Alexa
Fluor-labeled secondary antibody (Molecular Probes). All cells were
observed using a model C1si confocal laser microscope (Nikon,
Tokyo, Japan) equipped with EZC1 3.90 software (Nikon).

Complex between Peptides and Plasmid Vectors for Gene

Delivery

The SP1-9R and SP2-9R peptides were synthesized by Invitrogen. The
pBOS-YFP vector was constructed to insert the YFP sequence into
pLPBL-BOS plasmid vectors that contain the elongation factor-1
(EF-1) promoter, internal ribosome entry site (IRES) sequence, and
rabbit b-globin polyadenylation signal on the pLPBL-1 backbone (a
gift from Dr. Lawrence Chan and Dr. Kazuhiro Oka, Baylor College
of Medicine, Houston, TX, USA). The complexes between peptides
and vectors were formulated by electrostatic interaction, and the
appropriate molecular ratios of peptide:vector were decided by visu-
alization of those oligonucleotides with ethidium bromide under
UV excitation after agarose gel electrophoresis. A final peptide:vector
molecular weight ratio of 3:1 was used for the gene transduction
study.

Gene Delivery of Vectors to Cultured Cells and Spinal Cord in

C57BL/6 Mice

NSC-34 neuronal cells and primary cultures of astrocytes and micro-
glia were prepared in 12-well plates 1 day prior to the experiments.
Either SP1 (3 mg) + pBOS-YFP (1 mg), SP2 (3 mg) + pBOS-YFP
(1 mg), or pBOS-YFP (1 mg) alone was applied to the cells in 1 mL
Molecular Therapy: Method
complete medium. After 48 h, transduction ef-
fects were evaluated by measuring YFP mRNA
expression by qRT-PCR (YFP, forward primer
50-TCATGGCCGACAAGCAGA-30 and reverse
primer 50-TCAGGTAGTGGTTGTCGGGCA-30; and b-actin, for-
ward primer 50-CGTGCGTGACATCAAAGAGAA-30 and reverse
primer 50-TGGATGCCACAGGATTCCAT-30) of each treatment
group as well as the control vector group (SP1 + pBOS-YFP, SP2 +
pBOS-YFP, and pBOS-YFP alone). These in vitro gene delivery exper-
iments were performed in triplicate.

Next, gene delivery experiments were performed on C57BL/6 adult
mice. The peptide-vector complexes (30 and 10 ng/mL) in 100 mL
PBS buffer were injected into the C57BL/6mice through the tail veins.
Then, 3 days later these mice were used for the analysis of gene deliv-
ery efficacy by the SP1 or SP2 peptide.

For histological analysis of gene delivery with the peptides, spinal
cord and liver sections were removed after perfusion fixation with
4% PFA. Some spinal cord sections were treated with Nissl stain
(Neuro Trace 435/455; Molecular Probes) and the others were incu-
bated with anti-GFAP antibody or anti-Iba1 as a primary antibody
overnight at 4�C. After washing to remove unbound antibody, sec-
tions were incubated with goat anti-rabbit Alexa Fluor 555 secondary
antibody (Molecular Probes). Liver sections from the SP1, SP2, or
control group were prepared as the negative control. All sections
were observed by confocal laser microscopy using the aforementioned
microscope and software.

RT-PCR Analysis of Delivery Gene

After the gene delivery experiments were performed on C57BL/6
adult mice with SP1-pBOS-YFP or SP2-pBOS-YFP, the spinal cord,
s & Clinical Development Vol. 13 June 2019 481
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brain, liver, and kidneys were obtained at day 3. Total mRNA was pu-
rified from each organ, and RT-PCR was performed for the YFP gene
with forward and reverse primers as described above. Following
agarose gel electrophoresis of the PCR products, the oligonucleotide
bands were visualized by ethidium bromide under UV excitation.
Gene Therapy by pBOS-IL-4-YFP Vector with SP1 Peptide for

Inflammation-Induced Mechanical Allodynia

The IL-4 cDNA was cloned from C57BL/6 mouse bone marrow into
pCR2.1-TOPO (Invitrogen) by RT-PCR using the following primers:
50 upstream, 50-ATGGGTCTCAACCCCCAGCTA-30; and 30 down-
stream, 50-CTACGAGTAATCCATTTGCA-30. IL-4 cDNA with the
Kozak sequence (CCACC) was subcloned into the pBOS-YFP vector,
and the pBOS-IL-4-YFP vector was constructed.

Gene therapy experiments were performed using a mouse model of in-
flammatory mechanical allodynia induced by LPS injection into the
intrathecal space. Empty vector control (pBOS-YFP), IL-4 vector con-
trol (pBOS-IL-4-YFP), and the peptide-vector complexes (SP1-pBOS-
IL-4-YFP) were prepared as a 100 mL PBS solution containing the
plasmid at a concentration of 50 ng/mL and the peptide at a concentra-
tion of zero or 150 ng/mL. The vectors or complexes were injected once
into each mouse through the tail vein 2 days before the induction of
allodynia by LPS. Planter tests were performed before and after LPS in-
jection to evaluate the mechanical threshold on the ipsilateral side.

At 7 h after LPS injection, a subset of mice was used to analyze the
efficacy of gene delivery by SP1 peptides. Total mRNA was purified
from L1–L5 spinal cord tissue, and qRT-PCR was performed to mea-
sure transcript levels of the IL-4 gene (forward primer 50-TCAACCC
CCAGCTAGTTGTC-30 and reverse primer 50-TGTTCTTCGTTGC
TGTTAGG-30). The IL-4 expression level was standardized by the
expression level of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA (forward primer 50-ATGACCACAGTCCATGCC
ATC-30 and reverse primer 50-GAGCTTCCCGTTCAGCTCTG-30).

For histological analysis of gene delivery with the SP1 peptide, spinal
cords were sectioned after perfusion fixation with 4% PFA at the 7-h
time point after LPS injection. The sections were incubated with anti-
IL-4 primary antibodies overnight at 4�C, washed, and incubated with
species-matched secondary antibodies tagged with Alexa Fluor 633
(Molecular Probes). All sections were visualized using confocal laser
microscopy, as described above using the aforementioned software.
The protein expression of IL-4 in each spinal cord was measured us-
ing a mouse IL-4 ELISA kit (R&D Systems, Minneapolis, MN, USA)
after homogenization in PBS or RIPA buffer (50 mM Tris-HCl
[pH 8.0], 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, and
1.0% NP-40) containing protease inhibitor (Sigma-Aldrich) to eval-
uate the secreted or intracellular IL-4.
Statistical Analysis

Data are expressed as mean ± SD. In vitro experiments were per-
formed in triplicate in at least three independent experiments. For
482 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
the in vivo gene therapy experiments, one-way ANOVA and Tukey’s
tests were used. A p value < 0.05 was considered significant.
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