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Therapeutic nucleic acids must be formulated in delivery systems that permit them to be
efficiently targeted to specific tissues within the body and to overcome the endosomal barrier to
deliver these molecules to their intracellular target sites. GALA is a synthetic amphipathic 30
amino acids peptide that performs both functions. It has the ability to target the lung
endothelium and induce membrane fusion, which facilitates endosomal escape of therapeutic
nucleic acids. In this review, we introduce the GALA peptide and discuss its multiple roles in
drug and gene delivery. We first describe the peptide and its ability to induce membrane fusion
and pore-formation. We next focus on applications of this peptide in gene delivery in-vitro and
in-vivo. We also discuss the synergistic combination between GALA and oligoargnine peptides
and their applicability to active tumor targeting. The GALA peptide introduced in this review
has great promise as an efficient tool for gene delivery.

INTRODUCTION

The use of genes or nucleic acids such as
DNA or RNA as novel therapeutics is a recent
trend in nanomedicine and represents a highly
promising strategy for the treatment of many
currently incurable diseases'. Nucleic acids do
not function alone as drugs, but rather need to
be formulated in specially designed delivery
systems to be effective®. In fact, nucleic acid
delivery is more sophisticated and more
challenging compared to the delivery of
conventional, low molecular weight drugs.
Nucleic acids are easily degraded inside the
body and their target sites are always located
inside the cells in the cytosol or nucleus. They
do not generally penetrate the cell wall because
they are highly charged, relatively high
molecular weight molecules. Therefore, they
must be formulated in appropriate delivery
systems, which provide adequate protection
and permit these molecules to be efficiently
delivered to specific tissues within the body.
Nevertheless, the delivery system must
overcome different extracellular and
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intracellular obstacles in order to reach their
target sites inside the cell. Although viral
vectors are more efficient for gene delivery
compared to non-viral vectors, their use is
accompanied by several risks including
toxicity, immunogenicity and possibility of
infections’. Non-viral vectors are generally
safer and more convenient for large scale
production, although their efficiency is
relatively low**.

To increase the efficiency of non-viral
gene delivery, new biomaterials need to be
synthesized to overcome the different
obstacles. In addition, innovative gene delivery
systems need to be designed to integrate
different functional biomaterials in a manner
that allow these materials to operate at their
full potential at the optimal time and place®. An
ideal gene delivery system must efficiently
target specific tissues in the body and must be
capable of delivering therapeutic nucleic acids
to their target sites in the cytosol or the
nucleus. This is a challenging task because
systemically injected nucleic acids are rapidly
opsonized in the blood and delivered to the



liver for degradation’. In addition, they are
internalized into cells through endocytosis and
must escape from the endosomal compartment
in order to reach the cytosols. Therefore, a
biomaterial that can perform both functions;
i.e. tissue targeting and endosomal escape,
would be an excellent tool for gene delivery.
The GALA peptide can perform this double
function efficiently. This synthetic 30 amino
acid amphipathic peptide shows strong
fusogenic activity at an acidic pH as in late
endosomes, which facilitates the endosomal
escape of therapeutic genes’. Furthermore, our
group recently discovered that this peptide has
a strong targeting ability to the lung
endothelium'®. In addition, we have recently
shown  that this  peptide  functions
synergistically in conjunction with certain cell
penetrating peptides (CPPs) through
dramatically improving cellular uptake and
endosomal escape via enhancing the
interactions between different lipid
membranes''. Therefore, the GALA peptide
plays multiple roles in gene delivery and can be
regarded as a strong candidate biomaterial for
developing efficient non-viral gene delivery
systems.

In this review, we introduce the GALA
peptide and discuss its multiple roles in drug
and gene delivery. We first describe the peptide
and summarize its properties and its ability to
induce fusion and pore formation. We next
focus on applications of the GALA peptide in
gene delivery in-vitro and in-vivo. We provide
various experimental evidence which support
the role of this peptide in enhancing endosomal
escape and targeting the lung endothelium. We
also discuss the synergistic combination
between the GALA peptide and selected CPPs
and its applicability in active tumor targeting.
The uptake mechanism of GALA-modified
nanoparticles (NPs) and their ability to reach
alveolar epithelial cells in the lung through
transcytosis will be discussed. We believe the
GALA peptide introduced in this review carries
great promise as an efficient tool for gene
delivery.

The GALA peptide

1- Structure and binding to nucleic acids
GALA was originally synthesized by

Szoka Jr. et al. to mimic the sequence of viral

fusogenic peptides to study the perturbation of

40

Ikramy A. Khalil and Hideyoshi Harashima

lipid bilayers and fusion between lipid
membranes'>. However, it rapidly became an
important tool for enhancing the endosomal
escape in gene delivery due to its strong ability
to induce fusion between membranes at an
acidic pH. It is generally described in the area
of drug delivery as “a fusogenic peptide” or “a
pore-forming peptide”. GALA is a synthetic 30
amino acid peptide whose sequence is
(WEAALAEALAEALAEHLAEALAEALEAL
AA). Tt is generally regarded as being
composed as repeating units (glutamic acid-
alanine-leucine-alanine, or EALA). The
peptide exists as a random coil in neutral pH
and converts to an a-helix conformation in
acidic pH’. The length of the peptide was
chosen to confirm the stability of a-helix at
acidic pH and to ensure that the lipid bilayer
can be crossed. The peptide is described as an
amphipathic peptide where leucine (Leu)
residues confer sufficient hydrophobicity and
glutamic  acid (Glu) residues confer
hydrophilicity and negative charge. Glu
residues are protonated at acidic pH and this
adds to the hydrophobicity of the peptide and
facilitates its binding with different lipid
membranes.

In neutral pH, electrostatic repulsion due
to the several negative charges of the Glu
residues allows the peptide to maintain a
random coil conformation. Upon acidification
of the medium (pH 5), the neutralization of the
carboxylic acids groups in Glu residues
decreases the extent of electrostatic repulsions
and promotes the formation of an o-helix
structure (Fig. 1). The amino acid sequence
was carefully selected so that the pH-sensitive
Glu residues exist on one side of the a-helix
while the hydrophobic Leu residues are located
on the other side and alanine (Ala) residues act
as a spacer between the two sides. Segregation
of amino acids on the two sides of the helix
confers the amphipathic behavior.

Since GALA has a negative charge at
neutral pH, it has no ability to bind to
negatively charged nucleic acids, which
definitely  decreases its  potential  for
applications in gene delivery. To be used in
gene delivery, GALA was mixed with nucleic
acid complexes where it binds electrostatically
to cationic components of these
complexes ', Alternatively, GALA was
chemically conjugated to different cationic



lipids or polymers, which were then used to
condense nucleic acids into stable NPs'". Our
group postulated the synthesis of cholesterol-
GALA (Chol-GALA) as a derivative of GALA,
which can be easily incorporated into lipid
nanoparticles (LNPs) encapsulating different
nucleic acids'®. The cholesterol moiety acts as
an anchor to the lipid layer of LNPs leaving the
30 amino acid GALA peptide freely exposed
on the surface (Fig. 1). The use of Chol-GALA
was essential for enhancing endosomal escape
since unmodified GALA had no effect'®. As an
alternative strategy, a positively charged
peptide, KALA, was synthesized by replacing
the Glu residues in GALA with positively
charged lysine (Lys) residues'’. KALA has a
sufficient positive charge to allow it to directly
bind to nucleic acids and keep the other
characteristics necessary for membrane fusion.
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Fig. 1: A schematic representation of Chol-GALA
conformation and the interaction between
GALA-liposmes (GALA-Lip) and the
endosomal membrane. GALA is conjugated
with cholesterol to act as an anchor to the
lipid of the liposomes. After endocytosis,
GALA exists as a random coil at neural pH
and a low interaction occurs between the
GALA-Lip and the negatively charged
endosomal ~membrane. Maturation of
endosomes is associated with a decreased
pH, which causes the formation of a
hydrophobic a-helix that binds to the
endosomal membrane. Subsequent
membrane fusion and pore formation allow
the contents of the liposomes to be released
into the cytosol.

2- Properties

At pH 7, GALA in aqueous solutions
exists mostly as a random coil. At this pH, 19%
of the amino acids adopt a helix conformation
while 20% are organized in B-sheets as judged

by infrared attenuated total reflection
spectroscopy (ATR)'®. When the pH is
decreased to 5, the helix conformation
increased to 69% and the B-sheets increased to
28%, and this change was correlated with the
protonation of Glu residues. The helix
conformation was stable at temperatures up to
40°C and increased with increasing salt
concentration'>. At neutral pH, the presence of
divalent cations such as Ca™ and Zn™
increased the helix content through
neutralization of the Glu residues.

3- Interaction with lipid membranes

When mixed with large unilamellar
vesicles  (LUVs)  composed of egg
phosphatidylcholine (EPC), GALA could
strongly bind to LUVs, but only at an acidic
pH". Studying the secondary structure of the
peptide after binding to lipid vesicles revealed
that the peptide entirely exists as an o-helix,
indicating that binding to lipid vesicles
stabilizes the helix conformation. This binding
is lost when the pH is raised to 7, indicating
that the binding is reversible and highly
dependent on pH. A lipid mixing assay was
used to examine the fusion ability of GALA
peptide. Two types of small unilamellar
vesicles (SUVs) made of POPC were mixed in
the presence of the peptide and the degree of
lipid mixing was monitored using fluorescence
resonance energy transfer (FRET) analysis™.
The GALA peptide induced lipid mixing only
at an acidic pH and this mixing was peptide
concentration dependent. Dynamic light
scattering showed that the diameter of the lipid
vesicles increased upon acidification,
indicating aggregation or fusion of smaller
vesicles. The increased size was not affected by
increasing the pH to 7, which indicates that the
increased size is due to fusion between lipids
and not aggregation. In addition to membrane
fusion, GALA induced pore formation in LUVs
made of EPC in a pH-dependent manner. Using
a specific leakage assay, GALA was shown to
release the contents of EPC LUVs at pH 57
The leakage started immediately after the
addition of the peptide and rapidly reached
~60% within 1 min. The leakage then increased
to ~80% within 10 min. The extent of leakage
was increased with increasing peptide
concentration.

41



Based on these results, a model was
proposed to describe the interaction of GALA
with different lipid vesicles at acidic pH*'. The
peptide exists in a helix conformation in acidic
pH and can bind to the lipid vesicles and
induce lipid mixing. The peptide then
aggregates and aligns so that the helix axis is
perpendicular to the bilayer surface. This
aggregation leads to the formation of aqueous
pores, which allow the leakage of vesicle
contents if they are large enough. The model
assumed that 8-12 monomer helix units are
assembled to form a pore in the lipid vesicle®.
Applying this model to the gene delivery
process, the gene carrying LNPs are generally
internalized into cells through endocytosis. In
endosomes, the pH continues to decrease which
causes the GALA to change to the helix
conformation that can bind to the inner side of
the endosomal vesicles (Fig. 1). The peptide
causes lipid mixing between the endosomal
membrane and the lipid membrane of LNPs
with destabilization and possible flip flop of
the endosomal membrane leading to the release
of the nucleic acids to the cytosol.
Alternatively, the peptide aggregates in the
endosomal membrane and forms aqueous pores
which allow the content of the endosomes to be
released to the cytosol. In summary, the
presence of the GALA peptide strongly
enhances endosomal escape and this is
reflected as a dramatic improvement of gene
expression efficiency as will be discussed later.

The role of GALA in gene delivery:
Enhancing endosomal escape
1- In-vitro gene delivery

Due to its membrane disrupting ability,
GALA is frequently used as a tool for
enhancing the endosomal escape of nucleic
acids. In early research, GALA was added to
DNA complexes formed with poly-l-lysine
(PLL) and transferrin (Tf)". GALA binds
electrostatically to these positively charged
complexes and significantly improved the gene
expression in cultured cells. The increased
gene expression was correlated with improved
endosomal escape as well as facilitating the
unpacking of DNA from the complexes. GALA
was also added to lipoplexes formed by the
interaction of DNA with cationic liposomes
composed of DOTAP. Futaki et al. showed that
mixing GALA with cationic lipoplexes
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improved transfection activities, especially
when Lipofectin is used®. Surprisingly, the
presence of GALA reduced the cellular uptake
and only slightly improved endosomal escape,
indicating that even a slight improvement in
endosomal escape is reflected as a significant
improvement in gene expression’. It is also
possible that GALA may improve the nuclear
delivery of DNA and/or improve the efficiency
of transcription/translation processes. The next
step involved the chemical conjugation of
GALA with different cationic polymers or
lipids. GALA, when conjugated to a cationic
dendrimer, enhanced gene expression through
improved endosomal escape. As explained
earlier, the positive variant, KALA, can
spontaneously bind to DNA and condense it
into stable NPs with a high transfection
activity'”. KALA can enhance cellular uptake
as well as endosomal escape. Furthermore,
KALA has been successfully used for
improving the nuclear delivery of plasmid
DNA (pDNA) in non-dividing cells™.

For applying GALA to gene delivery, we
prepared Chol-GALA to attach the peptide to
the surface of LNPs. Kakudo er al. prepared
Tf-modified liposomes (Tf-Lip) encapsulating
a thodamine probe as a model hydrophilic drug
and equipped it with Chol-GALA for
improving intracellular trafficking'®. The
incorporation of Chol-GALA efficiently
released the encapsulated rhodamine in the
cytosol in a pH-dependent manner. This release
is correlated with lipid mixing and fusion
between liposomes and the endosomal
membrane. The addition of GALA to a Tf-Lip
suspension or the encapsulation of GALA in
Tf-Lip did not cause rhodamine release'.
These results indicated that using a cholesterol
moiety attached to GALA is essential for
correctly exposing the peptide on the surface of
liposomes to appropriately interact with the
endosomal membrane. Sasaki et al.
encapsulated pDNA in Tf-Lip and used Chol-
GALA or GALA attached to polyethylene
glycol (PEG) to control intracellular
trafficking”. Chol-GALA and PEG-GALA
interacted synergistically to induce the efficient
endosomal escape of pDNA and transfection
activity was increased by two orders of
magnitude. Yamada et al. prepared Tf-Lip
encapsulating mastoparan, an antitumor agent
which facilitates mitochondrial permeability



transition”. In the presence of Chol-GALA,
mastoparan was efficiently delivered to
mitochondria and cytochrome ¢ was released to
the cytosol. This effect was not observed when
mastoparan was delivered by means of a Tf-Lip
lacking Chol-GALA®.

Our group developed a multi-functional
envelope-type  nanodevice (MEND) for
efficient gene delivery in-vitro and in-
vivo™***" The presence of Chol-GALA in the
lipid surface of the MEND significantly
improved the activity. Sakurai et al. prepared a
MEND encapsulating short interfering RNA
(siRNA) and modified it with an octaarginine
(R8) peptide®™. Efficient gene silencing was
observed in Hela cells stably expressing
luciferase (HeLa-Luc), but only when Chol-
GALA was incorporated in the MEND
structure. Silencing activity was further
improved by using a cleavable tumor specific
PEG-lipid®**. Akita er al. used an R8-MEND
modified with Chol-GALA for ex-vivo
transfecting primary bone marrow-derived
dendritic cells (BMDCs) with siRNA against
suppressor of cytokine signaling 1 (SOCS1)
and transfected cells were successfully used an
anti-rumor vaccine™. Collectively, these results
confirm the value of Chol-GALA in enhancing
the endosomal escape and gene delivery
efficiency in different systems.

2- In-vivo gene delivery

The MEND system was also successfully
used for in-vivo gene delivery and the activity
was dramatically enhanced in the presence of
Chol-GALA. The different versions of GALA-
MEND that were used for in-vivo targeted gene
delivery are shown in figure 2. Hatakeyama et
al. used a GALA-MEND for gene silencing
after the topical administration of siRNAZ.
MEND modified with a cleavable-PEG
derivative could be used for siRNA delivery to
tumor tissues after systemic administration®'.
Yamauchi et al. compared the transfection
activity of a MEND with Lipotrust, a
commercially available transfection reagent,
after  intravenous (IV)  administration®.
Lipotrust transfected the lung at a 5 fold higher
level than the liver, which reflected the
aggregation of cationic particles and
entrapment in the lung capillaries. In contrast,
the MEND transfected the liver more
efficiently and the activity was substantially

improved when Chol-GALA was introduced.
Chol-GALA improved the activity by 18 times
in liver parenchymal cells and by 11 times in
liver non-parenchymal cells’>. This indicates
that GALA is an efficient tool for improving
gene delivery to different types of liver cells.
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Fig. 2: A schematic representation of the different
versions of GALA-modified MENDs applied
for in-vivo gene delivery. The R8-GALA-
MEND targets liver hepatocytes due to the
affinity of hepatocytes for R8. The Tf-R8-
GALA-MEND is used for tumor targeting.
PEG imparts a long circulation and
tarnsferrin (Tf) is used to enhance cellular
uptake in tumor cells. The GALA-MEND is
used for the targeted delivery of siRNA to
the lung endothelium. In the GALA-PEG-
MEND, adding a PEG-spacer between the
GALA and the MEND surface further
improved gene delivery.

Liposomes modified with R8 (R8-Lip)
encapsulating pDNA showed a high
transfection activity in-vitro but failed to
produce a similarly high activity in-vivo™. In
studying the biodistribution of R8-Lip after IV
administration, we found that most of the dose
is delivered to the liver’*. The cationic nature
of the system probably caused extensive
binding to negatively charged serum proteins
and the opsonized NPs were mainly taken up
by liver macrophages and then degraded.
Therefore, we speculated that the addition of
GALA would improve transfection activity in
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the liver. R§-MEND prepared with positively
charged DNA core covered with a lipid
envelope failed to produce gene expression
even in the presence of Chol-GALA™.
However, a high level of gene expression was
observed in the liver when an R8-MEND
containing Chol-GALA was prepared using a
negatively  charged @DNA  core. We
hypothesized that DNA decondensation is
facilitated when DNA is used as a negative
core. However, measurement of the pDNA
delivered to the nucleus showed that a slightly
higher amount of DNA was delivered to the
nucleus in the presence of GALA, irrespective
of whether the MEND was prepared with
positive or negative cores”. This suggests that
GALA function might exceed the endosomal
escape process and might affect post-nuclear
events. Our data raised the possibility that
GALA may affect transcription and/or
translation processes. Although the role of
GALA in post-nuclear events is ambiguous and
the mechanism of this suggested effect is not
clear, the activity of the optimized R§-GALA-
MEND in the liver was dramatically higher
than that for the R8-MEND without GALA
(~6000 fold)*. Furthermore, the activity was
substantially lower in other organs such as the
lung and spleen, indicating that this system can
be used for targeted delivery to the liver,
although this study did not examine the type of
liver cells transfected. The activity of the
optimized R8-GALA-MEND in the liver was
higher than that for a GALA-MEND prepared
with the cationic lipid DOTAP”. Collectively,
these results indicate that the R8-GALA-
MEND is a promising system for liver selective
gene delivery. This system was also
successfully used for the delivery of siRNA to
the liver®. A MEND encapsulating siRNA
against a scavenger receptor class B, member 1
(SR-BI) caused efficient gene silencing in liver
cells after IV administration without adverse
effects. Since this gene is located in liver
hepatocytes, this result confirms that the RS8-
GALA-MEND has the ability to transfect
hepatocytes. We further used an R8-GALA-
MEND for protecting liver hepatocytes from
toxicity induced by lipopolysaccharide/D-
galactosamine (LPS/D-GalN)*’. Plasmid DNA
encoding the hepatocyte growth factor (HGF)
was encapsulated into the R8-GALA-MEND
and injected into mice prior to the
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administration of LPS/D-GalN. Measurement
of indicators of acute liver injury including
alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) indicated that RS-
GALA-MEND encapsulating pDNA encoding
HGF efficiently protected the liver against
acute toxicity caused by LPS/D-GalN. The
protection was significantly higher than that
caused by jet-PEI-Gal, a commercially
available liver-specific transfection reagent’’.
The GALA peptide can thus be used for gene
delivery both in-vitro and in-vivo.

The role of GALA in gene delivery: Lung
endothelium targeting
1- Binding to lung endothelial cells

Although GALA is commonly used for its
ability to induce membrane fusion and
improving the endosomal escape of
endocytosed materials, our group accidentally
discovered that GALA has a unique ability to
bind to lung endothelial cells (LECs)".
Kusumoto et al. reported that liposomes
modified with GALA (GALA-Lip) are
selectively delivered to the lung endothelium
after IV administration'. Normally, cationic
liposomes bind to negative serum proteins and
form aggregates, which accumulate in the lung
capillaries since they are the first capillaries
that are encountered after IV administration.
This was not the case with the GALA-Lip,
which has a net negative charge. The GALA-
Lip was delivered to LECs as single particles
without aggregation as judged by visualizing
the dynamic flow of GALA-Lip in live mice
using intravital real time confocal microscopy
(IVRTCLSM). GALA-Lip rapidly accumulate
in the lung within 5 min after injection and
remained there for at least 6 hr, which is
different from cationic liposomes that
accumulate in the lung after 5 min but
eventually cleared from the lung after 1 hr'’.
GALA-Lip was preferentially taken up by
endothelial-derived cell lines compared to other
cell lines and the uptake was blocked by the
presence of excess free GALA, indicating that
a specific uptake mechanism is involved. The
uptake of GALA-Lip was blocked in the
presence of different lectins, which block the
binding to sugar chains terminated with sialic
acid residues'’. This indicated that the uptake
of GALA-Lip into endothelial cells is similar to
the uptake of hemagglutinin 2 (HA2) subunit of
the influenza virus.



2- Application in siRNA delivery to the lung
endothelium

Inspired by the finding that the GALA-Lip
preferentially accumulates in the lung
endothelium after IV administration, Kusumoto
et al. prepared a GALA-MEND encapsulating
siRNA against CD31 gene and used it for
specific gene silencing in the lung
endothelium'®. Gene delivery to the lung
endothelium is a promising approach for
treating a variety of lung diseases. Using
IVRTCLSM, the authors observed the flow of
a GALA-MEND in the lung capillaries and
found that the particles accumulated along the
blood vessels of the lung without aggregation.
A strong gene silencing (~90%) could be
observed in the lung using a dose of 1 mg
siRNA/kg, which was specific for the lung
endothelium (the 50%  effective dose
concentration value (ED50) was ~0.4 mg
siRNA/kg)'"". Because the CD31 gene is
involved in the progression of metastatic
melanoma, GALA-MEND prevented the
progression of pulmonary metastasis of
melanoma cells to ~50% compared to untreated
group'’. The GALA peptide here played a dual
function; targeting the lung endothelium and
enhancing the endosomal escape.

The GALA-MEND described in the
previous study was prepared by a lipid film
hydration method. The ethanol dilution method
is an alternative method for preparing GALA-
MEND, which is more preferable for particle
homogeneity and scale-up. A GALA-MEND
prepared by ethanol dilution was compared to
those prepared by film hydration®. Both
MENDs accumulated in the lung to the same
extent, however, the MEND prepared by
ethanol dilution showed a stronger gene
silencing in the Iung. A mechanistic
comparison showed that the endosomal escape
ability of the GALA-MEND was improved
when prepared using the ethanol dilution
method™.  Santiwarangkool er al. further
improved the lung accumulation of the GALA-
MEND by using Chol-PEG-GALA, in which a
PEG spacer is added between GALA and
cholesterol”. The PEG spacer improved the
flexibility of the GALA peptide and improved
the interaction with sugars located on the
surface of endothelial cells. The gene silencing
of the GALA-MEND was improved by using
ssPalmE, a vitamin E-scaffold SS-cleavable

pH-activated lipid-like material (ED50 was
~0.2 mg siRNA/Kg)”.

The efficiency of gene silencing using
siRNA encapsulated in LNPs was dramatically
increased by the introduction of pH-sensitive
cationic lipids****'. However, these lipids have
an inherent ability to target liver hepatocytes
after binding to specific endogenous proteins™®.
Therefore, it was a challenging task to
incorporate a pH-sensitive cationic lipid in the
GALA-MEND system for improving the
efficiency of gene silencing in the lung without
affecting its lung selectivity. We incorporated
YSKO5, a pH-sensitive cationic lipid that was
originally synthesized in our laboratory***, in
the case of the GALA-MEND, hoping to
improve gene silencing efficiency in the lung.
The GALA/YSKO5-MEND showed improved
gene silencing in the lung, however,
considerable gene silencing was also observed
in the liver, indicating that lung selectivity was
largely lost™. In an attempt to improve lung
selectivity, we changed the lipid composition
by using different types of helper lipids.
Surprisingly, using DOPE, a fusogenic lipid
that is commonly used as a helper lipid,
significantly reduced the accumulation and
gene silencing in the liver*. Furthermore, the
presence of DOPE improved gene silencing in
LECs in-vitro and in-vivo. The activity of the
optimized GALA-MEND was improved by ~40
fold compared to the original MEND prepared
by Kusumoto et al. (ED50 was ~0.01 mg
siRNA/Kg)'"“**. Meanwhile, using a dose 50
times higher than the ED50, only a slight gene
silencing was observed in the liver, while no
significant gene silencing was observed in
other organs. Flow cytometry analysis
confirmed that the siRNA was delivered to
>90% of LECs. The GALA/YSKO05-MEND
was successfully used for preventing the
progression of lung metastasis without
detectable adverse effects*. The acute and
chronic toxicity of the GALA/YSKO05-MEND
was examined in healthy mice and in mice with
lung metastasis. In the acute toxicity
evaluation, the siRNA dose equivalent to 50
times the ED50 was injected into healthy mice
and different biochemical markers of toxicity
were measured in the serum 24 hr later. There
was no significant difference in biochemical
markers for toxicity between the treated and
untreated mice, indicating that the GALA-

45



MEND is a well-tolerated system. In the
chronic  toxicity evaluation, mice with
metastatic lung cancer were treated 6 times
with an siRNA dose equivalent to 50 times the
ED50 and toxicity markers were evaluated 1
day after the last injection. The levels of
toxicity markers were comparable to those for
untreated mice except for markers of liver
toxicity, which were decreased, indicating that
the inhibition of lung metastasis further
inhibited liver metastasis. Collectively, these
results confirm that GALA is a valuable tool
for the targeted gene delivery to the lung and
highlights the importance of modulating the
lipid content to improve the targeting function.

3- Application in pDNA delivery to the lung
endothelium

After being successfully used for siRNA
delivery to the lung, we attempted to use the
GALA-MEND for the delivery of pDNA. The
delivery of pDNA is more challenging
compared to siRNA because it has a higher
molecular weight and contains a higher
negative charge®. In addition, pPDNA must be
delivered to the nucleus, unlike siRNA which
functions in the cytosol. We prepared a GALA-
MEND encapsulating pDNA and examined the
gene expression efficiency in different organs.
The transfection activity in the lung was
comparable to that in the liver and spleen.
However, a biodistribution study indicated that
the pDNA is delivered to the lung more than to
other organs. Therefore, the low efficiency in
the lung can be attributed to poor intracellular
trafficking rather than poor delivery to lung
cells. To improve the gene expression
efficiency in the lung, we prepared a GALA-
MEND containing the cationic lipid, DOTAP
and the R8 peptide. The presence of DOTAP
improved encapsulation efficiency of pDNA
and the presence of R8 improved the nuclear
delivery”®. The modified GALA-MEND
produced a high gene expression in lung
endothelial cells in-vitro (unpublished data).
This indicates that GALA can be used for
pDNA as well as siRNA delivery to the lung.

4- Transcytosis

As described earlier, GALA-Lip was
efficiently delivered to the lung endothelium.
However, we also observed that a fraction of
the GALA-Lip could pass through the
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endothelial barrier, ultimately reaching alveolar
epithelial cells and alveolar macrophages’.
Using electron microscopy and flow cytometry,
we found that GALA-Lip was delivered to
~30% of type 1 alveolar epithelial cells (ATI).
Since the endothelium in the lung capillaries is
continuous and shows no large fenestrations, it
is unlikely that GALA-Lip (with diameter ~100
nm) would pass through the paracellular route”.
We proposed that the GALA-Lip undergoes
transcytosis in LECs to reach other pulmonary
cells. This was confirmed by observing a strong
gene silencing of podoplanin, a gene located in
alveolar epithelial cells, when GALA-MEND
encapsulated the anti-podoplanin siRNA.
This indicates that GALA is not only a
targeting ligand to the lung endothelium, but
can also be used to deliver macromolecules to
other pulmonary cells.

Synergism with cell penetrating peptides

For tumor targeting, the LNPs are
commonly coated with a hydrophilic polymer
such as PEG to extend the circulation in the
blood after IV administration. This long
circulation allows NPs to passively target the
tumor  tissues through the enhanced
permeability and retention (EPR) effect™. The
tips of the PEG chains are sometimes modified
with specific ligands that recognize certain
molecules on the surface of tumor cells to
improve cellular uptake through active
targeting"**. However, the presence of a PEG
coating is a strong inhibitor of endosomal
escape since it represents a barrier that prevents
the interaction between the lipid membranes of
the carrier and endosomes''. In this instance,
GALA appears to be a valuable device for
improving endosomal escape in the presence of
PEG. We previously showed that a Tf-PEG-
MEND encapsulating pDNA can be used for
actively targeting tumor cells''. However, the
transfection activity was very low, despite the
high cellular uptake mediated by Tf receptors
that are overexpressed in tumor cells. The
inclusion of Chol-GALA improved the activity
by ~1 fold, which was not sufficient for
eliciting a therapeutic anti-tumor effect. We
incorporated the RS peptide into the system and
examined the transfection activities in the
presence or absence of GALA. Surprisingly,
the use of a combination of R8 and GALA
improved the activities by ~400 fold, compared



to the system prepared with R8 or GALA
alone''. In this design, the PEG amount is
adjusted to completely shield the positive
charge of R8 to avoid non-specific interactions
with serum components and to confirm the
long circulation properties required for tumor
targeting. Also, the Tf ligands are localized on
the tip of PEG chains thus permitting them to
have sufficient flexibility to interact with Tf
receptors on tumor cells. The addition of
excess free Tf strongly suppressed gene
expression, which confirmed that the system
was internalized into tumor cells through Tf
receptors. The use of octalysine (K8), a
positively charged peptide similar to RS, failed
to produce the same synergistic combination
with GALA. This shows that the R8 effect is
not due exclusively to its positive charge only,
but it is mainly related to its chemical structure.
The Tf-MEND modified with R8 and GALA
produced a gene expression comparable to the
Lipofectamine Plus reagent, one of the
strongest transfection reagents, in HeLa cells
even in the presence of serum, without
substantial cell toxicity as judged by the total
protein content in cells''. In the absence of RS,
Tf ligands are separated from Tf receptors in
the acidic pH of endosomes and the PEG coat
inhibits the interaction between GALA and the
endosomal membrane. In contrast, the presence
of R8 improves the binding of the lipids of the
carrier to the cellular membranes and this
facilitates the interaction between GALA and
endosomal membrane. This triple-ligand
system (Tf, R8 and GALA) is highly promising
for future applications in tumor targeting.

Uptake mechanism of GALA-modified
nanoparticles

To understand the interaction between
GALA and LECs, we investigated the cellular
uptake mechanism of GALA-Lip in human
lung microvascular endothelial cells (HMVEC-
L)*. The uptake and subsequent transcytosis in
endothelial cells is closely linked to the uptake
through caveolae, which are present in
abundance on the surface of endothelial cells®.
However, the uptake of GALA-Lip into
endothelial cells was only slightly inhibited in
the presence of filipin III, an inhibitor of uptake
through caveolae®’. Although the HA2 protein
of the influenza virus, which mimics GALA, is
taken up by macropinocytosis in different cell

lines™, the uptake of the GALA-Lip was only
slightly inhibited in the presence of amiloride,
an inhibitor of macropinocytosis®'. The uptake
of GALA-Lip was strongly inhibited in the
presence of chloropromazine and this
inhibition was dose-dependent, indicating that
clathrin-mediated endocytosis is the major
uptake pathway for GALA-modified systems,
at least in lung endothelial cells*’. These results
were confirmed by using confocal microscopy,
which confirmed that the GALA-Lip was more
colocalized with Tf, which are internalized by
clathrin-mediated endocytosis and were less
colocalized with Cholera Toxin Subunit B
(CTB) or dextran, which are internalized by
caveolae and macropinocytosis, respectively.
Furthermore, the activity of the GALA-MEND
encapsulating anti CD31 siRNA  was
significantly inhibited in the presence of
chloropromazine. Collectively, these results
suggest that clathrin-mediated endocytosis
represents a major uptake pathway in lung
endothelial cells.

Conclusion

The GALA peptide discussed in this
review is a promising tool for gene delivery. It
plays multiple roles including targeting to the
lung endothelium and improving the endosomal
escape of drugs. Furthermore, it acts
synergistically with certain cell penetrating
peptides to improve gene expression. The
MEND system modified with GALA proved to
be an efficient platform for the in-vitro and in-
vivo delivery of different nucleic acids
including pDNA, siRNA and mRNA.
Understanding the nature of GALA and its
properties will permit further optimization for
developing more efficient non-viral gene
vectors. In addition, further work will be
needed to apply different GALA-modified
systems for clinical use.
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