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CHAPTER 1 INTRODUCTION

Please note that part of content of this chapter is from a chapter of
Nanomedicine for Inflammatory Diseases, “Bridging the Gap between Bench and
Clinic; Asthma” is being copyedited and will be published in Nanomedicine for
Inflammatory Disease, Taylor & Francis Group, UK, 2016 (in process). The
authors of this book chapter include Rima Kandil, Dr. Olivia Merkel and me.
Rima Kandil and me are the joint first authors of this book chapter.

1.1 Gene therapy

Gene therapy is the in vivo delivery of therapeutic nucleic acids into cells
or tissue to treat or prevent a disease. Nucleic acid mediated therapies include: a)
replacing a malfunctioning gene with a functional wildtype gene; b) silencing a
mutated gene; c) supplementing a gene encoding a missing protein in cells; d)
boosting the immune response toward foreign infectious organisms!. Gene
therapy is thought to be the solution for hard to cure diseases including genetic
diseases, cancer, neurodegenerative disease, immunodeficiency and HIV, and
extensive studies in pre-clinic research and clinical trials have been completed and
are going-on. Currently, gene therapy can be conducted via two different
approaches. One is the ex vivo approach, where nucleic acids are transferred into
autologous target cells collected directly from individuals. These gene- corrected

cells are returned back to the body and fight the disease. The other is the in vivo



approach, where nucleic acids are directly administrated to patients for nucleic
acid delivery to target cells inside the body?.

By 2012, over 1800 gene therapy clinical trials were performed in 31
countries. Most of these trials (64.4%) focus on treatments of different cancers 3
since the five-year survival rates of certain cancers are still very low, such as liver
(17.5%), lung (17.7%) and pancreatic cancer (7.7%) according to a report from the
National Cancer Institute (2009-2013). Current pre-clinic research and clinical
trials for gene therapies of cancer include several strategies. The first one is the
replacement of mutated tumor suppressor genes such as p53. Advexin® is a gene
p53 encoding plasmid carried by an adenoviral vector. It showed antitumor
activity and improved survival in clinical trials for treatment of head and neck
cancer . Another approach is the supplement of a ‘suicide gene’ encoding a
viral/bacterial enzyme which can covert a pro-drug to an active drug in cancer
cells °. Silencing of gene controlling tumorigenesis (e.g. proliferation and survival),
metastasis and drug resistance is also a common approach ©. In Chapter 4, our
study reports that silencing of GASC1, an epigenetic factor involved in
tumorigenesis, can inhibit the proliferation of basal-like breast cancer cells.

Gene therapy of inflammatory diseases only accounts for small potion in
gene therapy clinical trials (0.7%) 3. However, a large global market of drugs for

inflammatory diseases ’ encourage research groups and pharmaceutical companies



to develop new therapies consequently increasing the number of pre-clinical
research approaches and clinical trials of gene therapy for inflammatory diseases.
For example, gene therapy approaches for asthma include DNA vaccines to induce
immune tolerance 8, delivery of antisense oligonucleotides °, small interfering
RNA (siRNA) 1% and deoxyribozymes (DNAzyme) ! for the selective silencing of
asthma related genes. Currently, there is one gene therapy approach for asthma in
clinical trial using SB010. SB010 is a DNAzyme which can cleave GATA-3, a
key factor in asthma pathogenesis. It can achieve anti-inflammatory effects and
improved lung function in asthmatic patient %, In Chapter 2 & Chapter 3, the
application of siRNA as novel therapies of asthma will be discussed.
1.2 Delivery of nucleic acids
1.2.1 Viral delivery system

Many viruses naturally have the ability to effectively transfer their genetic
material and express proteins in host cells as part of their replicate cycle.
Therefore, they offer the potential to deliver nucleic acids to mammalian cells for
gene therapy. In a viral delivery system, the gene which is essential for viral
duplication is deleted and replaced by a therapeutic gene. Viral delivery systems
show advantages, including high in vivo transduction efficiency and constant
expression of the target gene *2. Viral vectors, including adenovirus, retrovirus,

adeno-associated virus, herpes simplex virus and lentivirus, are the most common



delivery system of nucleic acid in clinical trials of gene therapy . The number of
gene therapy clinical trials increased dramatically since the first gene therapy was
approved in 1990. The first trial aimed to treat a kind of severe combined immune
deficiency (SCID) which lacks a gene encoding adenosine deaminase (ADA).
Patients were administrated autologous T cells transduced by retroviral vectors
carrying genetic material encoding ADA. Even though this trial only showed
modest results, it demonstrated the feasibility and potential of gene therapy in
clinical use *3. However, concerns regarding safety of viral vector from the public
and from researchers arose while increasing numbers of clinical trials of gene
therapy have been approved. One of the major setbacks of gene therapy was the
case of Jesse Gelsinger. In 1999, 18-year-old Jesse Gelsinger, who suffered from a
metabolic disorder due to partially defect ornithine transcarbamylase (OTC),
entered a clinical trial of gene therapy aiming to supplement OTC using an
adenoviral vector containing genetic material encoding OTC. Tragically,
Gelsinger died from a severe and unexpected immune reaction to the viral vector.
In 2000, the United States Food and Drug Administration (USFDA) stopped this
trial and some other trials employing gene therapy. The FDA announced new
programs and restrictions, including the Gene Therapy Clinical Trial Monitoring
Plan and the Gene Transfer Safety Symposia, to protect patients better 4. Another

common viral vector, retrovirus vector, was used in a clinical trial to treat 11



children who had severe combined immunodeficiency (SCID)-XI disease which
was the first success in gene therapy °. However, 5 children developed leukemia-
like illness which was believed to be due to insertion of the retrovirus vector
which triggered the expression of proto-oncogenes 6. Extensive efforts have been
devoted to improve the safety of viral vectors and promising progress has been
made. Several new drugs for gene therapy were approved. Genedicine, an
adenoviral vector carrying wildtype p53 gene, is the first gene therapy drug in the
clinic for treatment of head and neck squamous cell carcinoma approved by the
China Food and Drug Administration (CFDA). Another drug for gene therapy is
Glybera, an adeno-associated virus carrying gene encoding human lipoprotein
lipase (LPL), approved by the European Medicines Agency (EMA) and USFDA
for treatment of lipoprotein lipase deficiency. Despite the improved safety of viral
vectors and the success in the clinic, concerns of potential severe side effects, such
as immunogenicity and carcinogenesis, caused by viral vectors never vanished and
additional care is taken regarding the approval of gene therapy using viral vectors.
On the other hand, the complexity of viral vectors manufacture and limited DNA

packaging capacity also limit the large scale clinical use *’.



1.2.2 Non-viral delivery system
1.2.2.1 Challenges of delivery of nucleic acids

Because of the limitations and concerns mentioned above, the application
and development of non-viral delivery became more popular. Non-viral vectors
demonstrate many advantages compared to viral vector. First of all, non-viral
vectors have better and tunable safety profiles than viral vectors. Biocompatible
materials can be selected to achieve less immunogenicity and toxicity. Non-viral
vectors can be also synthesized by biodegradable materials to reduce the toxicity
and accumulation in the body. Moreover, applications of non-viral vectors for
gene therapy can avoid insertional mutagenesis. Non-viral vectors have larger
capacity for delivery of nucleic acid and are less complicated in their manufacture
process which makes it easier for scaling up the production. More importantly,
because the relatively simple chemical structure of non-viral vectors, such as
polymer-based materials, various modifications have been done to achieve
efficient and selective gene delivery, better safety and optimal pharmacokinetic
profiles 8. For example, non-viral vectors are commonly modified with targeted
ligands such as folic acid *° and transferrin 2° to achieve cell/tissue specific
delivery. PEGylating non-viral vectors has been utilized to increase the
biocompatibility and circulation time 2 and to achieve tissue specific

accumulation 22, Despite the numerous studies which have been performed to



develop and optimize non-viral vectors, their gene delivery efficiency is still
relatively poor especially compared to their viral counterparts. Consequently, only
a few non-viral vectors are mature enough to enter clinical trials *.

Non-viral vectors will encounter various challenges when they are applied
to deliver nucleic acids systemically. Nucleic acids are easily degraded by
endogenous nucleases in the circulation. The half-life of nucleic acids in the blood
stream is short, for instance, the half-life of naked plasmid DNA injected
intravenously (i.v.) has been reported to be 10 minutes in mice. Nucleic acids
carried by non-viral vectors are not readily degraded by nucleases and have longer
circulation half-lives. Chemical modification in nucleic acid can also facilitate to
protect them against the cleavage by nuclease and increase their in vivo stability.
Common modification include incorporation of 2’-O- methyl to replace the 2’-
OH group in the ribose in siRNA and combination of 2-thiouridine and 5-
methylcytidine in mMRNA 8,

Non-viral vectors need to overcome several biological barriers to deliver
nucleic acids to target cells/tissues. Most non-viral vectors contain polycations or
cationic lipids to condense nucleic acids which have negatively charged backbones.
Nucleic acids can electrostatically interact with non-viral vectors and form
polyplexes or lipoplexes which commonly have a net positive surface charge. This

positive charge can induce non-specific association with non-target cells and



interaction with serum proteins in circulation. Vectors covered with a corona of
serum proteins are easily recognized and trapped by the reticuloendothelial system
(RES), such as liver, spleen and bone marrow. Consequently, only a small dose of
I.v. administrated cationic nanoparticles can be delivered and accumulate at the
target site. One of the strategies to reduce the positive charge and non-specific
delivery is to decorate the vectors with polyethylene glycol (PEG), a hydrophilic
and charge-neutral polymer. PEG shields the polyplexes/lipoplexes in the blood
stream and avoids non-specific delivery. Most importantly, it prevents interaction
with serum proteins and reduces accumulation in the RES which significantly
increases the circulation time of polyplexes/lipoplexes .

Another challenge is selective accumulation in the tissue of interest. The
behavior of non-viral vectors of nucleic acids in the body is highly dependent on
their size, shape and surface properties. Typical non-viral vectors carrying nucleic
acids, such as lipoplexes and polyplexes, are of spherical shape and in the
nanometer range. Large lipoplexes/polyplexes (> 200 nm) tend to accumulate in
liver and spleen and micrometer size particle (2-5 um) rapidly accumulate in the
capillaries of the lung. Therefore, particle sizes around 100 nm are preferred 2.
Normal blood vessels have tight interendothelial junctions and prevent
extravasation of lipoplexes/ polyplexes from the blood stream. In certain cases,

such as inflammation and injury, leakage and dysfunction occur in the blood



vessel and lead to accumulation of lipoplexes/polyplexes at these sites. This
strategy is commonly utilized to target tumors. The blood vessels supporting
tumor growth are fenestrated, and tumors often lack efficient lymphatic drainage.
This phenomenon is termed the “enhanced permeability and retention (EPR)
effect”. Modifications in vectors to prolong circulation time, such as PEGylation,
can increase the accumulation at the tumor site. Another consideration is fluid
dynamics of lipoplexes/ polyplexes. Particles with spherical shape demonstrate
less lateral drift in the blood stream compared to non-spherically shaped particles
which result in lower association with endothelial cells and extravasation from the
blood stream 24,

Once the lipoplexes/polyplexes reach their selective site, even if some
hydrophobic vectors can diffuse directly through the cellular membrane, most
vectors require active internalization. Ligand modification in vectors can enhance
cellular uptake via receptor mediated internalization. Moreover, vectors equipped
with cell penetration peptides, such as trans-activating transcriptional activator
(TAT) from the human immunodeficiency virus 1 (HIV-1), can also mediate
efficient cellular uptake. Endocytosis of lipoplexes/polyplexes involves formation
of intracellular vesicles termed endosomes. Endosomes eventually merge with
lysosomes, which are vesicles that contain a highly acidic and enzyme rich

environment and are capable of degrading the vectors and therapeutic nucleic
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acids. Therefore, escape from the endosome is required for vectors to avoid
degradation and to release nucleic acids into cytoplasm. To facilitate endosomal
escape, the vectors can be modified with endosomolytic peptides, such as melittin,
to disrupt the endosomal membrane 2°. Cationic polymers which have a high
buffer capacity, such as poly ethyleneimine (PEI), can absorb protons and lead to
an increased influx of counter ions (chloride) and water. Eventually, the increased
osmotic pressure leads to bursting of the endosome and the release of materials
inside the vesicles. This theory is called “proton sponge effect”. Another reason
why cationic polymers and lipids can achieve efficient endosomal escape is called
“flip-flop” mechanism. The polymer/lipid with positive charge can
electrostatically interact with vesicle membranes with negative charge and lead to
membrane flipping and destabilization .

Different kinds of therapeutic nucleic acids face different challenges in the
cytosol. Plasmid DNA (pDNA) needs to be delivered into the nucleus and requires
access to the transcriptional machinery to express protein. Direct microinjection of
pDNA carrying the thymidine kinase genetic information into nuclei of cells
lacking thymidine kinase induces thymidine kinase expression in 50-100% of the
cells. However, little activity of thymidine kinase was observed in the cells
microinjected with pDNA into the cytoplasm. Furthermore, pDNA can express

proteins efficiently in fast proliferating and dividing cells, since during mitosis the
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nuclear envelope breaks down and the nucleus becomes more accessible to pDNA
in the cytoplasm. In contrast, pPDNA transfection results in poor protein expression
in slow dividing cells due to their nucleic envelope being intact. These studies
indicate that the nuclear envelope is the major barrier for delivery of pDNA to the
nucleus. To overcome this barrier, modification with nuclear localiztion signal
(NLS) sequences in non-viral vectors have been prepared and result in enhanced
nuclear delivery efficiency and protein expression 2. Small interfering RNA
(siRNA) requires to be successfully incorporated into the RNA-induced silencing
complex (RISC) to achieve gene silencing. The least stably hybridized 5’ terminal
of siRNA tends to load into the RISC, therefore, modification of the 5’ end of
siRNA is not recommended 8. Application of longer double stranded RNA
(dsRNA) to trigger gene silencing results in higher gene silencing efficiency.
Synthetic long dsRNA (25-30 base pair) demonstrated 100-fold higher gene
silencing efficiency compared to corresponding shorter siRNA (21 bp). It is
believed that long dsRNA is a substrate of Dicer, a RNase-1ll class
endoribonuclease, involved in RNA interference. Dicer can facilitate SIRNA
loading into the RISC and plays a role in RISC assembly. Therefore, more
efficient gene silencing can be achieved when its substrate, long dsRNA, is
provided to Dicer compared with delivery of conventional synthetic sSiRNA (21 bp)

to RISC 27,
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1.2.2.2 Synthetic non-viral vector

Non-viral vectors include polymers, cationic lipids, synthetic peptides,
RNA/DNA chimera and inorganic nanoparticles (e.g. gold, magnesium) 28, This
section will focus on introducing the application of polymeric vectors for gene
delivery.

There are three strategies of how polymeric vectors can carry nucleic acids:
encapsulation, adsorption and electrostatic interaction. Nucleic acids can be
encapsulated into biodegradable polymers, such as poly lactide-co-glycolide
(PLGA), poly lactic acid (PLA) and poly beta-amino esters, to prevent enzymatic
degradation in vivo and to achieve controlled release. The backbone of
biodegradable polymers usually contains ester linkages which can be hydrolyzed
and cleared easily in the body. The kinetics of nucleic acid release is tunable via
adjustment of the hydrolysable parts in the polymer 2°. PLGA is a popular
biodegradable polymer for gene delivery since it is approved for human use
worldwide. PLGA can successfully encapsulate plasmid DNA, a relatively large
nucleic acid, and achieve efficient transfection 2°. Small nucleic acid such as
SiIRNA can be also encapsulated into PLGA. However, there are several
challenges in this process including leakage of siRNA from PLGA particles, low
loading efficiency and encapsulation efficiency 3. Moreover, degradation of

nucleic acids may happen during the encapsulation process since they are exposed
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to organic solvents and sonication or long term solvent evaporation may be
required. Degradation may also happen inside the particle due to the low pH
environment caused by hydrolyzation of esters in the polymer ?°. To overcome
these limitations, an adsorption loading strategy has been developed. Adsorption is
a technique that combines both encapsulation and electrostatic interaction
strategies. A cationic polymer can be incorporated into a biodegradable polymer 2
or adsorbed onto the surface of formed particles 3. Therefore, nucleic acids can
efficiently be loaded by the cationic moiety to avoid the harsh encapsulation
process and hydrolyzation environment 2°. The most common strategy to pack
nucleic acids using polymers is electrostatic interaction. This technique takes
advantage of the anionic nature of nucleic acids, contributed by the phosphate
group connecting the ribose molecules. Nucleic acids can electrostatically interact
with cationic polymers and form particles suitable for efficient gene delivery %°.
Many cationic polymers are exploited for gene delivery including poly- L-
lysine (PLL), acrylate based polymers, poly(amino-ester) based polymers,
polyamidoamine (PAMAM) dendrimers and PEI based polymers. For example,
PLL is a biodegradable polymer which is one of the first cationic polymers to be
utilized in gene transfer. Despite the favorite biocompatibility of PLL, the short
half-life in circulation and low transfection efficiency limit its use. PAMAM

dendrimer is a symmetric macromolecule which has repetitive units of amido-
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amines and primary amines located at the terminal surface. The controlled
synthesis process of PAMAM dendrimers results in its narrow molecular weight
range and defined spheroidal shape. Surface primary amine can efficiently
condense nucleic acids and can easily be chemically modified with functional
groups (e.g. targeting ligands, PEG, cyclodextrin). More importantly, large
amount of internal tertiary amino group can serve as “proton sponge” to buffer pH
change in endosome resulting better endosomal escape .

Among the cationic polymers, PEI is one of the most extensive studied
polymers for gene delivery and is considered as the gold standard transfection
reagent. PEI can be synthesized in different molecular weight and structure such
as linear and branched. PEI usually contains primary amines and secondary
amines as well as tertiary amines if its structure is branched. This amine rich
structure renders PEI the ability to efficiently compact nucleic acids and protect
them from degradation. Similar to PAMAM dendrimers, PEI has a large buffer
capacity leading to high transfection efficiency. Researchers  have  developed
various PEI based polymers to achieve better transfection efficiency and better
biocompatibility. S. Kim et al. reported that low molecular weight PEI (2000 Da)
conjugated with hydrophobic lipids such as cholesterol and myristate
demonstrated enhanced transfection efficiency of plasmid DNA encoding f-

galactosidase in 293 cell lines. The exact mechanism of how lipid modification of
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PEI increases transfection efficiency is still unclear. It is hypothesized that the
hydrophobic lipid increases the association with the lipophilic cell membrane 3.
Other hydrophobic modifications have been used for PEI, including phospholipids
3 alkanes ¥, fatty acids * and hydrophobic poly (amino acids) %. M. Zheng and
her co-workers described that grafting PEI with poly-caprolactone-b-PEG (PCL-b-
PEG) increased the buffer capacity of copolymers compared to non-modified PEI
and resulted in corresponding enhanced transfection efficiency. Biodegradable
PCL served as a linker between PEI and PEG. Moreover, the hydrophobicity of
PCL is believed to facilitate the association between the PEI-PCL-PEG
copolymers and the cellular and endosomal membrane “°. To increase the
endosomal escape, endosomolytic peptides modifications (e.g. mellitin #* and
truncated HGP #?) and cell penetration peptide modifications (e.g. TAT *3) in PEI
have been developed and demonstrated enhanced transfection efficiency. One of
the limitations of endosomolytic peptides is their lytic activity under physiological
conditions which can lead to destabilizations of plasma membrane and cell lysis. S.
Boeckle et al. developed a PEI based polymer equipped with mellitin analogs. The
neutral glutamines in mellitin (Mel) were replaced by glutamic acid residues
resulting in high lytic activity at endosomal pH (pH 5) rather than physiological
pH (pH 7). Different mellitin analogs (MA) were conjugated to PEI at cysteine

modified C-termini (CMA-PEI). At endosomal pH 5, strong erythrocyte lysis was
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observed after the treatment with CMA-2-PElI and CMA-3-PEI but not with
CMA-4-PEI, CMA-1-PEI and Mel-PEI. Accordingly, CMA-2—-PEI and CMA-3—
PEIl mediated more efficient transfection of plasmid DNA encoding a reporter
protein Luciferase in 4 different cell lines (CT 26, HeLa, Neuro2A and A-10 cells)
compared to Mel-PEI, unmodified PEl, CMA-1-PEI and CMA-4-PEI. However,
increased corresponding toxicity was observed at high DNA doses (4 and 8 pg/ml)
41 Another attempt to attenuate the toxicity of Mel under physiological condition
has been approached by the same group. M. Meyer et al. utilized dimethyl maleic
anhydride (DMMAnN) to reversibly react with the lysines in Mel which could
reduce the lytic activity. Since the DMMAnN can be cleaved from Mel in acidic
environment, this modified Mel (Mel-DMMAN) is believed to only demonstrate
Iytic activity in the endosomal environment. The author conjugated Mel-DMMAnN
to PLL and evaluated the transfection efficiency of plasmid DNA encoding
luciferase in Neuro2A cells. As expected, Mel-DMMAnN-PLL induced less
erythrocyte lysis and cytotoxicity compared to Mel-PLL. Moreover, it mediated
higher luciferase expression compared to Mel-PLL and unmodified PLL at
different polymer and nucleic acid ratios (N/P ratios) 2°. We were able to modify
25k Da PEI with Mel-DMMAn following the same strategy. This Mel-DMMAnN-

PEI can deliver siRNA against green fluorescent protein (GFP) and mediate
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significantly more GFP knockdown compared to unmodified PEI in H1299 cells, a

lung cancer cell line, expressing GFP (Figure 1).
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Figure 1 GFP knockdown in H1299 using Mel-DMMAnN-PEI. The GFP
knockdown mediated by PEI and Mel-DMMAnN-PEI polyplexes containing SIRNA
against GFP or scramble siRNA (NC) in H1299/GFP cells. Polyplexes were
prepared with 50 pmol of siRNA at N/P= 5 and transfected for 48 h. The MFIs
were quantified by flow cytometry. (Data points indicate mean +/- SD, n=3. One-
way ANOVA, Newman-Keuls post-test, *** p <0.001).

To increase the selectivity to certain tissue/cells. PEI has been modified
with different targeting moieties. For example, to target cancer cells, transferrin 44,
folic acid %, tripeptide motif Arg-Gly-Asp (RGD) in vitronectin, fibronectin and

fibrinogen #° and epidermal growth factor (EGF) “¢ were conjugated to PEI or PEI
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based polymers. In 2009, our group demonstrated two different approaches to
conjugate RGD mimics to PEI. In the first one, RGD mimics with maleimide
modification were reacted directly with the primary amines in PEI-PEG. In the
other approach, a PEG linker containing two functional groups, orthopyridyl-
disulfide and succinimidyl propionic acid (NHS-PEG-OPSS) were used for
coupling the RGD mimetic. NHS functional groups can react with the primary
amines in PEI and the OPSS group can couple to the thiol group in the sulfhydryl
derivative of the RGD mimics. Different RGD-PEIs were evaluated MeWo cells, a
human malignant skin melanoma cell line, overexpressing integrin receptors and
A549 cells, a lung epithelial cell line, expressing low levels of integrin receptors.
Results suggested that RGD-PEI can preferentially bind to MeWo cells and
efficiently deliver radio labeled plasmid DNA into MeWo cells rather than A549
cells. RGD-PEI polyplexes containing plasmid DNA encoding luciferase also
mediated significantly higher luciferase expression in MeWo cells compared to
unmodified PEI*’,

Despite the high transfection efficiency of PEI-based polymers, potential
toxicity induced by high density of cationic charges arose concern regarding
applying PEI in vivo. To avoid the toxicity caused by positive surface charge,
several ways were developed to shield the particle, including PEGylation, coating

with serum protein transferrin 4 or hydroxyl rich “skin”, termed “hydroxylation
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camouflage” . X. Luo et al. modified 25k Da PEI with 5-ethyl-5-
(hydroxymethyl)-1,3-dioxan-2-oxo (EHDO) via an aminolysis reaction. The
properties of PEI-EHDO directly depended on the hydroxylation degree on the
surface. A high percentage of hydroxyl substitution on polymer PEI-EHDO345%
yielded polyplexes with plasmid DNA and demonstrated reduced surface charge
compared to unmodified PEI and PEI-EHDO19.9% polymer with lower percentage
of hydroxyl substitution. Accordingly, reduced cytotoxicity in 293T and Hela cells
and minimal hemolytic effects were observed after PEI-EHDOz450 treatment.
Furthermore, less BSA protein was absorbed on the surface of PEI-EHDOz45%
polyplexes compared to PEI and PEI-EHDO199 % complexes, indicating a good
serum tolerance ability. This property lead to high efficiency of PEI-EHDOz4.54 to
deliver plasmid DNA carrying luciferase gene in 293T and Hela cells in the
presence of serum 8,

On the one hand, the transfection efficiency and potential toxicity are both
related to the molecular weight of PEI. High molecular weight PEI (> 25k Da) can
mediate efficient transfection but demonstrates cytotoxicity. On the other hand,
low molecular weight PEI (600 — 25k Da) is less efficient and less toxic. To
reduce the potential toxicity, high molecular weight PEI synthesized from low
molecular weight PEI and crosslinked via reducible disulfide bonds or

inert/biodegradable polymers has been developed. These PEI based polymers are
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sensitive to redox stimuli. Glutathione (GSH) is a main reducing factor inside and
outside the cellular environment. The concentration of GSH in the extracellular
(2.8 uM) and intracellular (10 puM) environment differs strongly. Therefore, these
biodegradable polymers can breakdown once they enter cells, especially in the low
pH endosomal environment, and release their gene cargo %°. Disulfide bond-
crosslinked low molecular weight PEI was first reported by M. Gosselin. The
author crosslinked 800 Da PEI using two crosslinkers, dithiobis-
(succinimidylpropionate) (DSP) and dimethyl-3,3'-dithiobispropionimidate 2HCI
(DTBP). The transfection efficiency of PEI-DSP and PEI-DTBP polyplexes
containing plasmid DNA encoding luciferase gene was evaluated in CHO cells.
The results suggested that transfection efficiency depended on the linker, crosslink
degree and N/P ratio. Crosslinked PEI at low N/P ratios (5 and 9) mediated less
luciferase expression compared to 25k PEI, while at high N/P ratios (13 and 18),
crosslinked PEI with crosslinking degree of 1 mediated comparable luciferase
expression to 25k PEI %°, Q. Peng et al. synthesized thiolated PEI (800 Da) which
can be oxidized by DMSO and yields disulfide crosslinked PEI (PEI-SS). Less
cytotoxicity of PEI-SS-PEI in Hela cells compared to 25k PEI was observed as
well 1,

Because of the promising properties of PEI, PEI is commonly used in proof

of concept studies or pilot studies for optimizing experimental conditions. In
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Chapter 3, 4 & 5, the application of branched PEI modified with targeteing
moieties to deliver siRNA for potential treatment of asthma and cancer will be
discussed.
1.3 RNAI for gene therapy
1.3.1 RNAI

RNA interference (RNAI) is endogenous sequence- specific mRNA
degradation process and first discovered in plant but later RNAIi was reported as a
universal process in most eukaryotic organisms. On 1998, Andrew Fire and Craig
C. Mello discovered that double strand RNA (dsRNA) can efficiently suppress
expression of gene in the nematode worm Caenorhabditis elegans and later were
awarded the 2006 Nobel Prize in Physiology or Medicine for this contribution.

Many cellular components are involved in RNAI. Dicer is an enzyme
belonging to RNase 111 family and specifically cleaves dsRNA. Cleavage of Dicer
generate small interference RNA (siRNA) in a range of 21- 25 nucleotides. SiRNA
is loaded in a protein complex termed RNA- induced silencing complex (RISC).
The sense strand (passenger strand) in siRNA is degraded in RISC while antisense
strand is integrated into RISC and serves as a guide strand. mMRNA containing
complementary sequence of antisense strand can be recognized by siRNA/RISC
complex and cleaved by Argonaute 2 (Ago2), the component that has cleavage

activity in RISC. Another kind of small RNA (21-28 nucleotides) called micro-
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RNA (miRNA) can also induce gene silencing. A long miRNA precursor called
primary miRNA (pri-miRNA) is cleaved by an enzyme Drosha in the nucleus to
generate precursor-miRNA (pre-miRNA). The pre-miRNA is exported from
nucleus and incorporated into microribonucleoprotein complex (miRISC) or RISC
in some cases to cleave the mRNA containing complementary sequence (Figure 2).
mMiRNA and siRNA are in similar size range and both processed by Dicer followed
by gene silence. However, there are clear differences between siRNA and miRNA.
mMiRNA is single stranded but siRNA is found in double strands which is relative
more stable. The pair with mMRNA of miRNA don’t require perfect complementary
match but do in siRNA induced gene silencing. Furthermore, many targets of
discovered miRNA haven’t been identified. Therefore, SIRNA attracted extensive

attention to exploit its therapeutic application °2.
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1.3.2 siRNA for gene therapy
In 2001, S. Elbashir et al. first described that delivery of synthetic

SIRNA against luciferase was sufficient to suppress the expression of luciferase in
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different mammalian cell lines including HeLa (human), NIH/3T3 (mouse) and
CHO (Chinese hamster) °3. Ever since, numerous siRNA sequences targeting
traditional non-drugable biological molecules have been in preclinical
development as potential therapies of difficult to treated diseases, and some have
entered clinical trials. Diseases which have been targeted by siRNA therapy in
clinical trials include cancer, ocular diseases, asthma, infectious diseases and skin
disorders. Local delivery of siRNA was the major administration approach in
initial clinical trials. Extensive effort has been put into the development of non-
viral delivery systems of siRNA, increasing the number of clinical trials utilizing
systemic administration of siRNA and its vectors.

The first clinical trial of siRNA therapy was for the treatment of ocular
disease initiated by Opko Health Inc. In this trial, sSIRNA against vascular
endothelial growth factor (VEGF), named Bevasiranib, was administrated
intravitreally (IVT) to inhibit retinal neovascularization for the treatment of age-
related macular degeneration (AMD), a leading cause of blindness among people
age 60 and older, and diabetic macular edema (DME). However, its Phase Il
results suggested that Bevasiranib can’t efficiently prevent vision loss in AMD.
Afterward, two other siRNA formulations, administrated IVT, for therapy of
AMD and DME which target VEGF receptor-1 (VEGFR1) entered clinical trials.

Neither formulation could achieve sufficient therapeutic effects to prevent vision
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loss. However, Macugen, a RNA aptamer against VEGF for AMD therapy, as the
only RNA therapy approved by the USFDA encouraged pharmaceutical
companies to keep exploiting this field. PF-655 is a siRNA formulation targeting
an upstream regulator, apoptosis stress-response gene RTP801/REDD]I,
controlling VEGF production. Phase 1l results suggested that IVT administration
of PF-655 can improve the mean visual acuity. Another formulation of siRNA for
ocular disease is based on eye drops. SYL040012, a siRNA formulation against
[2-adrenergic-receptor (ADRB2), was developed by Sylentis, S.A. for treatment
of open angle glaucoma. It demonstrated well tolerability in patients with ocular
hypertension or glaucoma in a Phase | study. A completed Phase Il study
suggested that SYL040012 (300 g/ eye/ day) can significantly reduce intraocular
pressure compared to placebo. The same company initiated another clinical trial of
an siRNA eye drop formulation, SYL1001, targeting transient receptor potential
cation channel subfamily V member 1 (TRPV1) for alleviation of ocular pain
related to dry eye syndrome. Its recent Phase Il results reported that one dose
(1.25 %) among four different doses (0.375%, 0.75%, 1.125% and 2.25%) can
alleviate ocular pain and hyperaemia compared to placebo >,

An intranasal delivery formulation of siRNA against nucleocapsid protein
of respiratory syncytial virus (RSV), ALN-RSV01, was developed by Alnylam

Pharmaceuticals. ALN-RSVO01 was proposed to be used in lung transplant patients
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with RSV infection. Phase Il results indicated that ALN-RSVO1 treatment
achieves a promising clinical outcome including reduction of incidence of
new/progressive bronchiolitis obliterans syndrome on day 90 and day 180 post-
treatment. However, there hasn’t been a Phase 111 trial initiated since 2012 5.
Another approach to locally deliver siRNA to the lung is inhalation.
Excellair™ is an inhaled siRNA formulation targeting spleen tyrosine kinase
(Syk), an important factor involved in the inflammation process, for treatment of
asthma. As reported by ZaBeCor Pharmaceuticals, the Phase | study suggested
that Excellair™ was well tolerated and safe. Furthermore, Excellair™ treatment
can improve the lung function of patients with asthma and reduced frequency of
using immediate relief medication. The Phase Il trial of Excellair™ has been
announced in 2009, however, there have not been any results reported yet®#,

In 2007, Quark Pharmaceutical initiated the first clinical trial in which a
SIRNA formulation was proposed to be systemically administrated in humans.
This siRNA therapy, QPI-1002, targets stress-response gene p53 for prevention of
Delayed Graft Function (DGF) in patients undergoing deceased donor kidney
transplantation. QPI1-1002 treatment can reduce the incidence of DGF and reduced
the frequency of dialysis for 30 days post-transplant. A Phase IlI trial to evaluate
the safety and therapeutic efficacy of QPI-1002 in large groups of patients

(estimated 634 people) is currently recruiting participants®®.
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SiRNA fluorescently labeled with Ty563 (siRNA-Ty563), human glyceraldehyde-
3- phosphate- dehydrogenase (GAPDH) siRNA and scrambled siRNA were
purchased from Integrated DNA Technologies (Coralville, 1A, USA).

Table 5 Sequence of siRNA.

Name Sequence
5- pACCCUGAAGUUCAUCUGCACCACCcg
eGFP siRNA 3"-ACUGGGACUUCAAGUAGACGUGGUGGC

5- pPGGUCGGAGUCAACGGAUUUGGUCgt
GAPDH siRNA 3’'UUCCAGCCUCAGUUGCCUAAACCAGCA

5-pCGUUAAUCGCGUAUAAUACGCGUat
Scramble siRNA 3’ CAGCAAUUAGCGCAUAUUAUGCGCAUAp

* Indication of modified nucleotides: “p” denotes a phosphate residue, lower case
bold letters are 2"-deoxyribonucleotides, capital letters are ribonucleotides, and
underlined capital letters are 2"-O-methylribonucleotides.

5.2.2 Synthesis of Peptide-bPEI Conjugate

The HAIYPRH peptide (HAI) was coupled to bPEI using two different
crosslinkers, namely sulfo-SMCC and PEG4-SPDP. In the sulfo-SMCC
crosslinking approach, as shown in Figure 30 B, 1 mg of 25k bPEI was dissolved
in HEPES buffered saline (HBS) buffer (20 mM of HEPES and 150 mM of NaCl,
pH=7.2) at 1 mg/mL, and 1 mg of sulfo-SMCC was dissolved in water at 10
mg/mL. bPEI solution and sulfo-SMCC were mixed together and allowed to stir
for 4 h at room temperature (RT). bPEI-SMCC was purified using 10,000
molecular weight cut off (MWCO) centrifugal filters (Millipore) with HBS

containing 2 mM of EDTA buffer. The bPEI-SMCC solution was mixed with 1
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mg of HAI peptide dissolved in HBS containing 2mM of EDTA (5 mg/mL) and
stirred overnight at RT. The next day, free HAI peptide was removed from HAI-
bPEI using 10,000 MWCO centrifugal filters. In the PEG4-SPDP crosslinking
approach, as shown in Figure 30 A, 5 mg of 25k bPEI was dissolved in HBS
buffer at 5 mg/mL, and 2 mg of PEG4-SPD was dissolved in DMSO at 20 mM.
PEG4-SPDP was added drop-wise into the bPEI solution and stirred overnight at
RT. Meanwhile, 2 mg of HAI peptide was dissolved in HBS containing 2 mM of
EDTA buffer at 4 mg/mL and reduced by 10 molar excess DTT for 2 h. Reduced
HAI peptide solution was transferred to a 500-1000 MWCO dialysis tube
(Spectrum laboratories, Rancho Dominguez, CA, USA) and dialysis was
performed against HBS containing 2 mM of EDTA buffer overnight at 4 °C. The
next day, bPEI-SPDP was purified using 10,000 MWCO centrifugal filters with
HBS containing 2 mM of EDTA buffer and then mixed with the reduced HAI
peptide. The mixture was stirred for 24 h at RT followed by purification using
10,000 MWCO centrifugal filters with HBS. The concentration of HAI peptide in
the conjugate was measured spectrophotometrically at 280 nm. The concentration
of bPEI in the conjugate was determined by a TNBS assay '?2. Briefly, the
according amount of HAI peptide was added into bPEI serial dilution to generate

a standard curve in a clear 96-well plate (Corning, Corning, NY,USA). Then 30
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pl of 3 mM of TNBS solution was added to 100 pl of bPEI/HAI solution and the
absorbance at 405 nm was determined after 5 min.

5k bPEI (1 mg/mL) was dissolved in HBS buffer and mixed with 100 ul 20
mM of SPDP, stirred overnight, followed by purification via 3000 MWCO
centrifugal filters. THRPPMWSPVWP peptide (THR peptide) was reduced by 10-
fold excess TCEP HCI (Thermo Fisher) and purified using a PD10 column (GE
healthcare). THR peptide was mixed with bPEI-SPDP overnight while stirring at
RT. The concentrations of THR peptide and bPEI in conjugate were measured
spectrophotometrically at 280 nm and by a TNBS assay, respectively.
5.2.3 Fluorescent Labeling of PEI, Transferrin, Peptide and siRNA

bPEI was fluorescently labeled with fluorescein-5-isothiocyanate (FITC)
(Thermo Fisher). 15 mg of bPEI was dissolved in 0.1 M NaHCO3 (pH=9) at 2.5
mg/mL, and 2 mg of FITC was dissolved in 200 pl of DMSO. The FITC solution
was added drop-wise to the bPEI solution and allowed to stir for 3 h at RT. Free
FITC was removed using 10,000 MWCO centrifugal filters, and bPEI-FITC was
stored in water. The bPEI concentration was determined by a TNBS assay as
described above, and the presence of FITC showed no interference with the
results, as reported before 4. For the conjugates, 0.2 mg of FITC (1 mg/mL) in
DMSO was added dropwise into 2 mg of HAI-bPEI synthesized via the sulfo-

SMCC approach and allowed to react for 3 h with stirring. The concentration of
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bPEI in the conjugate was determined by a TNBS assay with a bPEI-FITC
standard curve. Holo human Transferrin was fluorescently labeled with Texas Red
modified with succinimidyl ester (Thermo Fisher) following the manufacturer’s
protocol. Cysteine modified THR peptide was fluorescently labeled with a Alexa
Fluor 488 modified with maleimide (Thermo Fisher) following the manufacture’s
protocol. Amine modified siRNA was fluorescently labeled with Alexa Fluor 488
modified with succinimidyl ester (Thermo Fisher) following the manufacturer’s
protocol, followed by purification using ethanol precipitation and silica spin
column binding as reported before 123,
5.2.4 Preparation of Polyplexes

To prepare the siRNA and polymer polyplexes, polymer was diluted with
5% glucose to different concentrations. An equal volume of polymer solution was
added to a predetermined amount of siRNA solution to yield different amine to
phosphate ratios (N/P ratios) and allowed to incubate for 15 min at RT before
measurement or transfection. The calculation to prepare polyplexes is based on the
following equation: m polymer (Pg) = Nsirna (PMOI) X MWoprotonante (g/mol) x N/P x N
nucleotide (MW orotonanle OF DPEI = 43.1 g/mol, N nucleotide OF SIRNA = 52).
5.2.5 . Measurement of Hydrodynamic Size and Zeta-Potential

Polyplexes were prepared with bPEI or HAI-SPDP-bPEI and 50 pmol of

SIRNA at N/P 5 in 100 pl 5% glucose buffer as described above and were
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transferred to a disposable micro cuvette (Brand GMBH, Wertheim, Germany).
Size measurement was performed in three runs using a Zetasizer Nano ZS
(Malvern Instruments Inc., Westborough, MA,USA). Results were collected and
analyzed with the Zetasizer Software (Malvern) with settings of 173° backscatter
angle, 0.88 mPa*s for viscosity and 1.33 for refractive index. Subsequently, the
same polyplex solutions were diluted to 1 mL with water and transferred to a
folded capillary cell (Malvern). The zeta-potentials of polyplexes were determined
in three runs using a Zetasizer Nano ZS (Malvern).
5.2.6 siRNA Condensation Measured by a SYBR Gold Assay

SYBR Gold is a fluorescent dye which is used to stain nucleic acids. It
intercalates into SIRNA and produces fluorescence. When siRNA is condensed by
polymer and becomes inaccessible for SYBR Gold, the fluorescence will decrease.
Polyplexes were prepared with bPEI or HAI-SPDP-bPEI and 50 pmol of siRNA at
different N/P ratios (1, 2, 3, 5, 7, 10) in 100 pl per well in a FluoroNunc 96 well
white plate (Thermo Fisher). Subsequently, 30 ul of 4 x SYBR Gold was added to
each well and incubated for 10 min in the dark. The fluorescence of SYBR Gold
was determined by a Synergy 2 multi-mode microplate reader (BioTek Instrument,
Winooski, VT, USA) with an excitation filter 485/20 nm and an emission filter
520/20 nm. The fluorescence of free siRNA (N/P= 0) represented 100% free

siRNA. The experiment was performed in triplicate.
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5.2.7 Cell Culture

NCI-H1299 cells (human non-small cell lung carcinoma) and A549 cells
(human non-small cell lung carcinoma) were purchased from ATCC (Manassas,
VA, USA). NCI-H460 cells (human large cells lung carcinoma) were a kind gift
from Dr. Larry H. Matherly (School of medicine, Wayne State University, USA).
H1299/eGFP is a H1299 cell line stably expressing the reporter gene eGFP.
H1299 and H460 cells were cultured in RPMI-1640 media (GE healthcare,
Buckinghamshire, UK) supplemented with 10% heat inactivated fetal bovine
serum (v/v) (Sigma), 1x penicillin/streptomycin (Corning), 1x GlutaMax (Thermo
Fisher), 10 mM of HEPES, 1.5 g/L of NaHCOs3, 4.5 g/L of glucose and 1 mM of
sodium pyruvate. A549 cells were cultured in DMEM media (Corning)
supplemented with 10% fetal bovine serum (FBS) and 1x pen/strep. All cells were
maintained in a humidified atmosphere and 5% CO: at 37 °C.
5.2.8 Immunofluorescent Staining

H1299, H460 and A549 cells were harvested from flasks and washed with
PBS. Each sample contained 100,000 cells and was resuspended in 10 ul of a 50-
fold diluted human Fc receptor binding inhibitor (eBioscience, San Diego, CA,
USA) for 5 min on ice. Subsequently, 20 ul of a 20-fold diluted phycoerythrin (PE)
labeled human CD71 antibody (OKT9, eBioscience) or 20 pl of a 20-fold diluted

PE labeled mouse 1gG1 isotype control antibody (P3.6.2.8.1, eBioscience) were
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added to the samples and incubated for 30 min in the dark at 4 °C. Samples were
washed with PBS/ 2 mM of EDTA three times and were resuspended in 400 pl of
PBS/ 2 mM of EDTA. The median fluorescent intensity (MFI) of samples was
quantified using an Attune® Cytometer (Life Technologies, Waltham, MA, USA)
with an excitation laser 488 nm and emission filter 574/26 nm. Cell populations
were gated according to the forward and side scattering channel, and 10,000
events were collected. Data analysis was performed using the Attune® cytometer
software (Life Technologies). Experiments were conducted in duplicate.
5.2.9 Quantification of Cellular Uptake and Cellular Binding

For cellular uptake experiments, H1299, H460 and A549 cells were seeded
at the density of 50,000 cells/well in 24-well plates (Corning). After 24 h of
incubation, polyplexes were prepared with 50 pmol of siRNA-AF488 and bPEI,
HAI-SMCC-bPEI, HAI-SPDP-bPEI or THR-PEI at N/P=5. The cells were
transfected with polyplexes at the siRNA concentration of 125 nM for 4 h. To
reduce the potential cytotoxicity induced by concentrated polyplexes, fresh media
were added to dilute siRNA concentration to 50 nM followed by an additional 20
h of incubation. The cells were harvested and washed three times with PBS/2 mM
of EDTA. All samples were resupended in 400 ul of PBS/2 mM of EDTA, and
MFIs of samples were determined via an Attune® Cytometer (Life Technologies)

with an excitation laser 488 nm and emission filter 530/30 nm. In each sample,
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10,000 events were collected and data analysis was performed using the Attune®
cytometer software (Life Technologies). Experiments were conducted in triplicate.

For the cellular binding experiment, H1299 and A549 cells were seeded as
described above. After 24 h incubation, different concentrations (0, 0.1, 1, 2 pg/
ml) of THR peptide fluorescently labeled with Alexa Fluor 488 (THR-AF488)
were added into media and incubated for 1 h at 37 °C. The cells were harvested
and the MFI was quantified via flow cytometry as described above. Experiments
were conducted in duplicate.
5.2.10 Confocal Laser Scanning Microscopy

H1299 cells were seeded at the density of 50,000 cells/well in 24-well
plates with a 12 mm circle cover glass (Fisherbrand, 12CIR. -1) in each well and
were incubated for 24 h. To determine intracellular distribution of polyplexes,
fluorescently labeled polymer bPEI-FITC and HAI-SMCC-bPEI-FITC were
formulated with 50 pmol of siRNA-Ty563 at N/P= 5. Cells were transfected with
polyplexes at a SIRNA concentration of 125 nM for the first 4 h and 50 nM for an
additional 44 h. Cells were washed with PBS and fixed with 4% paraformaldehyde
(PFA) solution in PBS (Affymetrix, Thermo Fisher) for 20 min at RT at different
transfection time points (1, 4, 24, 48 h). To investigate the co-localization of the
HAI peptide binding part with TfR, cells were incubated with 2 pg/mL of Tf-

Texas Red and polyplexes formulated with bPEI-FITC or HAI—SMCC-bPEI-
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FITC and 50 pmol of siRNA at N/P=5 for 1 h or 4 h. To determine the co-
localization of THR peptide binding part with TfR, cells were incubated with 2
ug/ ml of THR-AF488 and Tf-Texas Red for 1 h. Slides were washed with PBS
and fixed with 4% PFA. After fixation, the nuclei were stained with 5 uM of
DRAQS5 (Invitrogen, Thermo Fisher) for 5 min and rinsed with PBS. Slides were
mounted with a Fluoromount mounting medium (Southern Biotech, Birmingham,
AL, USA). Slides were imaged by a Leica TCS SPE-II laser scanning confocal
microscope (Leica, Wetzlar, Germany), and the images were exported from the
Leica Image Analysis Suite (Leica).
5.2.11 In Vitro GAPDH Gene Knockdown

To determine mRNA level knockdown efficiency of polyplexes, silencing
of housekeeping gene GAPDH in H1299 and H460 was determined by real time
PCR (RT-PCR). Cells were seeded at the density of 50,000 cells/well in 24-well
plates for 24 h. bPEI, HAI-bPEI or THR-PEI were formulated with 50 pmol of
SiIRNA against GAPDH or scrambled siRNA at N/P= 5. Cells were transfected
with polyplexes at a SIRNA concentration of 125 nM for the first 4 h and 50 nM
for an additional 20 h. Total mMRNA was isolated from cells using the PureLink®
RNA mini kit (Life techonologies) following the manufacturer’s protocol in the
addition of DNase | digestion (Sigma). The brilliant 11l ultra-fast SYBR® green

QRT-PCR master mix kit (Agilent Technologies, Santa Clara, CA, USA) was used
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to reverse transcribe 100 ng of mRNA to cDNA and perform RT-PCR. RT-PCR
was conducted in a Stratagene Mx 3005p gPCR system (Agilent Technologies)
and cycle threshold (Ct) values were exported from MxPro software (Agilent
Technologies). Hs GAPDH_2 SG primers for GAPDH and Hs ACTB_2-SG
primers for B-actin (Qiagen, Valencia, CA, USA) were used in this experiment.
GAPDH gene expression was normalized to [-actin gene expression for
quantification and comparison, and the untreated group represented 100%
GAPDH expression. Experiments were conducted in triplicate.
5.2.12 In Vitro eGFP Knockdown

To determine the protein level knockdown efficiency of polyplexes,
silencing of reporter gene eGFP was determined by flow cytometry. H1299/eGFP
cells were seeded at the density of 50,000 cells/well in 24 well-plates for 24 h. On
the day of transfection, old media were replaced with 350 pl of fresh media with
or without 115 puM of chloroquine. Cells were transfected with 50 pmol of SIRNA
against eGFP formulated with bPEI or HAI-bPEI at N/P= 5, 10 in total volume of
polyplexes of 50 pl. bPEI and HAI-bPEI polyplexes containing scrambled siRNA
at N/P= 10 were included as the negative control. Cells were transfected with 50
ul of polyplexes and incubated for 4 h with or without 100 uM of chloroquine. To
dilute the concentration of chloroquine and polyplexes, 600 ul of fresh media were

added, and cells were incubated for an additional 44 h. Afterward, cells were
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harvested and washed three times with PBS/2 mM of EDTA. Samples were
resuspended in 400 pl of PBS/2 mM of EDTA, and the MFIs were determined by
an Attune® Cytometer (Life Technologies) with an excitation laser 488 nm and
emission filter 530/30 nm. In each sample, 10,000 events were collected, and data
analysis was performed using Attune® cytometer software (Life Technologies).
Experiments were conducted in triplicate.
5.2.13 Statistics

Results were represented as mean +/- standard deviation (SD). All
statistical analysis used One-way ANOVA with Newman-Keuls multiple
comparison post-test in GraphPad Prism software (Graph Pad Software, La Jolla,
CA, USA).
5.3 Result
5.3.1 Synthesis of HAI-bPEI

HAI-bPEI conjugates were successfully synthesized using crosslinkers
sulfo-SMCC or PEG4-SPDP (Figure 30 A and B). To synthesize HAI-SMCC-
bPEI, sulfo-SMCC was first reacted with primary amines in bPEI, then the
maleimide group in bPEI-SMCC was reacted with sulfhydryl in the cysteine
modified HAI peptide. To synthesize HAI-SPDP-bPEI, PEG4-SPDP was first
coupled with bPEI. After purification, bPEI-PEG4-SPDP was coupled to DTT-

reduced cysteine-modified HAI peptide. The molar ratios of HAI peptide to bPEI
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were determined according to the absorbance at 280 nm and the 2,4,6-
trinitrobenzene sulfonic acid (TNBS) assay. The molar ratio of HAI peptide to
bPEI was 18.6 for HAI-SMCC-bPEI and 18.2 for HAI-SPDP-bPEI.

THR peptide was successfully conjugated to bPEI via crosslinker SPDP
(Figure 30 C). bPEI first reacted with SPDP while THR peptide was activated with
TCEP HCI. PEI-SPDP was coupled to reduced-THR peptide and yielded THR-

PEI. The molar ratio of THR peptide to bPEI is 0.4.
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Figure 30 Synthesis scheme of HAI-SPDP-PEI, HAI-SMCC-PEI and THR-SPDP-
PEI. (A) Synthesis approach of HAI-SPDP-bPEI.; (B) Synthesis approach of HAI-
SMCC-bPEI. (C) Synthesis approach of THR-SPDP-bPEI. (bPEI: branched
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polyethylenimine; PEG4-SPDP: 2-Pyridyldithiol-tetraoxatetradecane-N-
hydroxysuccinimide; sulfo-SMCC: sulfosuccinimidyl 4-[N-maleimidomethyl]
cyclohexane-1-carboxylate; DTT: dithiolthreitol; SPDP: succinimidyl 3-(2-
pyridyldithio) propionate; TCEP: Tris (2-carboxyethyl) phosphine hydrochloride)

5.3.2 siRNA Condensation Efficiency of bPEI and HAI-bPEI

Cationic polymers, such as bPEI, can condense siRNA via ionic
interactions. The amount of uncondensed free siRNA can be quantified by
SYBR® Gold, an intercalating fluorescent nucleic acid staining dye. Therefore,
the condensation efficiency of bPEI and HAI-bPEI at different anime to phosphate
(N/P) ratios (1, 2, 3, 5, 7, 10) was examined by a SYBR Gold assay. As shown in
Figure 31, bPEl and HAI-SPDP-bPEI demonstrated similar condensation
efficiency. Increasing the N/P ratio resulted in less free siRNA. Both bPEI and
HAI-bPEI can achieve complete condensation of siRNA at an N/P ratio of 2 and

all N/P ratios above 2, respectively.

SYBR Gold assay
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Figure 31 SYBR Gold assay of PEI and HAI-SPDP-PEI. The siRNA condensation
efficiency of bPEI and HAI-SPDP-bPEI was determined by a SYBR® Gold assay
at N/P ratio 1, 2, 3, 5, 7 and 10. At N/P= 0, the fluorescence represented 100% free
siRNA. (Data points indicate mean +/- standard deviation (SD), n=3.)



168

5.3.3 Hydrodynamic Size and Zeta-Potential of PEI and HAI-PEI Polyplexes

The particle size of HAI-SPDP-bPEI and bPEI polyplexes formulated with
50 pmol of siRNA at N/P=5 was measured by dynamic light scattering (Figure 32
A). HAI peptide modified bPEI polyplexes, as expected, had a slightly larger
hydrodynamic diameter of around 144 nm with a polydispersity index (PDI) of
around 0.3. Unmodified bPEI polyplexes exhibited a hydrodynamic diameter of
around 117 nm with a PDI of around 0.2. The zeta-potential of HAI-SPDP-bPEI
and bPEI polyplexes were also determined. As shown in Figure 32 B, the zeta-
potentials of both polyplexes were slightly positive, and HAI-SPDP-bPEI
polyplexes demonstrated a lower positive surface charge (13.3 +/- 1.7 mV) than

bPEI polyplexes (17.2 +/- 9.2 mV).
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Figure 32 Size and zeta-potential of HAI-SPDP-PEI and PEI. (A) Hydrodynamic
diameters (left y-axis) and polydispersity index (PDI, right y-axis) and (B) zeta-
potential of bPEI and HAI-SPDP-bPEI polyplexes containing 50 pmol of siRNA
at N/P= 5. (Data points indicate mean +/- SD, n=3.)
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5.3.4 TfR Expression

TfR expression levels in H1299, H460 and A549 cells were measured via
flow cytometry. Cells were immunostained with a fluorescently labeled anti-CD71
antibody, namely the anti-TfR antibody, and with an isotype control antibody. As
shown in Figure 33 A and B, median fluorescent intensity (MFI) across all three
cell lines was unchanged when stained with the isotype antibody, indicating that
little fluorescence was caused by non-specific binding of the antibody. On the
other hand, H1299 cells demonstrated a significantly higher MFI after being
stained with the anti-CD71 antibody compared with A549 and H460 cells.
Therefore, H1299 cells were considered as a TfR overexpressing cell model while

A549 and H460 cells were considered as TfR low expressing cell models for later

studies.
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Figure 33. TfR expression in H1299 and A549. (A) H1299 and A549 cells were
immunostained by the anti-CD71 antibody which binds to transferrin receptors
(TfR) and by the isotype antibody which served as a control of non-specific
binding. Median fluorescence intensity (MFIs) were quantified via flow
cytometry. (B) H1299 and H460 cells were immunostained by the anti- CD71
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antibody and by the isotype antibody (Data points indicate mean +/- SD, n= 2, ***
p <0.001).

5.3.5 Cellular Uptake of bPEI and HAI-bPEI Polyplexes

The bPEI modified by HAI peptide via two different crosslinkers—sulfo-
SMCC or PEG4-SPDP, HAI-SMCC-bPEI or HAI-SPDP-bPEI—were tested in this
study. The cellular uptake of HAI-SMCC-bPEI or HAI-SPDP-bPEI polyplexes
compared with bPEI polyplexes were determined in the TfR overexpressing cell
line H1299, and in TfR low expressing cell lines H460 or A549 via flow
cytometry. Cells were transfected by HAI-SMCC-bPEI, HAI-SPDP-bPEI or bPEI
polyplexes containing siRNA labeled with Alexa Fluor 488 at N/P=5 for 24 h. As
shown in Figure 34 A, significantly stronger fluorescence was determined in
H1299 cells treated with HAI-SMCC-bPEI polyplexes than in A549 cells. On the
other hand, only a slightly stronger MFI was observed in H1299 cells treated with
bPEI polyplexes than in A549 cells. In A549 cells, cellular uptake mediated by
HAI-SMCC-bPEI polyplexes was only slightly higher than that mediated by bPEI
polyplexes, however, the difference between cellular uptake mediated by HAI-
SMCC-bPEI and bPEI polyplexes was more significant in H1299 cells. A
comparison of the cellular uptake mediated by HAI-SPDP-bPEI and bPEI
polyplexes was performed in H1299 and H460, as shown in Figure 34 B, and a

similar cellular uptake profile was observed.
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Figure 34 Cellular uptake of PEI and HAI-SPDP-PEI. (A) The cellular uptake of
bPEI and HAI-SPDP-bPEI polyplexes was determined in TfR overexpressing cells
H1299 and TfR low expressing cells A549. Polyplexes were prepared with 50
pmol of siRNA fluorescently labeled with Alexa Fluor 488 at N/P= 5 and
transfected for 24 h. The MFIs were quantified by flow cytometry. (Data points
indicate mean +/- SD, n= 2. ** p <0.01, *** p <0.001). (B) The cellular uptake of
bPEI and HAI-SPDP-bPEI polyplexes was determined in TfR overexpressing cells
H1299 and TfR low expressing cells H460. (Data points indicate mean +/- SD, n=
3. ***p <0.001)

5.3.6 Cellular Binding and Cellular Uptake of THR Peptide and THR-PEI
The cellular binding of THR-AF488 was determined in H1299 cells and
A549 cells and quantified via flow cytometer. With increasing concentration of
THR-AF488, the MFI of H1299 cells overexpressing TfR increased dramatically
and was higher than the MFI of A549 cells expressing low level of TfR (5.6 a).
The cellular uptake of THR-PEI or PEI polyplexes was also determined in H1299
and A549. Cells were transfected by THR-PEI or PEI polyplexes formulated with
50 pmol siRNA-AF488 at N/P=5 for 24 h. The MFIs of cells were quantified by

flow cytometry. The cellular uptake mediated by THR-PEI polyplexes in H1299
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Figure 38 CLSM of co-localization of Tf and THR peptide. 2 pg/mL of THR-
AF488 and Tf-Texas Red were incubated with H1299 for 1 h at 37 °C. The
cellular distribution of THR-AF488 and Tf-Texas Red was observed under
confocal laser scanning microscopy (CLSM).

5.3.6 In Vitro GAPDH Gene Knockdown

To investigate the selective delivery of siRNA with HAI-SPDP-bPEI or
HAI-SMCC-PEI, we next measured the efficacy of HAI-SPDP-bPEI or HAI-
SMCC-PEI/ siRNA polyplexes to silence GAPDH in H1299 cells. Cells were
transfected with either HAI-SPDP-bPEI, HAI-SMCC-PEI or PEI polyplexes
containing siRNA against GAPDH (siGAPDH), or scrambled siRNA at N/P=5
for 24 h. GAPDH gene expression was normalized to f-actin gene expression. As
shown in Figure 39 A, significantly higher GAPDH silencing was achieved by

SIGAPDH/HAI-SPDP-bPEI polyplexes compared with the group treated with
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scrambled siRNA/HAI-SPDP-bPEI polyplexes, and with the untreated group.
However, there was no significant difference among siGAPDH/bPEI, the
scrambled siRNA/bPEI treated group, and the untreated group. On the other hand,
HAI-SMCC-PEI failed to mediate significant GAPDH knockdown compared to its
scramble siRNA control (Figure 39 B).

To further confirm the GAPDH gene silence mediated by HAI-SPDP-PEI,
the GAPDH knockdown experiment was conducted in H460 cells which expressed
low levels of TfR. As shown in Figure 39 C, there was no significant difference
regarding GAPDH expression among the HAI-SPDP-PEI polyplexes treated group,

PEI polyplexes treated group and untreated group.
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Figure 39 GAPDH knockdown in H1299 and H460. (A) H1299 were transfected
with bPEI or HAI-SPDP-bPEI. (B) H1299 were transfected with bPEI or HAI-
SMCC-bPEI polyplexes. (C) H460 cells were transfected with bPEI or HAI-
SPDP-bPEI polyplexes. All polyplexes were formulated with 50 pmol of siRNA
against GAPDH (siGAPDH) or scrambled siRNA at N/P= 5 and the cells were
transfected for 24 h. The expression of GAPDH was determined by RT-PCR and
normalized to the expression of B-actin. Untreated control represented 100% or 1
GAPDH/B-actin. (Data points indicate mean +/- SD, n= 3. ns, p > 0.05, **p <
0.01).
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5.3.7 InVitro eGFP Knockdown

To further determine the gene silencing efficiency of HAI-SPDP-bPEI
polyplexes at the protein level, the in vitro knockdown efficiency of the reporter
gene enhanced green fluorescent protein (eGFP) by HAI-SPDP-bPEI polyplexes
was determined in a H1299 cell line stably expressing eGFP. Cells were
transfected with HAI-SPDP-bPEI or bPEI polyplexes formulated with SiRNA
against eGFP (siGFP) or scrambled siRNA at N/P= 5 and 10 for 48 h with or
without chloroquine treatment, a drug reported to increase the endosomal release
of siRNA 18 The MFIs of eGFP in cells were quantified by flow cytometry. As
shown in Figure 40 A, there was no significant difference of MFI between cells
transfected with bPEI and HAI-SPDP-bPEI polyplexes containing siGFP without
chloroquine treatment at either N/P= 5 or 10. However, with additional
chloroquine treatment (Figure 40 B), HAI-SPDP-bPEI polyplexes achieved
significantly more eGFP knockdown compared with bPEI polyplexes at both
N/P=5 and 10. Both HAI-SPDP-bPEI and bPEI polyplexes containing scrambled
SiIRNA did not reduce the MFI of eGFP, indicating that the eGFP knockdown was
not contributed to by the polymer, but by the siRNA against eGFP released in the

cytoplasm.
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Figure 40 GFP knockdown in H1299. (A) H1299/eGFP cells were transfected with
bPEI and HAI-SPDP-bPEI polyplexes for 48 h without chloroquine treatment. (B)
H1299/eGFP cells, stably expressing eGFP, were transfected with bPEI or HAI-
SPDP-bPEI polyplexes prepared with 50 pmol of siRNA against eGFP (siGFP) or
scrambled siRNA at N/P=5 and 10 for 48 h with chloroquine treatment. The MFIs
of eGFP were quantified by flow cytometry. (Data points indicate mean +/- SD,
n=3.ns, p > 0.05, *p < 0.05)
5.4 Discussion

The selective and efficient delivery of siRNA to tumors is hindered by
many biological barriers %. Numerous modifications of polymers have been
discovered to target tumor cells including folic acid *°, transferrin 2°, epidermal
growth factor (EGF) # and the tripeptide arginine-glycine-aspartate RGD #'. In
this study, two human TfR binding peptides, HAIYPRH (HAI peptide) and
THRPPMWSPVWP (THR peptide), were tested for gene delivery in TfR positive

cells. Both peptides contain a distal cysteine to introduce an additional thiol group

for further modification. The THR peptide was first evaluated since it
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demonstrated a high affinity to TfR (1.5 x 108 M) compared to the affinity of
native ligand Tf to TfR of 2.8 x 10°° M; in contrast, the affinity constant of the
HAI peptide was 4.4 x 1074 M 8, The THR peptide was successfully coupled to 5
kDa bPEI via linker SPDP as shown in Figure 30 C. Despite the fact that the THR
peptide, which was fluorescently labeled with Alexa Fluor 488 (THR-AF488), did
preferentially bind to TfR overexpressing H1299 cells compared to TfR low
expressing A549 cells (Figure 35 A), the cellular uptake mediated by THR-bPEI
polyplexes in H1299 cells was lower than that of bPEI polyplexes and showed no
difference compared with A549 cells (Figure 35 B). It has been reported that the
THR peptide conjugated with a chelator for radiolabeling demonstrated negligible
uptake in a TfR positive cell line 8" and that THR modified gold nanoparticles did
not efficiently cross the blood brain barrier without the addition of a hydrophobic
peptide to facilitate membrane binding 8. Therefore, it is possible that the binding
cavity of the THR peptide to TfR is sterically very strict and only allows limited
modification in the peptide. Consequently, THR modified with a small fluorescent
probe, AF488 (MW= 720.66 Da), still demonstrated preferential binding to H1299
but THR conjugated to a large polymer, bPEI (MW= 5000 Da), cannot mediate
significantly higher cellular uptake in H1299 cells compared with A549 cells.
Another possible reason of low selective cellular uptake could be low receptor

internalization efficiency. Confocal imaging revealed that THR-AF488 can bind to
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the membrane of H1299 but little internalization was observed (Figure 38), and
the co-localization of THR-AF488 and Tf was absent. Thus, THR may not be an
optimal candidate for the TfR targeting of polyplexes.

The other peptide discovered in the same study, the HAI peptide,
demonstrated different properties during evaluation for polyplex targeting. Firstly,
the HAI peptide was successfully conjugated to 25k Da bPEI via two different
linkers: sulfo-SMCC and PEG4-SPDP. The coupling degrees were similar in both
approaches and were around 18 HAI peptides per bPEI. It has been reported that
protein/peptide modifications in polymer may result in less nucleic acid
condensation efficiency compared to the non-modified polymer due to the
introduction of steric hindrance %% 18, The siRNA condensation efficiency of bPEI
and HAI-SPDP-bPEI was therefore determined by a SYBR Gold assay, and the
results demonstrated that HAI-peptide modification did not have any negative
impact on bPEI’s condensation of sSiIRNA (Figure 31). Chemico-physical
properties of polyplexes are very important for successful and efficient SiIRNA
delivery. Therefore, bPEI and HAI-SPDP-bPEI polyplexes (N/P=5) were fully
characterized in terms of the hydrodynamic diameter, PDI and zeta-potential. As
shown in Figure 32 A, HAI-SPDP-bPEI and bPEI polyplexes had narrow size
ranges with PDIs of around 0.3, indicating that uniform polyplexes were formed

with little aggregation. HAI-SPDP-bPEI polyplexes were slightly larger than bPEI
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polyplexes which may be due to steric hindrance of the peptide during polyplexes
formation. However, both polyplexes resulted in very small sizes (100-150 nm).
These results suggested that both polyplexes may readily be taken up by cells 3¢,
avoid rapid clearance from macrophages in the liver and spleen after systemic
administration, and could potentially easily accumulate in a tumor through the
EPR effect 4. Both polyplexes demonstrated slightly positive surface charge (<30
mV) (Figure 32 B). Since HAI-SPDP-bPEI and bPEI can completely condense
SIRNA at N/P= 2 (Figure 31), it was expected that at N/P =5, an excess amount of
cationic polymer formulated with siRNA would result in positive surface charges.
HAI-SPDP-bPEI polyplexes exhibited a less positive charge than bPEI polyplexes
which may be due to the assumption that the conjugated HAI peptide locates on
the surface of the polyplexes and can shield some positive charge from bPEI.
Another possible reason for the reduced surface charge of HAI-SPDP-PEI is that
the SPDP coupling reaction consumed some of the primary amines in bPEI. A
slightly positive surface charge could facilitate the binding between polyplexes
and cellular membranes. Moreover, the HAI peptide located on the surface is
expected to increase the possibility to interact with TfR, suggesting that efficient
cellular uptake may be achieved by this formulation.

The TfR expression status of three different cell lines—H1299, A549 and

H460—was determined by flow cytometry after immunostaining with the anti-
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CD71 (TfR) antibody. Based on the results (Figure 33 A and B), H1299 cells
served as a TfR overexpressing cell model, and A549 and H460 served as TfR low
expressing cell models for later studies. The peptide mediated TfR selectivity was
investigated by confocal microscopy. HAI-SMCC-bPElI and bPEI were
fluorescently labeled with FITC (HAI-SMCC-bPEI-FITC, bPEI-FITC
respectively), and polyplexes were formed with non-fluorescently labeled siRNA.
H1299 cells were incubated with Tf-Texas Red and the aforementioned polyplexes.
As shown in Figure 36, HAI-SMCC-bPEI polyplexes showed more binding (green
dots) on the cell surface and more co-localization (yellow dots) with Tf-Texas Red
(red dots) than bPEI polyplexes after 1 and 4 h of the co-incubation period,
indicating that the HAI peptide can mediate selective binding to TfR
overexpressing cells. Furthermore, HAI-SMCC-bPEI can achieve more co-
localization with Tf, suggesting that HAI-SMCC-bPEI polyplexes may enter cells
via a TfR mediated pathway in a non-competitive manner as reported before 84,
The subcellular distribution of both polyplexes over time was observed under the
confocal microscope (Figure 36). H1299 cells were transfected with HAI-SMCC-
bPEI-FITC or bPEI-FITC polyplexes (green dots) containing siRNA-Ty563 (red
dots). HAI-SMCC-bPEI polyplexes clearly achieved more cellular binding on the
membrane than bPEI polyplexes during the first 1 and 4 h, suggesting that HAI-

SMCC-bPEI preferentially bound to TfR overexpressing cells compared with



184

bPEI polyplexes. At later time points (24 and 48 h), both bPEI and HAI-SMCC-
bPEI polyplexes formed bright yellow dots in vesicle like structures, indicating
that many of both types of polyplexes had accumulated and were trapped in
endosomes or lysosomes. However, it is worth nothing that more SiRNA
distributed in the cytoplasm in the HAI-SMCC-bPEI treated group than in bPEI
transfected cells. According to the cellular uptake results (Figure 34 A), it is
possible that HAI-SMCC-bPEI polyplexes mediated higher cellular uptake in
H1299 cells than bPEI polyplexes, consequently more siRNA escaped into the
cytoplasm. The TfR specific cellular uptake mediated by the HAI peptide was also
confirmed by flow cytometry (Figure 34 A and B). Both HAI-SMCC-bPEI and
HAI-SPDP-bPEI polyplexes showed specific binding to the TfR overexpressing
cell line (H1299 cells) compared with TfR low expressing cells (A549 and H460).
Furthermore, both HAI peptide modified bPEI polyplexes mediated significantly
higher cellular uptake in H1299 cells compared with non-modified bPEI,
suggesting a specific interaction between the HAI peptide in the polymer and TfR
on the cell membrane.

The gene knockdown efficiency of the HAI peptide, modified bPEI and
non-modified bPEI was determined by RT-PCR, and the housekeeping gene
GAPDH was targeted. Surprisingly, HAI-SMCC-bPEI polyplexes did not mediate

efficient GAPDH gene knockdown, as shown in Figure 39 B, which did not agree
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with the cellular uptake result (Figure 34 A) and the confocal microscopy result
(Figures 35 and 36). It is possible that the HAI peptide modification reduced the
number of primary amines in bPEI and consequently reduced the buffering
capacity of bPEI. Furthermore, TfR rapidly recycles back to the cell surface after
internalization 1%, therefore, HAI-SMCC-bPEI polyplexes that are still bound to
TfR are recycled back to the cell surface before siRNA can be released. To
address this problem, HAI-SPDP-bPEI was synthesized using a linker PEG4-SPDP.
PEG4-SPDP (25.7 A) is longer than sulfo-SMCC (8.3 A) which may make the
HAI peptide more accessible to TfR and increase the binding efficiency. Moreover,
it introduced a disulfide bond into the HAI-SPDP-bPEI conjugate which can be
reduced in the endosomal compartment % and may facilitate the release of
bPEI/SIRNA complexes from the HAI peptide/TfR complexes before TfR recycles
back to the cell surface. The GAPDH gene knockdown efficiency of HAI-SPDP-
bPEI polyplexes was determined in H1299 and H460 cells. In line with previous
cellular uptake results (Figure 34 B), HAI-SPDP-bPEI polyplexes can achieve
more efficient GAPDH gene knockdown in H1299 cells (Figure 39 A) compared
with bPEI polyplexes but not in H460 cells (Figure 39 C). These results revealed
that the introduction of a long and reducible linker into target moiety-polymer

conjugates may increase their transfection efficiency. Additionally, it was shown
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that the transfection efficiency of HAI-SPDP-bPEI polyplexes is highly dependent
on the TfR expression status of the targeted cells.

Next, the gene silencing efficiency of HAI-SPDP-bPEI polyplexes at the
protein level was investigated in H1299/eGFP cells. H1299/eGFP cells were
treated with HAI-SPDP-bPEI and bPEI polyplexes for 48 h, and the eGFP
expression was determined by flow cytometry. However, as shown in Figure 40 A,
there was no significant difference among the polyplexes treated groups and the
untreated group. Based on the confocal images (Figure 36), it is possible that most
polyplexes were trapped in the endosome and only a small amount of siRNA was
released into the cytoplasm. Therefore, mMRNA level silencing can be observed
since mMRNA is the direct target of sSiRNA. However, it is more difficult to achieve
protein level silencing. A sufficient amount of siRNA needs to be released into the
cytoplasm. Additionally, the silencing efficiency also depends on the half-life of
the targeted protein, and wild type GFP has a relatively long half-life (around 26
h) 192, To increase the release of siRNA from endosomes, H1299/eGFP cells were
transfected with HAI-SPDP-bPEI and bPEI polyplexes in media containing
chloroquine, which is a chemical that can dramatically increase the transfection
efficiency by disrupting the endosomal membrane &. As shown in Figure 40 B,
significantly higher eGFP knockdown can be achieved by siGFP/HAI-SPDP-bPEI

polyplexes compared with siGFP/bPEI polyplexes in a dose dependent manner.
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5.5 Conclusion

In conclusion, our optimized HAI-bPEI conjugate has desired chemico-
physical properties as a SiRNA delivery vector. It can achieve selective delivery of
SiRNA to TfR overexpressing tumor cells and efficient gene knockdown at the
MRNA level. This study demonstrates the feasibility to target TfR using HAI
peptide. However, results also indicate the need for further optimization of this

conjugate to achieve better endosomal escape.
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