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1 | INTRODUCTION

Kamia Punia’l

| Jin Kim Montclare%34

Abstract

Successful clinical implementation of gene delivery relies on the use of viral or non-
viral based vectors to package and protect the therapeutic nucleic acid. These vehi-
cles must also be able to direct the fate of the cargo once it has entered the cell to
ensure that the nucleic acid is functional, and the desired outcome is achieved. Com-
pared to viral vectors, non-viral vectors have the advantage of incorporating different
material types such as lipids, polymers, and peptides to tune overall safety and effi-
cacy. Peptides are especially powerful when used in gene delivery vectors as they are
able to increase gene delivery efficacy by introducing new biochemical functionality.
This review will discuss the use of peptides as central design components in non-viral
gene delivery vectors. The contribution of the peptide component to the overall
functionality of the delivery vehicle will be highlighted, with a focus on peptides as
the only vehicle component or peptides in complex assemblies with lipids or

polymers.
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created in an attempt to bring clinical gene therapy into reality. Efforts

are underway to develop vehicles composed from modified

Nucleic acids possess critical instructions for controlling biological
function, and as a new class of therapeutic agent have the potential to
make a broad impact in biotechnology and medicine.l* There is an
urgent need for gene therapies to alleviate various pathological condi-
tions but the ability to produce an effective vector that can deliver
therapeutic genes still presents many technical challenges.[2‘4] The
intracellular delivery of nucleic acids presents a particularly difficult
challenge, because the nucleic acid must cross the plasma membrane
and be protected from nucleases. Once inside the cell, the nucleic acid
must escape from the endosome and be released into the cytoplasm
to perform its function.!”’ All of these physical and biological barriers

pose a significant engineering problem, and many vectors have been

viruses,?¢! polymers,”'® lipids,® 1% cell penetrating peptides,*1*?
and other nano-assemblies.®"*) Virus based vectors can package
nucleic acids and facilitate integration into the genome of the trans-
fected cell resulting in long term, stable expression.”! These vectors
can elicit a detrimental immune response, and so far, have mainly
been explored for clinical use in tissues like the eye that are immuno-
logically privileged.'*®! Polymers have been explored since they offer
the ability to create higher order structures based on the properties of
tunable monomers, however they also suffer from the potential for
high immunogenicity, as well as complicated synthetic reaction
schemes that are needed to create homogenous particles.®! Cationic

lipids are viewed as a safer alternative to polymers, but recent
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evidence has shown that these vectors can also provoke a harmful
immune response at therapeutically relevant doses.[®*”!

Cell penetrating peptides (CPP) are a subset of peptides that can con-
dense nucleic acids through electrostatic interactions and have been inves-
tigated as non-viral gene carriers since the 1980's.1¢! CPPs are short chains
of amino acids that assemble to form unique structures with distinct chemi-
cal properties. These chains can be synthesized via solid phase synthesis or
recombinant methods, and provide the advantage of being tunable at the
monomer level.*”) CPPs can also be combined with other materials such as
polymers, lipids, and other more complex nano-assemblies to augment
existing delivery properties.*232383% The sequences of CPPs allow them
to cross the cell membrane, but challenges such as serum stability and
endosomal escape present hurdles to successful gene delivery.® The use

| [40]

of polyethelene glycol™ and groups capable of disrupting the endosome

to release intact cargo[33]

are being explored to address these shortcom-
ings, but more work must be done before peptide-based gene delivery
vehicles reach high enough levels of efficacy to become clinically relevant.
In this review, advances in the use of specific peptide sequences
(Table 1) for the delivery of nucleic acids will be covered in various non-viral
vehicle formulations. Linear and branched peptide chains will be discussed
as they are the most straight-forward use of specific sequences and much
work is being done to optimize these materials as gene delivery vectors.
Peptides that are conjugated to other materials or used in complex nanopar-

ticle formulations will also be discussed, as these methods introduce higher

levels of functionality to the delivery vectors but still rely on the peptide
sequence as a core functional component. Peptide materials that integrate
polymer, lipid, and stimuli responsive components to optimize gene delivery
are also discussed in order to demonstrate the versatility of CPP's in various
delivery systems. The examination of a wide range of peptide-based mate-
rials provides a high level view of where design methodologies incorporat-
ing peptides as central functional component fit into the non-viral gene
delivery landscape, and allows for a forward look into the application of
new design strategies on the horizon that have the potential to bring safe

gene therapy into widespread clinical use.

2 | PEPTIDES FOR GENE DELIVERY

CPPs are biocompatible and can be synthesized using a variety of well

understood techniques,[41’42]

making them an attractive alternative to syn-
thetic polymers. The ability to tune the sequence at the amino acid level
provides a wide arena for material exploration, and many different types of
cationic peptides have been identified that can condense nucleic acids,
penetrate the cell membrane, and release functional cargo to the cytoplasm
or nucleus.*® These materials range from simple repeats of a cationic
amino acid, such as lysine or arginine, all the way to complex sequences
derived from viral proteins.***? In this section we will discuss specific

examples of CPPs and their use as agents driving nucleic acid transfection.

TABLE 1 Peptide-based constructs

Name Peptide sequence Function
rPOA Cys-(D-R9)-Cys Gene delivery in vivo18!
Branched Cys-R9-Cys-R9-Cys Increased particle size and
oligoarginine gene loading *”!
e-PLL KKKKKKKKKKKKKKKKKKKKKKKKK Cationic, naturally occurring
Poly-I-lysine [20,21]
SL-11smPEG-SS-PLL
TAT GRKKRRQRRR Fusogenic, membrane
mTat CHHHHH-Tat-HHHHHC disrupting [222°
BTAT Cys-GRKKRRQRRR-Cys-GRKKRRQRRR-  Branched, fusogenic 124
Cys
R3Vé RRRVVVVVV Micelle forming 12°!
GE11 YHWYGYTPQNVI Bilayer forming 26!
Pepfect 14 stearyl-AGYLLGKLLOOLAAAALOOLL- Cationic, cell penetrating
NH2 [27,28]
CSP.DNA.FG MRGSHHHHHHGSGRLRP Cationic ?%
lipoproteoplex QMLRELQRTNAALRDVRELL
RQQV KEITRLKNTVRRSRASGKLN
DNC:CSP:siRNA MRGSHHHHHHGSGRL Cationic *%
lipoproteoplex RPQMLRELQRTNAALRDVRELLRQQV
KEITRLKNTVRRSRASGKLN

P-(R8)g 6-(HA2); ¢~
FITC

Penetratin-PAMAM
VIPER

PPDDBP

REDV-mPEG-b-
PLGA-g-PEI

HA2- GLFGAIAGFIENGWEGMIDGK
R8-KRRRRRRRR

RQIKIWFQNRRMKWKK
GLGAVLKVLTTGLPALISWIKRKRQQ

CPsK
CREDVW

HA2- membrane disrupting
R8-cell penetrating *Y

Cell penetrating *2

Fusogenic, membrane
disrupting %

ROS responsive 34

Targeting endothelial cells

[35]

for gene delivery
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Some of the first gene delivering peptides explored were repeats of
amino acid like lysine or arginine.[36'46] Both lysine and arginine are
cationic amino acids with the ability to complex with the negatively
charged phosphodiester backbone of nucleic acids via electrostatic
interactions. These peptides of varying chain lengths will form aggre-
gates when bound to nucleic acids that can be internalized within the
cell.*”! Previous work has shown that peptide-based vectors can be
biocompatible and will not elicit a harmful immune response,[48’49] but
at therapeutically relevant doses this benefit goes away. These mate-
rials are still being developed and continue to show promise as viable
gene vectors for clinical use.

For example, Woo et al. published work in which they explored
the biocompatibility of a modified oligoarginine for use in cardiac tis-
sue."® This vector consisted of the Cys-(D-R9)-Cys repeat of reduc-
ible poly(oligo-D-arginine) (rPOA) to form an extended cationic chain.
This peptide was able to condense and deliver DNA, RNA, and pro-
tein."% The group had shown previously that their vector was safe
for use in lung and brain tissue,®*~5% but recognized that there was a
need for a safe delivery vehicle to target cardiac disease. The group
delivered a plasmid encoding for vascular endothelial growth factor
(VEGF) to H9c2 rat cardiomyocytes as well as cardiac tissue in rat, as
VEGF therapy has been shown to be an effective treatment for myo-
cardial infarction.®* H9c2 cells were transfected at a 1:2 weight ratio
of rPOA/pDNA and viability of transfected cells was found to be
98.00%, determined by MTT assay. This was compared to a
PEI/pDNA control which showed similar transfection efficiency to the
rPOA complexes, but only showed a 50.78% viability. Transfection
was assessed in a myocardial infarction rat model by detection of
VEGF expression in ischemic cardiac tissue by immunohistochemistry.
A PEI/pDNA control was utilized again, and the rPOA complexes
resulted in a 2.5-fold higher expression of VEGF. Cell death in the
ischemic region was measured after a week using TUNEL assay, and
cell death was found to be lower in the rPOA/pDNA group vs the
PEI/pDNA group. This work demonstrated the safety of the rPOA
vector for use in-vivo in cardiac tissue, and was strengthened by pre-
vious work showing efficacy in other tissue types.[°*>%

The 3D architecture of oligoarginine for improved gene delivery
efficacy is also being explored. Yoo and Lee et al. have designed a
branched oligoarginine with reducible disulfide bonds at the branch
points.*”! Previous reports showed that connecting cationic chains
with cysteine residues increased molecular weight as well as delivery
efficacy.’™ These disulfide bonds can be reduced by glutathione

1561 and will promote

which is over-secreted in the cellular cytoplasm,
nucleic acid release into the cytoplasm. These peptide vectors are
effective but still needs to be optimized by further modifications. Yoo
and Lee et al. have hypothesized that creating a branched
oligoarginine construct would increase nucleic acid loading, protec-
tion, and ultimately delivery to the cytoplasm. To accomplish this, cys-
teine residues are used as a linker between oligoarginine repeats, as
well as at the ends of the sequence (Cys-R9-Cys-R9-Cys). This results
in an oligoarginine scaffold with linking points on the ends and middle,
which creates the branched structure known as B-mR9 (Figure 1).

Peptide

Static light scattering is used to confirm the increased molecular weight
due to branching, with a final molecular weight of 138 889 g/mol. Gel
retardation assay shows that the branched B-m9 exhibits superior
pDNA binding ability compared to linear oligoarginine and a PEI con-
trol. When incubated with DL-dithiothreitol (DTT), the disulfide link-
ages of B-mR9 are broken and pDNA binding is significantly impaired.
Using a nitrogen to phosphorous (N/P) ratio of 15, transfection of plas-
mid in three different cells lines is assessed (HEK 293, HELA, and
SKOV3) and compared to a PEI/pDNA control using flow cytometry. In
all three cell lines, B-mR9 had a higher transfection efficiency than the
PEI/pDNA control. Cell viability analysis reveals significant differences
with the B-mR9/pDNA treatments yielding viabilities above 80% for all
three cell lines, whereas the PEI/pDNA treatments yielded viabilities
around 60%. This shows that the branched B-m9 peptide could deliver
plasmid as the same rate as PEI, but it is able to do so much safer. Simi-
lar experiments have been performed to assess siRNA delivery for
VEGF knockdown; at an N/P ratio of three the B-mR9 vector shows
greater knockdown than PEl in all three cell lines. These results show-
case the versatility of the peptide-based vector to be utilized as a smart

material to deliver payloads safely and effectively.

2.2 | Polylysine
Polylysine materials have also been used with some success as gene
delivery vectors.>”58 Polylysine suffers from similar shortcomings as
oligoarginine (i.e., low transfection efficiency) so ongoing strategies
are being used to increase transfection efficiency while maintaining
safety. e-Poly-L-lysine (e-PLL) is a cationic peptide that consists of a
repeat of 25-35 lysine residues.””! It is naturally produced by Strepto-
myces albulus and Lysinopolymerus and is known to have antibacterial
properties. Mandal et al. have explored this variant of e-PLL as a gene
delivery vector with the potential to have higher transfection efficacy
than commercially available 1000-5000 Da poly-L-lysine (PLL).2®
Transfection of a plasmid encoding eGFP has been carried out in multi-
ple cell lines (MCF-7, Hela, and HEK 293) using e-PLL, PLL, or
SuperFect reagent as a control. The e-PLL exhibits a 3.5, 3.79, and
4.79-fold increase when compared to PLL in MCF-7, Hela, and HEK
293 cells, respectively. e-PLL also outcompetes SuperFect reagent with
a 1.60, 1.53, and 1.79-fold increase in MCF-7, HeLa, and HRK 293 cells,
respectively although this effect was not statistically significant. Toxic-
ity is assessed in all three cell lines, with e-PLL showing no toxicity,
while PLL possesses roughly 20% toxicity in all cell lines.

3D assemblies of PLL are also being explored as alternatives to lin-
ear chains. For example, Walsh et al. have developed a star-shaped PLL
varying the length of the peptide arms to see if they can successfully
transfect mesenchymal stem cells (MSCs) for tissue engineering applica-
tions.?Y These star polymers consist of a variable amount of peptide
arms surrounding a polypropyleneimine (PPI) dendrimer core (Figure 2).
The polylysine arms are assembled to have 40 L-lysine repeats per arm
via N-carboxyanhydride (NCA) ring opening polymerization. The num-
ber of total arms present on each particle is then varied to either 16, 32,
or 64. The 64-star PLL demonstrate the highest number of cells trans-
fected, with 24.6% of cells transfected at 7 days. At day 7, the 32-and
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Creating branched oligoarginine and mechanism of cellular transfection. Branched oligoarginine (B-mR?9) is created by introduction

of cysteine residues. Upon DMSO oxidation, a large branched network is formed. The positive charge of the arginine residues allows for
complexation with pDNA or siRNA. The branched B-mR9/nucleic acid aggregate can then enter cells to release nucleic acid cargo through the

action of glutathione. Reprinted with permission!*”!

16-star PLLs transfect 22.3% and 2.0% of cells, respectively. Transfec-
tion efficiencies remain stable for all constructs until day 14 before
declining. Linear PLL is only able to transfect 2.5% of cells at day 7, dem-
onstrating that star PLLs with 32 or 64 peptide arms are able to trans-
fect MSC's at a higher efficiency. PLL is an example of a simple peptide
sequence being used in higher order assemblies that have much higher
transfection efficiency than their linear counterparts. These types of
materials allow for the expansion of agents that can be investigated for
in vivo gene therapy, and also open up the opportunity that with low
efficacy can be re-designed with new architecture.l*”

Cai et al. also explored the additions of polyethylene glycol (PEG)
and imidazole to PLL to increase it in vivo circulation and vehicle
endosomal escape.l™ The group previously described a PEGylated
PLL that utilized a cysteine linker to release the PEG from the PLL in
response to elevated glutathione levels, allowing for targeting of gene
delivery to cancer cells. ! This vehicle suffered from poor endosomal
escape however, so imidazole groups were added via Schiff-base link-
ages to create a new PLL-based vehicle known as SL-1,smPEG-SS-PLL
(Figure 3). This functionalization served two purposes: (a) the imidaz-
ole groups buffered endosomal pH and (b) the Schiff-base linkage
could deprotonate at endosomal pH, promoting the loaded DNA

plasmid release. Gel retardation assay demonstrated that plasmid
DNA was fully bound at weight/weight ratios higher than 0.15:1, and
acid-base titration confirmed the buffering capacity of the imidazole
groups. The release of PEG from the vehicle was confirmed via
dynamic light scattering experiments. Stable particle sizes of
181.0 £ 6.2 nm were observed. The addition of 10 mM glutathione
cleaved the PEG groups and caused the cationic vehicle segments to
aggregate, leading to increased particle size (>680 nm) after 4 hours.
Transfection of MCF-7 cells with EGFP plasmid was assessed for SL-
115mPEG-SS-PLL, an optimized PEI-25k used as a positive control and
mPEG-SS-PLL that did not contain the Schiff-base linked imidazole to
isolate the improvements caused by the imidazole and Schiff-base
groups (Figure 3). mPEG-SS-PLL successfully transfected 30% of cells
while PEI-25k and SL-115mPEG-SS-PLL transfected 40% of cells.
Transfections were also carried out utilizing a luciferase plasmid with
and without 20% serum. While a 13-fold decrease in luciferase trans-
fection was observed for PEI-25 k after the addition of serum, SL-
115mPEG-SS-PLL did not see any significant decrease in transfection
efficiency. This work demonstrated that shortcomings of peptide vec-
tors, such as the inability of PLL to escape the endosome, could be

remedied with clever engineering and modification.
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FIGURE 2 Schematic representing use of star-
poly-L-lysine to transfect mesenchymal stem cells
(MSCs). MSCs are hard to transfect, but star-
shaped polylysine allows for effective
condensation of pDNA that can cross the cell
membrane in vitro. Reprinted with permission.
Copyright © 2018, American Chemical Society
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CPPs can also rely on structural disruption of membranes to gain
entry into the cell.##? CPPs can have the ability to change confor-
mation once inside the cellular endosome, giving them properties of
smart materials that can react to surrounding environmental condi-
tions such as pH. These peptides can be derived from viruses or other
sources and have been widely explored as gene delivery vectors due
to their ability to condense nucleic acid and protect it from endosomal
degradation.*>¢%! The TAT peptide (GRKKRRQRRR) is a sequence

derived from an HIV protein transduction domain that imparts mem-
164651 Modified versions of the TAT
sequence, typically referred to as mTAT have been created in an

brane disrupting behavior.

effort to enhance cell penetrating and nucleic acid protection proper-
ties. Jeong et al. have created a modified TAT variant with inter-
spersed and terminal cysteine residues in order to create a branched
construct upon DMSO oxidation, known as BTAT.?¥ Static light scat-
tering experiments reveal that the molecular weight of the linear mTAT
chain (3.4 kDa) increases to 294 kDa upon DMSO oxidation, and the
clear liquid solution transitions to a clear gel indicating effective



THOMAS ET AL.

so16 | WiLEY-Peptide

disulfide bridge formation. Both linear TAT and mTAT as well as
branched BTAT exhibits random coil structures, indicating that the
disulfide linkages do not significantly affect secondary structure. The
BTAT has a four-fold higher binding affinity to a plasmid coding for GFP
than the linear TAT and mTAT, most likely due to the large branched
network structure of BTAT. To determine if the branched construct
outperforms the both the linear TAT and mTAT, flow cytometry analy-
sis confirms BTAT having the highest transfection efficiency. Cell viabil-
ity analysis illustrates that transfection with TAT, mTAT, or BTAT
results in viability above 80% indicating safe transfection.

2.4 | Amphiphilic peptides

Amphiphilic peptides have also been explored for their nucleic acid
delivery potential due to their ability to self-assemble into complex
structures.'®®”! Song et al. have published analysis of a peptide called
R3Vé6 for use as an antisense-oligodeoxynucleotide (antisense-ODN)
delivery vehicle against miR-21 in glioblastoma.”?®! miR-21 is a micro-
RNA present in some cancers that is believed to have anti-apoptosis
and pro-tumor survival activity.[*3¢”) R3V6 is a short peptide com-
posed of three arginine repeats followed by six valine repeats. Previ-
ous work has shown that R3Vé has low delivery efficacy of pDNA
in vitro, but could outcompete a 25 kDa PEI standard in vivo while
showing lower toxicity.”® In aqueous solution, R3Vé6 will spontane-
ously form micelles that have the ability to encapsulate hydrophobic
drugs while still delivering nucleic acids.”"! Based on this, the authors
have investigated the potential of using R3Vé to deliver antisense-
ODN to rat glioblastoma cells (Cé), to see if antisense-ODN/R3Vé
particles have potential for use as an in vivo glioblastoma therapy. Gel
retardation assay confirms that R3Vé can fully bind the antisense-
ODN at a 2:1 weight ratio. Dynamic light scattering measurements
show that when bound to the antisense-ODN, particles of
135 + 21.8 nm result with a zeta potential of 15.8 + 0.77 mV. Trans-
fection of Cé cells is carried out through the use of a custom Renilla
luciferase plasmid with an miR-21 recognition sequence present on
the 5" untranslated region. This allows miR-21 that is present in the
cells to bind to the plasmid and signal for its degradation through
the RISC pathway.?! If the antisense-ODN is successfully trans-
fected however, it will bind to miR-21 and prevent it from
destroying the plasmid. In this way, successful transfection can be
reported through the luminescence of the expressed luciferase.
Experiments reveal that antisense-ODN/R3V6 at a 1:30 weight ratio
exhibits optimal transfection, with a 170% increase in luminescence
signal compared to un-transfected control. Flow cytometry experi-
ments are also performed through the use of a fluorescein (FAM)
conjugated antisense-ODN. Results confirm that the R3V6 com-
plexes delivers more antisense-ODN compared to the PEI 25k con-
trol. An MTT assay on Cé glioblastoma cells is used to determine if
the R3Vé6 peptide could safely deliver the antisense-ODN. After
treatment with the R3Vé complexes, an increase in cell death of
20% is observed after treatment compared to just below 60% for
PElI 25k complexes. The delivery of a scrambled antisense-ODN
results in minimal cell death compared to untreated controls for the

R3V6 complexes, while the PEI 25k complexes shows 60% viability.
This demonstrates that the R3Vé6 peptide delivers antisense-ODN
targeting miR-21 both more efficiently and more safely compared to
PEI 25k, which is frequently used as a gold standard for non-viral
gene delivery.l72774

Liang et al. have created a peptide amphiphile (PA) system that
can self-assemble into bilayered nano-vesicles that can target epider-
mal growth factor receptors (EGFR) on the surface of EGFR positive
cancer cells.?®! This is accomplished by using an 11 AMino acid
stretch of an EGFR binding peptide known as GE11.75777) This pep-
tide is conjugated to glycidyl hexadecyl dimethylammonium chloride
(GHDC) in order to form the amphiphilic core of the bilayer nano-
vesicle (Figure 4). Cholesterol was used to stabilize the bilayer to form
the final vehicle known as ESPV. The resulting ESPV can also be fur-
ther functionalized using other chemical agents in order to deliver
hydrophobic drugs, quantum dots, or nucleic acids. For the case of
pDNA and siRNA delivery, tetradecyl quaternised carboxymethyl
chitosan (HQCMC) is added to provide a positive zeta potential for
nucleic acid complexation. The resulting particles range from 10 to
400 nm with zeta potential ranging from 0 to 70 mV. UV-Vis spec-
troscopy confirms the presence of the GE11 peptide on the surface of
the assembled ESPV, indicating that the sequence is available for rec-
ognition of EGFR on the cell surface. Gel retardation assay indicates
that pDNA is fully bound at a weight ratio of 6:1 ESPV/pDNA. Three
human cancer cell lines (SMMC-7721, Eca-109, and SGC-7901) have
been transfected with a GFP plasmid in order to determine if the
ESPV could target cells over-expressing EGFR. As a control, the ESPV
minus the GE11 targeting peptide is also used. The two EGFP over-
expressing lines (SMMC-7721 and Eca-109) shows higher fluores-
cence signal after transfection with peptide displaying ESPV
compared to the vehicle without GE11. When SGC-7901 cells are
transfected, no difference in fluorescence intensity is observed
between the GE11 displaying ESPV and the ESPV minus GE11. This
validates the design hypothesis that the GE11 peptide allows prefer-
ential transfection of EGFP over-expressing cells. Cytotoxicity assays
of SMMC-7721 cells also reveals that the ESPV is not toxic to trans-
fected cells. This work showcases how short peptide sequences can
be used to form larger order structures that can be used to deliver
nucleic acids to cells. The GE11 peptide is not considered a standard
CPP, like other peptides discussed in this review, but it is still able to
promote interactions with the target cell membrane to internalize

nucleic acid cargo.

25 | Pepfect

Pepfects are a sub-family of CPP's that have been designed specifi-
cally for use in nucleic acid delivery.[78’79] Pepfects are able to trans-
fect nucleic acid with a high efficiency and low cytotoxicity, with the
added advantage of being able to transfect cells independent of their
confluence. Pepfect 14 (PF14) is a particularly effective gene delivery
agent that consists of a C-terminal stearyl moiety followed by a
leucine and alanine heavy peptide chain (stearyl-AGYLLGKLLOO
LAAAALOOLL-NH2).% Ervin et al. have used PF14 as a way to safely
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FIGURE 4 Scheme of peptide

amphiphile self-assembling into bilayer
nano-vesicle with lipid components. The
modular ESPV can be assembled with

various components depending on its

intended application. For siRNA delivery,

the vehicle consists of GE11-GHDC,
cholesterol, and HQCMC. Reprinted with
permissiont?%! r

transfect human embryonic stem cells (hES) in culture.?”) To probe
the delivery of nucleic acid, an Alexa Fluor 568 conjugated siRNA is
used to visualize transfection (Figure 5). Flow cytometry analysis
4 hours post-transfection reveals that 91% of cells are Alexa Fluor
positive. Confocal microscopy confirmed that the fluorescence signal
is from siRNA in the cytoplasm and not on the cell membrane. Live/
dead cell counting is also performed to determine the cytotoxicity of
the transfection complexes on the hES cells. At 20 nM siRNA concen-
tration, the total number of living cells is not significantly different
from untreated cells used as a control. This work demonstrates how
CPP's can be used as a research tool to probe the function of proteins
or genes through targeted nucleic acid delivery.

Urgard et al. have also explored the use of PF14 to transfect
micro RNA (miRNA) into cultured cells.?® They investigate the deliv-
ery of MiR-34a as a potential therapy for cancer, since MiR-34a has
been shown to act as a tumor suppressor.882 Previous work has
been done to deliver micro RNA's using lipid reagents, but these
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attempts have been largely unsuccessful due to low delivery effi-
ciency and high toxicity.[®>®4 Urgard et al. test the hypothesis that
PF14 can transfect human primary prostate carcinoma-1 (PPC-1) cells
more efficiently and safely compared to siPORT NeoFX,
Lipofectamine 2000, and RNAIMAX. The PF14:MiR-34a complexes
reveal sizes ranging from 100 to 1000 nm with negative surface
charge when prepared at a 17:1 PF14:MiR-34a molar ratio. PPC-1
cells are transfected with these complexes and the amount of MiR-
34a is measured using RT-PCR after 24 hours. Between a 1000-fold
and 10 000-fold increase in MiR-34a levels are observed compared to
un-transfected controls, verifying that PF14 can effectively deliver
the microRNA to the cells. siPORT NeoFX is used as a positive control
and shows similar levels of MiR-34a after transfection. A luminescent
cell viability assay 48 hours after transfection revealed that only the
PF14 safely delivers active MiR-34a to exert its tumor suppressive
effects. This provides promising evidence that PF14 has potential as a
safe nucleic acid delivery vector that warrants further exploration.
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FIGURE 5 Transfection of human embryonic stem cells using
PF14:siRNA-Alexa Fluor. siRNA appears red, nucleus appears blue,
and actin appears green. Pepfect 14 is able to deliver siRNA into hard

to transfect cells. Content available through open source license!?”?

3 | PEPTIDE-BASED LIPOPOLYPLEXES
Although there has been tremendous interest in CPPs due to their
capability to efficiently condense nucleic acid, cationic peptide-based
complexes can suffer from low transfection due to poor endosomal
escape and lysosomal degradation.[85'86] Incorporation of various cat-
jonic lipids into polyplexes via non-covalent interactions to produce
ternary complexes called lipopolyplexes (LPP) has been shown to con-
siderably improve the transfection activity of CPPs.B788 Hence,
extensive efforts are underway to investigate these cationic pep-
tides/protein-based lipopolyplexes as gene delivery vehicles.
Yamano et al. have developed a modified Tat peptide, known as
mTat to deliver the gene for a p-opioid receptor (OPRM1) in ex vivo
HSC-3 cells.!?®! This Tat variant contains the Tat sequenced flanked
by a cysteine and five histidine residues on each terminus. This con-
struct is combined with commercially available FUGENE HD and
used to transect the HSC-3 cells prior to implantation in the paws of
mice. RT-PCR assays confirms the expression of OPRM1 in the cells
prior to implantation. Mice with transfected implants exhibit higher
resilience to pain in their paw compared to HSC-3 implants trans-
fected with GFP or implants that were not transfected at all, provid-
ing evidence that the transfected opioid receptor is functional. Cell
proliferation assays at the tumor site confirm that there is no differ-
ence in cancer growth between transfected and non-transfected
tumors. This data shows that the mTat:FUGENE HD lipopolyplex
safely transfects a functional gene into cells.

Montclare and co-workers have engineered a coiled-coil sup-
ercharged protein (CSP) by mutating solvent exposed residues of the
coiled-coil domain of cartilage oligomeric matrix protein (COMPcc) to
positively charged arginine for effective condensation of nucleic
acids.?”! To enhance gene delivery, CSP is further conjugated with the

cationic lipid reagent Fugene (FG) via non-covalent interactions to gen-
erate the ternary complex called a “lipoproteoplex” (Figure 6B).
B-Galactosidase plasmid DNA is incubated for 30 minutes with either
CSP or COMPcc at various concentrations to form the proteoplexes. To
determine the DNA binding ability of the proteins, electrophoretic
mobility shift assay reveals that the supercharged CSP is highly profi-
cient at condensing plasmid DNA, whereas COMPcc exhibits no binding
ability. The proteoplexes are then mixed with FG at 4:1 wt./wt. ratio of
lipid/DNA and incubated at room temperature for 15 minutes to gener-
ate lipoproteoplexes. In vitro transfection data indicates that the CSP
lipoproteoplex significantly increases p-galactosidase activity in
MC3T3-E1 mouse preosteoblasts compared to either FG or CSP alone
(Figure 6C). Furthermore, the CSP lipoproteoplex also exhibit superior
transfection efficiency as compared to
mTat*DNA*FG lipopolyplexes (Figure 6D).

Rabbani et al. have engineered an LPP comprising a cationic lipid

previously  designed

nanoparticle (CLN) composed of 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) and the edge activator sodium cholate (NaChol) to
form DOTAP:NaChol (DNC) and CSP for topical siRNA delivery.%! The
DNC:CSP LPP demonstrated successful complexation of siRNA while
producing non-cytotoxic and inherently flexible nanoparticles with
diameter measuring 160.94 + 34.21 nm for 10:1:1 DNC:CSP:siRNA
complex (LPP-10) as observed from the transmission electron micros-
copy (TEM) images. In vitro transfection efficacy of the LPP tested
against GAPDH in 3T3 mouse fibroblasts confirmed high gene silencing
with 62% mRNA knockdown for LPP-10. The in vivo efficacy of LPP is
assessed in humanized murine diabetic wound healing model where
wounds on mice were treated with LPP comprising siKeap1 which is a
key repressor of a central regulator of antioxidant pathways called
nuclear factor erythroid-2 like 2 (Nrf2). The diabetic mice treated with
LPP-10 siKeap1 showed significantly enhanced diabetic wound healing
which is similar to healing in wild type mice, with wound closure in
22.25 + 1.97 days for LPP-10 siKeap1 as compared to 31 days for LPP
containing nonsense siRNA (siNS) LPP-10 siNS (Figure 7D). The ability
of this novel LPP to efficiently encapsulate and topically deliver siRNA
for diabetic wound healing demonstrates its effectiveness as a promis-
ing vehicle for non-viral gene delivery that can be translated into clinical

use for treating diabetic patients with non-healing wounds.

4 | PEPTIDE-POLYMERHYBRIDS

Polymers comprised of positively charged moieties that are capable of
condensing DNA into complexes known as polyplexes, have garnered
significant attention in the field of gene therapy.®>?® Decoration of
bioactive peptides on these polymeric scaffolds generates physiologi-
cally stable complexes and enhances gene transfer efficacy by
imparting multifunctional properties to the polyplexes. This can be
done through bioactive peptides bearing fusogenic, stimuli responsive,
or targeting moieties.”*~?% Peptide-polymer hybrids can be readily
produced either by physical adsorption or by covalent conjugation

techniques including post-polymer modifications!®#

and polymeriza-
tion of peptide conjugated monomers.”” In this section we discuss

different types of peptide-polymer hybrids for nucleic acid delivery.
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FIGURE 6 Supercharged protein-lipid (A)
complex. A, Sequences of COMPcc and

CSP with mutated arginine residue

positions shown in red. B, Schematic of csP
CSP complexation with plasmid DNA and

a ternary complex with cationic lipids to

form lipoproteoplexes for gene delivery.

In vitro transfection efficiency for

B-galactosidase DNA. FG*DNA(4:1), (B)
COMPcc.*DNA (5:1), COMPcc*DNA(5 or * +
8:1)*FG, CSP*DNA(5:1), CSP*DNA(5 or
8:1)*FG, mTat*DNA(10:1) and mTat*DNA
(10:1)*FG. C, comparison of control (DNA
only), FG.DNA(4:1) etc, * indicates

P < 0.0001, D, comparison of control
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41 | Fusogenic peptide-polymer hybrids

Fusogenic peptides possess the ability to enhance the endosomal
escape efficiency of polymeric gene delivery vectors. Gene delivery
systems have been designed by conjugating cell-penetrating and
membrane disruptive peptides with hydrophilic copolymers to pro-
mote effective intracellular delivery and endosomal escape.[31] For
example, fluorescein-5-isothiocyanate (FITC) labeled N-(2-hydro-
xypropyl)methacrylamide (HPMA) copolymers, containing reactive
ester groups and tert-butoxycarbonyl protected hydrazone bonds for
post-polymer modification, can be synthesized by random polymeriza-
tion. Multiple copies of octaarginine (R8) can then be decorated onto
the HPMA copolymer (P-R8-FITC) to provide a local concentration of
CPPs for effective intracellular delivery of siRNA into the cells.BY A
series of polymers have been synthesized with increasing R8 molar
ratios (4-9.5 mol%) to determine the optimal R8 content for efficient oli-
gonucleotide binding and cellular transduction. Gel retardation assay
shows that among the polymers with variable content of cationic pep-
tide tested, the polymer P-(R8)s 5-FITC with 9.5 mol% of R8 efficiently
encapsulates RAC1 siRNA into polyion complexes. At <200 nm size,
these complexes possess a positive charge of 18 mV at N/P ratio of
6. The P-(R8)y5-FITC and Cy5-labeled-RAC1 siRNA complex further
demonstrates successful internalization and accumulation in the cyto-
plasm of human ovarian adenocarcinoma cells (SK-OV-3). However,
due to the weak membrane disrupting ability of R8, only a few siRNA
molecules could escape the endosome, leading to low silencing of
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RAC1 oncogene in cancer cells. To improve the gene silencing efficacy
of polyplexes, the HA2 fusogenic peptide, derived from the N-terminal
domain of the influenza virus hemagglutinin and recognized for the lysis
of endosomal membranes, is attached to P-(R8)g ¢-FITC. Conjugation of
7.4 mol% of membrane disrupting HA2 peptide to P-(R8)g¢-FITC
(resulting in P~(R8)g ¢-(HA2), ¢-FITC) demonstrates low cytotoxicity and
significantly improved the RAC1 gene silencing in human lung carci-
noma (A549 cells) (Figure 8). This indicates that grafting of R8 and HA2
peptides with HPMA copolymer leads to efficient delivery of the nucleic
acids to the target cells and enhanced gene silencing.

In a study by Liu et al., a 16-residue CPP called penetratin'®®
derived from the DNA-binding domain of the Drosophila antennapedia
homeoprotein is used to design a physical complex with a
poly(amidoamine) (PAMAM) cationic dendrimer for intraocular gene
delivery.®? Three physical complexes comprising a penetratin-
condensed red fluorescent protein plasmid (P20/pRFP), a PAMAM
condensed pRFP (PAMAM/pRFP), and a penetratin-PAMAM double-
condensed pRFP (pRFP/PAMAM/P20) have been synthesized to
study the effect of the addition of penetratin and third generation
non-cytotoxic vector PAMAM in condensation and delivery of nucleic
acids. The preparation of the complexes involves simple mixing of the
gene with the vectors. Synthesis of the pRFP/PAMAM/P20 complex
comprises two steps: pRFP/PAMAM primary complex formation
followed by addition of penetratin.

Particle size measurements of the complexes using TEM and
DLS illustrate that the pRFP/P20 complex has the largest diameter
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DNC:CSP:siRNA (10:0:0)
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DNC: CSP:
siNS
DNC: CSP: Wound
siKeap1 Closed
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FIGURE 7 DNC:CSP LPP for accelerated diabetic wound healing. TEM images of DNC:CSP:siRNA in the ratios, A, 10:0:0; B, 10:0:1; and C,
10:1:1. Scale bar, 100 nm. D, Images of stented wounds on diabetic mice with daily treatments as indicated; E, mean time to closure of wounds;

and F, wound burden per treatment. Reproduced with permission[3°]

with a size of 420 nm, while pRFP/PAMAM particles are compact
with a 260 nm size. The addition of penetratin further increases
the condensation of the plasmid, with a reduction in particle size
of pRFP/PAMAM/P20 complex to 150 nm. The tightly condensed
nanoparticles of pRFP/PAMAM/P20 complex can be due to
hydrophobic interactions between the tryptophan residues of
penetratin and the internal cavities of PAMAM.7] Stability of the
complexes is tested by measuring the change in particles size over
a period of 24 hours at eye temperature (34 °C). An increase in
the particle size of pRFP/P20 and pRFP/PAMAM complexes is
observed over time where pRFP/ PAMAM/P20 complexes dem-
onstrate highly stable particle size and lower tendency to aggre-

gate because of its compact structure. Furthermore, owing to the

difference in particle size and internalization of the complexes,
pRFP/PAMAM/P20 complex demonstrates high transfection effi-
ciency in spontaneously derived human corneal epithelial cells as
compared to pRFP/P20. In vivo examination of gene expression is
performed by installing the complexes in the conjunctival sac in
the eyes of rats. Topical application of pRFP alone does not trans-
fect the retina, however both pRFP/P20 and pRFP/PAMAM/P20
can penetrate from the ocular surface into the fundus. The pRFP/
PAMAM/P20 complex induces more efficient gene expression of
RFP in the posterior segment than pRFP/P20 as observed from
the fluorescence images of the retina (Figure 9). This study dem-
onstrates a novel approach towards noninvasive intraocular gene

delivery.
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4.2 | Stimuli-responsive peptide-polymer hybrids

A number of peptides and polymers have the ability to degrade them-
selves in response to external stimuli and can be incorporated into
polyplexes to allow the facile display of membrane lytic moieties to
promote endosomal escape.*3?8) Cheng et al. have designed VIPER
(virus-inspired polymer for endosomal release), a self-assembling poly-
mer to mimic the endosomal escape mechanism of adenovirus.*®
VIPER is comprised of two blocks: a hydrophilic cationic block to con-
dense nucleic acids and a pH-sensitive block that allows conforma-
tional modification under acidic conditions to display melittin, a
membrane-lytic peptide for

triggering endo/lysosomal escape.

Melittin has the ability to make channels in the lipid membrane,®?!
and has been used to complex with various polymer-based gene deliv-
ery vectors to promote endosomal escape.l'°” Reversible addition-
fragmentation chain transfer (RAFT) polymerization was employed to

synthesize the copolymer (denoted as CP) comprised of poly(oligo

(A)

P-(R8)s s-FITC

FIGURE 8 R8and HA2 grafted
HPMA based polyplexes. A, Confocal
images of SK-OV-3 cells transfected
with P-(R8)y 5-FITC/Cy5-labeled
siRNA(red), green—FITC, blue—
DAPI. B, In vitro cytotoxicity of P-
(R8)g.¢-(HA2), ¢-FITC/RAC1 siRNA
against A549 cells. C, Transfection of
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(ethylene glycol) monomethyl ether methacrylate)-co-poly(2-(dimeth-
ylamino)ethyl methacrylate) (o(OEGMA-DMAEMA)) as the hydrophilic
block and poly(2-diisopropylaminoethyl methacrylate)-co-poly(pyridyl
disulfide ethyl meth- acrylate) (p(DIPAMA-PDSEMA)) as the pH
responsive block. CP is conjugated with cysteine-melittin through a
disulfide exchange reaction to form VIPER that self-assembles into
micelles at physiological pH with melittin in the hydrophobic core.
The pH-triggered phase transition of VIPER is assessed by analyzing
its assembly at pH 7.4 and 5.7. Formation of nanoparticles with
30 nm diameter is observed at pH 7.4 whereas no such assembly is
witnessed at endosomal pH (pH 5.7), indicating the dissociation of
particles. Both CP and VIPER demonstrates the ability to effectively
condense plasmid DNA to form compact spherical nanoparticles with
diameters less than 100 nm. The efficiency of endosomal escape of
nucleic acid cargo from VIPER and CP polyplexes is evaluated in Hela
cells using confocal microscopy. The results indicate significantly

enhanced endosomal release in the case of the VIPER polyplex compared

Cy5-si-RAC1
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A549 cells with RAC1 siRNA
complexed with P-(R8)g ¢-(HA2); «-
FITC. Reproduced with permission/®!)

FIGURE 9 Penetratin-PAMAM
mediated intraocular gene delivery.
Fluorescence images of corneas and
retinae of rat bulbus oculi illustrating RFP
expression after topical administration of
pRFP plasmid alone and the complexes.
Blue, DAPI-labeled cell nuclei; red,
expressed RFP. Scale bar = 50 pm.
Reprinted with permission.m] Copyright
© 2016, American Chemical Society

Cornea

Retina

Untreated

[ Naked si-RAC1
@@ P-(R8)g 5-FITC/si-RAC1
Il P-(R8)q5-FITC

pRFP pRFP/P20

pRFP/PAMAM/P20



THOMAS ET AL.

zotss| Wi Ey—Peptide

(A) = 107 - FIGURE 10 pH-responsive peptide-
® polymer hybrid. A, Bioluminescence
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o treated with various polyplexes. B,
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s tumor tissues of mice treated with
- 1044 polyplexes. C, Bioluminescence images
[ of A549-tumor-bearing mice treated
10° T 1 with various polyplexes. D, Luciferase
(,Q qg' QQ activity from excised A549 tumor tissues
A\Q © of mice treated with polyplexes. Data are
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peptide after treatment with SIN-1. B, Transfection efficiency of PPDDBP polyplexes with and without LPS/IFN-y treatment and LF2K containing

luciferase pDNA assessed in HCASMCs. Reproduced with permission

to CP. To further evaluate VIPER's capability as a gene delivery vector,
KB and A549 xenograft tumor models are employed. KB tumors treated
with VIPER polyplexes containing a luciferase plasmid show enhanced
gene transfer efficacy with 3.1- and 82.5-fold higher luciferase activity
compared to branched PEIl and CP polyplexes, respectively (Figure 10A,
B). Similar results are observed in A549 xenograft tumors with 15.1-fold
and 59.7-fold higher activity in VIPER polyplex treated tumors than PEI
and CP polyplexes, respectively (Figure 10C,D). The collective results sig-
nify the potential of VIPER for pH responsive gene-delivery.

Reactive oxygen species (ROS), an excessive production of hydrogen
peroxide, are a common occurrence in vascular smooth muscle cells
(VSMCs) at critical stages of atherosclerosis.*®Y Efforts have been made
to design gene-delivery vectors that allows facile release of nucleic acids in

[34]

response to ROS species present in the pathological
microenvironment.1'9271%4 Gupta et al. have designed a pH and
ROS-responsive polyplex as a gene delivery platform for targeting
the pathological vascular microenvironment.®* The multifunctional
peptide-polymer hybrid is synthesized by conjugating ROS cleavable
cysteine-(proline)s-lysine (CPsK) peptide with PEG to form a mac-
rochain transfer agent that is further used for RAFT polymerization
to form ROS-cleavable, pH-responsive cationic copolymers made of
mPEG-b-CP5sK-b-poly dimethyl aminoethyl methacrylamide-b-[poly
(dimethylaminoethyl methacrylamide)-co-poly(butyl methacrylate)-
acid)] PPDDBP). ROS-triggered

dePEGylation of PPDDBP micelles is confirmed by overnight incuba-

co-poly(acrylic (termed as

tion with peroxynitrite producing 3-morpholinosydnonimine (SIN-1).
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FIGURE 12

mPEG-PLGA-PEI-CREDVW/
pEGFP-ZNF580 complexes

24h

12h

24h

12h

24h

12h

24h

REDV conjugated polymer micelles for targeted gene delivery. A, Self-Assembly of mPEG-b-PLGA-g-PEI-CREDVW micelles and

the formation of mPEG-b-PLGA-g-PEI-CREDVW/pEGFP-ZNF580 complexes. B, Fluorescence images of EA.hy926 cells and rat vascular SMCs
(as a control) transfected by complexes with the N/P molar ratio of 20 at time intervals of 12 and 24 hr and C, the transfection efficiency at

24 h. A, EA.hy926 cells treated with pDNA served as the negative control; B, EA.hy926 cells treated with Lipofectamine 2000/pDNA served as
positive control group; C, EA.hy926 cells treated with mPEG-b-PLGA-g-PEI(1.8 kDa)-REVD/pDNA complexes; D, EA.hy926 cells treated with
mPEG-b-PLGA-g-PEI(1.8 kDa)-REDV/ pDNA complexes; E, EA.hy926 cells treated with mPEG-b-PLGA-g-PEI(10 kDa)-REVD/pDNA complexes; F,
EA.hy926 cells treated with mPEG-b-PLGA-g-PEI(10 kDa)-REDV/pDNA complexes; G, rat vascular SMCs treated with mPEG-b-PLGA-g-PEI

(10 kDa)-REDV/pDNA complexes. (A, B, C', D', E/, F, and G’ are the bright-field images, and A, B, C, D, E, F, and G are the corresponding dark-
field images, respectively) (xc + SD, n = 3, *statistically different from cells treated with pDNA group (P < .05), *statistically different from cells
treated with Lipofectamine 2000/pDNA group (P < .05)). Reprinted with permission.** Copyright © 2015, American Chemical Society

Reduction in molecular weight of the polymer and appearance of a
PEG shoulder in gel permeation chromatography indicates success-
ful dePEGylation due to cleavage of CPsK peptide (Figure 11).
Transfection efficiency of PPDDBP/Iuciferase pDNA polyplexes with
and without lipopolysaccharide and interferon gamma (LPS/IFN-y) treat-
ment is also assessed in human coronary artery smooth muscle cells
(HCASMCS). The results indicate high transfection efficiency of LPS/IFN-
y treated PPDDBP polyplexes that is ~2.5-fold higher than that of
untreated HCASMCS and commercially available lipofectamine2000
(LF2K) polyplexes. These results suggest the applicability of these
multifunctional polyplexes as a carrier for gene delivery.

4.3 | Targeting peptide-polymer hybrids

The incorporation of specific peptides into gene transfer vectors

allows the delivery of nucleic acid to the desired location in vivo.[*%”

One of the most widely used recognition site for targeting endothelial
cells is the Arg-Gly-Asp (RGD) peptide.l*°41%71 However, RGD suffers
from poor selectivity towards endothelial cells. Arg- Glu-Asp-Val
(REDV), a short peptide derived from fibronectin can selectively bind
to endothelial cells due to its recognition sites for integrin a4f1
binding.[*%%1%%) Hao et al. have investigated a REDV conjugated
self-assembling polymer micelle with high targeting efficacy to endo-
thelial cells.®! Polyethylenimine (PEI) is a well-studied polymeric gene
transfer vector with high transfection efficiency owing to the proton-
sponge effect.'2®111 PEl with high molecular weights have been
demonstrated to exhibit high transfection efficacy and cytotoxic-
ity "2 |n this study, low-molecular-weight branched PEI having
acceptable cytotoxicity but lower transfection ability is explored by
generating micelles with of two self-assembling block copolymers
comprised of a biodegradable poly(lactide-co-glycolide) (PLGA) core
and a mixed methoxy-poly(ethylene glycol) (mPEG)/PElI (1.8 or
10 kDa) shell (Figure 12A). In order to endow the mPEG-b-PLGA-g-
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PEI micelles with targeting ability, a CREDVW peptide containing the
REDV sequence is covalently attached to the micelles by a thiol-ene
click-reaction to provide targeting ability by increasing endothelial cell
recognition. A non-targeting control is designed by conjugating inac-
tive REVD to the micelles for studying the specific targeting of REDV
polyplexes.

The polymeric micelles with and without the peptide demonstrate
efficient condensation of pEGFP-ZNF580 plasmid to form complexes
with a diameter less than 150 nm. REDV peptide targeted polyplexes
exhibits very high transfection efficacy and gene expression in human
endothelial cell lines (EA.hy926 cells) when compared to the control
REVD-modified polyplexes, emphasizing the selective targeting of
REDV polyplexes for endothelial cells (Figure 12B,C). The low cyto-
toxicity and high transfection efficiency of REDV-conjugated micelles
indicate its potential applicability as a gene delivery vector for

endothelialization of artificial blood vessels.

5 | CONCLUSIONS AND FUTURE
OUTLOOK

CPPs and oligopeptides are versatile materials that can be used to
deliver nucleic acids using a variety of mechanisms. They are able to
condense and protect nucleic acids on their own or can be combined
with other types of materials, such as lipids and polymers, to impart
new function and enhance delivery properties. The inclusion of new
functional components to peptide sequences is particularly interesting
as it allows for multi-functional materials that improve gene delivery
by several parallel mechanisms. CPPs and oligopeptide-based systems
have been shown to be as or more effective than lipid-based and
polymer-based reagents for in vitro and in vivo transfection, and com-
bining peptides with these systems allows for development of new
designs that leverage the benefits of multiple material types at once.
Up until now, a majority of work has been validated in cell culture
systems, 1221351131 bt more work needs to be done to assess
peptide-based materials in animal systems. Peptides alone can be sus-
ceptible to a variety of nucleases and harsh environmental conditions,
so combining them with other materials may be crucial as develop-
ment goes forward. This may produce problems with the toxicity of
the other materials, such as polymers and cationic lipids, so a balance
must be struck between delivery efficiency and cytotoxicity. The use
of amino acid building blocks presents almost endless permutations of
sequence however, so it is likely that new CPP sequences will be iden-
tified and refined as time goes on which will add to the already exis-
ting toolbox. Non-canonical amino acids have been used to optimize
peptide and protein materials for other applications outside of gene

delivery,[114'115]

such as the use of analogs of phenylalanine to
improve the pharmacological properties of the antibiotic peptide
nisint**¢ and the use of p-fluorophenylalanine to improve the thermo-
stability of a phosphotriesterase enzyme.[*”) A photo-caged lysine
variant has also been incorporated into an adenovirus vector at a site
responsible for host cell entry that allows for temporal control of viral

infection via a 365 nm light stimulus.[**® Non-canonical amino acids

may therefore be introduced into CPP or oligopeptide sequences to
optimize chemical properties and further improve/control transfec-
tion. Overall, peptides are an excellent alternative to viral based vec-
tors and may very soon surpass them in both efficacy and safety.
Peptides provide the ability to condense nucleic acids, but also pos-
sess the ability to cross the cell membrane and even escape the endo-
some, making them powerful components when used in non-viral
delivery vectors. As non-viral vectors continue moving closer and
closer to widespread clinical use, all of the promises of nucleic acid

therapies may finally be realized.
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