B + EHGHE Ty NP AZF ENARF TPAHAAR ENRAR

B4R 4
Mechanism-based development of peptide-modified
nanoparticles for intracellular delivery of nucleic acids
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The studies presented in this thesis showed that modification of the novel vector called multifunctional
envelope-type nano device “MEND” particles with a high density of R8 peptide resulted in an efficient
carrier capable of cytosolic delivery of plasmid DNA and siRNA to cells in culture. Further modification of
R8-MEND with a novel peptide derivative of the INF7 fusogenic peptide resulted in enhancement of the
gene expression of R§-MEND in the presence of PEG coating and in vivo.

1. Chapter1

Chapter 1 of the thesis included a brief introduction about gene therapy and MEND system and its
applications. This was followed by the aims of the current study and thesis outline.

2. Chapter 2

Chapter 2 comprises a literature review about therapeutic nucleic acids and their delivery systems.

3. Chapter3 '

In chapter 3 a thorough comparison between the effects of MEND surface modification with
octaarginine (R8) versus octalysine (K8) regarding cellular uptake, endosomal escape, and efficiency in
cytosolic delivery of the encapsulated cargo was carried out. Results of the study were as follows:

K8 and R8 linked to stearyl moiety were used to modify MEND composed of DOPE (Dioleoyl
phosphatidyl ethanolamine) / Phosphatidic acid (PA) in 7:2 molar ratio. K8-MEND and R8-MEND had
comparable diameters equal~160 nm and zeta potential ~40 mV. No significant difference (p>0.05) was
found between the measured intracellular fluorescence of rhodamine-DOPE-labeled K8-MEND and
R8-MEND using flow cytometry at the four concentrations of MEND tested in NIH 3T3 cells. The rate of
uptake of both MENDs was also similar (p>0.05) between 15 min and 3 hrs. Amiloride, a selective
macropinocytosis inhibitor strongly inhibited the uptake of both K8-modified liposomes (K8-Lip) and
R8-modified liposomes (R8-Lip); while chlorpromazine, a clathrin-mediated endocytosis inhibitor, had no
effect on their uptake. These results showed that K8-MEND is taken up in via macropinocytosis as
efficiently as R8-MEND in agreement with the previously published data on the mechanism of uptake of
R8-MEND." The results also emphasized the importance of the high positive-charge density on the surface
of MEND in the stimulation of macropinocytosis.

Confocal laser scanning microscopy (CLSM) of live cells showed that the extent of R8-MEND escape
~ from endocytic vesicles was higher than that of K8-MEND—~62% compared to only ~26% for K8-MEND.
In the presence of bafilomycin Al, a selective vacuolar proton pump inhibitor, the extent of K8-MEND and
R8-MEND escape was comparable. This result was confirmed by the transfection activities of K8-MEND
and R8-MEND encapsulating plasmid DNA encoding a luciferase reporter gene in the presence of the
membrane-disrupting agent, chloroquine or bafilomycin Al. Chloroquine enhanced K8-MEND gene
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expression approximately 4-fold, while it had only a negligible effect on that of R8-MEND. The endosome
acidification inhibitor resulted in ~90% inhibition of R8-MEND gene expression, while it enhanced that of
K8- MEND by ~315%. These results supported the confocal microscopy observations.

Then the contribution of fusion between K8-MEND or R8-MEND and the endosomal membrane during
escape was tested using spectral imaging of double labeled FRET liposomes modified with K8 (K8-Lip) or
R8 (R8-Lip). Both K8-Lip and R8-Lip were shown to fuse to endosomes during escape. The acidification
inhibitor, bafilomycin Al, failed to inhibit fusion of K8-Lip. In contrast, R8-Lip fusion was partially
inhibited in the presence of bafilomycin Al. In another in vitro experiment, K8-Lip could fuse to liposomes
composed of negatively charged lipid components, simulating those present in the endosomal membrane,
only at neutral pH while R8-Lip could fuse at both acidic. and neutral pH conditions. These results
collectively indicated that R8-MEND fusion to endosome takes place at both neutral conditions (just after
uptake) and at acidic conditions (upon maturation of endosome), unlike K8-MEND which can escape only
just after uptake.

Finally, modification of MEND with R8 was shown to enbance the encapsulated luciferase gene
expression ~320-fold compared with unmodified MEND and 17-fold compared with K8-MEND. Similarly,
when silencing effect of MEND encapsulating anti-luciferase siRNA was checked in Hela cells stably
expressing luciferase R8-MEND equivalent to 0.1 pg of siRNA resulted in around two times the silencing
effect resulting from K8§-MEND.

To conclude, modification of MEND with R8 resulted in efficient uptake of MEND and high endosomal
escape of the encapsulated nucleic acids. Efficient endosomal escape took place through fusion to
endocytic vesicles under neutral and acidic conditions resulting in enhanced delivery of the functional
nucleic acids to the cytosol and/or the nucleus of cells in cultures.

4. Chapter 4

In chapter 4, R8-MEND was optimized for in vivo applications. Testing R8-MEND in vivo showed that
it results in low gene expression levels in the organs tested. PEGylation of R8-MEND resulted in severe
inhibition to its endosomal escape. A novel stearylated derivative of the well known peptide INF7 ! was
designed and optimized for surface modification of R8-MEND. When included to the MEND lipid coat, the
stearylated derivative (STR-INF7) was more potent than the parent INF7 peptide in improving the gene
transfection activity of R§-MEND.

STR-INF7 modification resulted in improvement of the endosomal escape of R8-MEND and PEGylated
R8-MEND in the absence of the fusogenic lipid DOPE. Spectral imaging of double labeled liposomes
showed that STR-INF7 doesn’t mediate fusion between the liposomes and the endosomal membrane.
Non-fusogenic R8-Lip could rupture negatively charged liposomes entrapping calcein and could release
calcein at neutral pH and acidic pH. In contrast, the unmodified non-fusogenic R8-Lip failed to release
calcein at either condition. These results showed that STR-INF7 mediates endosomal escape through
rupture of the endosomal membrane at both neutral and acidic conditions of the endocytic vesicles.

STR-INF7 enbanced gene expression of PEGylated R8-MEND in a STR-INF7-concentration-dependent
manner. The enhancement in gene expression was up to 72 folds in absence of DOPE and 22 folds in
presence of DOPE over the peptide-unmodified R8-MEND. Surface modification of PEGylated R8-MEND
with STR-INF7 didn’t affect the long-circulation properties of the PEGylated MEND. In addition,
STR-INF7 modified R8-MEND was non-toxic to cells in cultures. Finally, upon i.v. injection to mice,
STR-INF7-modified R8-MEND resulted in gene expression levels in liver 240-folds higher than
unmodified R8-MEND.The enhancement was 116-fold and 6-fold in spleen and lung respectively
compared to that of unmodified R8-MEND. These results showed that STR-INF7 is an efficient device that
improves endosomal escape of MEND both in vitro and in vivo.

To conclude, modification of R8-MEND with the novel compound STR-INF7 resulted in a competent
nonviral vectors that could transfect cells in cultures and in vivo. The new STR-INF7 surface modification
was non-toxic and functioned well in PEGylated R8-MEND through a mechanism independent on fusion
between MEND coat and the endosomal membrane.
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5. Chapter5
Chapter 5 summarized the results presented in the thesis and discussed possible extensions for this
research and future research projects.
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