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ABSTRACT

This thesis explores the capabilities of cationic polymers modified with lipids of
different carbon chain length to deliver DNA molecules to primary cells and
transformed cell lines. Our studies focus on two different polymers:
polyethylenimine (PEI) and poly(L-lysine) (PLL). Firstly, PEI and PLL were
conjugated to palmitic acid (C16). The delivery of plasmid DNA to rat bone
marrow stromal cells (rat-BMSC) was evaluated by using a Green Fluorescent
Protein gene expressing plasmid (pEGFP-N2) as a reporter system. The rationale
for lipid substitution is to give the polymer an amphiphilic character so as to
improve the transfection efficiency of native polymers by improving the
DNA/polymer translocation through the phospholipid-rich cell membranes. In the
case of PLL-C16, transfection efficiency was significantly increased (5 fold) as
compared to native PLL, and it was significantly higher than commercially

available cationic lipids (Lipofectamine™ 2000 and Fugene™).

We further explore the use of other lipids with variable chain lengths (carbon
chain length ranging from 8 to 18 saturated and unsaturated) in order to identify
other candidates to enhance the gene delivery properties of the PLL. Lipid-
modified PLL of high molecular weight (25 vs. 4 kDa) was found to be more
effective in delivering plasmid DNA in rat-BMSC. We noted that C14-, C16- and
C18-substituted PLL gave the most effective DNA delivery. Moreover, a
correlation between the extent of lipid substitution and the plasmid DNA delivery

efficiency was found Additionally, transgene expression by BMSC significantly



increased when amphiphilic PLLs were used as compared to native PLL. The
modified polymers were able to transfect the cells up to 7 days, after which the

expression decreased.

Encouraged by the successful transgene expression agents obtained by modifying
low molecular weight PEI with the same series of lipids described above, we
explored the possibility of modifying low molecular weight PEI (2 kDa) with
longer lipids; saturated fatty acid (C22), trans fat (C18:1T) and essential fatty
acids (C22:1, C22:6 and C18:3). Transfection efficiency proved to be cell
dependent. Only the transformed 293T cells were able to express GFP compared
to human-derived BMSC. The highest transfection efficiency was found with
highly unsaturated lipid-substituted PEI (C18:3 and C22:6) and were able to
increase transgene expression overtime (6 days). Furthermore, internalization
studies indicated that effective transfection of these carries do not follow any
known endocytosis pathway instead the DNA/carrier penetrates the plasma

membrane directly.
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1. SCOPE

The main objectives of this research are two fold: i) to modify the commonly used
nonviral vectors, poly-L-lysine (PLL) and polyethylenimine (PEI), by conjugating
endogenous lipids of variable carbon chain lengths and saturations, and ii) to
study the effect of these modifications on the carrier's ability to deliver and
transfect foreign DNA into different cell types, specifically rat and human bone
marrow stromal cells (BMSC) and human embryonic kidney 293 cells. The
overall goal of the thesis work is to modify ineffective (PLL) and highly toxic
carriers (PEI) with fatty acids like moieties, so that these new carriers could
mimic the interactions of endogenous molecules with the lipid-rich membranes. It
is expected that the lipophilic character of the proposed carriers will improve their

delivery efficacy without compromising cell physiology.

Chapter 2 of this thesis reviews the progress and the state-of-the art in the design
of a specific type of nonviral carriers, namely cationic polymers modified with
lipophilic moieties (i.e., fatty acid substituted) and hydrophobic moieties (i.e.,
alkyl substituted). Polymer-related carriers, especially short chain peptides
modified with lipophilic substituents was covered in this Chapter, since they
provide a means to better elucidate the functional performance of hydrophobic
substituents. This literature provides preliminary evidence for the beneficial effect
of lipophilic or hydrophobic moieties as modifying agents of cationic polymeric
carriers and, specifically, how they can modulate extra- and intracellular

trafficking for enhanced transgene expression.

The ability of the cationic polymers PLL and PEI and their conjugates with
palmitic acid (PA, C16) to deliver a plasmid encoding for Enhanced Green
Fluorescent Protein (pEGFP) to rat-BMSC was investigated in Chapter 3. PAis a
natural occurring lipid utilized by the cells to control intracellular trafficking of
proteins in particular membrane-crossing proteins. Therefore, PA conjugation was

proposed as a strategy to increase DNA delivery and this Chapter developed



chemical conjugation schemes to graft the chosen lipid to the chosen polymers. It
is expected that grafting PA to the polymers will transform these carriers into a
better system for gene delivery. By means of improving payload packing,
protection against enzymatic degradation, superior cell association, and/or
reduced cytotoxicity, the modified carriers are expected to enhance transgene

expression.

The studies described in Chapter 4 were designed with the aim of exploring the
effect and feasibility of substituting PLL with several endogenous lipids of
variable chain lengths. The latter included the naturally found fatty acids, myristic
(C14), palmitic (C16), stearic (C18), oleic (18:1) and linoleic (18:2) acid, and the
unnatural caprylic acid (C8). PLL of variable molecular weights were employed
to explore the effect of lipopolymer molecular weight on the transfection
efficiency. The motivation for this study was the uncertainty regarding palmitic
acid as the ideal lipid for PLL substitution. It was our intent to identify most
suitable lipid(s), if any, for gene delivery into rat-BMSC. Furthermore, the
relationship between the gene delivery efficiency and the extent of lipid

substitution was studied in this Chapter.

The results of lipid modifications on high MW PEI (Chapter 3) suggested that
there is room for improvement in the quest for the ultimate gene delivery agent.
This finding motivated us to improve an alternative polymer, which is much less
toxic but also inefficient transfection agent, namely the low MW (~2 kDa) PEI.
This chapter explored the potential of longer chain lipids, including a saturated
lipid (behenic acid, BA; C22:0), a trans fat (elaidic acid, ELA, C18:1T) and a
series of essential fatty acids including erucic acid (EA; C22:1), a-linolenic acid
(LLA; C18:3) and docosahexaenoic acid (DHA; C22:6). We evaluated the
capabilities of the new materials in two cell lines; human embryonic kidney cells
(293T) and human bone marrow stromal cells (h-BMSC). Additionally, we
probed the internalization mechanism and intracellular trafficking of the carriers.

To this end, we studied the effect of different drugs designed to block specific



intracellular pathways. The collective sum of these studies is described in
Chapter 5.

Finally, in Chapter 6 we draw the general conclusions of this theses work and

propose new directions to thrust this research endeavor.



2. LIPID AND HYDROPHOBIC MODIFICATION OF
CATIONIC CARRIERS ON ROUTE TO SUPERIOR
GENE VECTORS

Incani V, Lavasanifar A, Uludag H

The content of this chapter was published in Soft Matter 2010, 6, 2124-2138



2.1. Introduction

Complete sequencing of the human genome is helping to identify disease-causing
mutations and elevating gene therapy into a major thrust for treatment of human
diseases. For a successful intervention, therapeutic genes need to be effectively
transported and expressed in host cells. Expression of a desired gene is intended
to alter protein production, modify aberrant gene expression, to inhibit cell
proliferation, produce cytotoxic proteins or prodrug-activating enzymes for
treatment in cardiovascular' and neurological®® diseases, wound healing®,

>%7 ‘macular degeneration® and infectious diseases’. Gene therapy has been

cancer
investigated in clinics since 1990, and as many as 1347 clinical protocols'® have
advanced to phase I-111 trials, although the number of 'successful’ trials has been
disappointingly low. The development of safe and efficient gene delivery systems
was identified as a significant impediment. An effective delivery system is
expected to safely deliver nucleic acids to a specific target, protect against
degradation, and allow transgene expression at therapeutic levels for a desired
duration. Non-viral carriers, based on synthetic compounds to deliver the genes
intracellularly, are not plagued by the safety concerns, associated with viral
carriers™, but their effectiveness remains a concern. Non-viral carriers can usually
bind to cell surface molecules and effectively enter cells on their own, but display
reduced internalization when packaged with nucleic acids, and ultimately yield
relatively lower transgene expression. In order to deliver on the promise of non-
viral carriers, it is imperative to understand the barriers impeding efficient
transgene expression and to elucidate structure-function relationships for effective
carriers. This calls for better understanding of mechanisms of internalization,
stability of delivered nucleic acids, effective crossing of cellular membranes, and
binding and dissociation of nucleic acids from carriers. Polymer-based carriers
present an advantage among others non-viral carriers, since they are readily

amenable for engineering for specific functions.



2.2. Polymeric Gene Carriers

Non-viral carriers are based on cationic molecules (Figure 2.1) that can associate
with nucleic acids and form nanoparticles suitable for cellular uptake and
trafficking (Figure 2.2). Cationic polymers spontaneously form polyplexes with
nucleic acids through electrostatic interactions between cationic amines of the
polymer and anionic phosphates of the nucleotides. Compacting nucleic acids into
small particles is a necessary prerequisite for efficient delivery into cells. The
typical size of the polyplexes is ~150 nm, which can be modulated with addition
of functional groups on polymers*. Primary and secondary amines are strong
nucleophiles (high pKa) that can be also used to covalently bind targeting
ligands®***, drugs™ or other functional (e.g., pH sensitive) groups'®. Tertiary
amines are less nucleophilic but may buffer and prevent pH decline in endosomal
compartments where nucleic acids may undergo degradation. Sequestering H in
endosomes results in an influx of CI', which causes osmotic swelling leading to
endosomal rupture by water influx. This process, known as the proton sponge
effect'’, is hypothesized to facilitate nucleic acid release into the cytoplasm.
Although cationic groups are primarily responsible for nucleic acid condensation,
they can be employed for functional substitution. Modifications with small
hydrophobic or more bulky lipid groups have been employed to facilitate cellular
delivery, given the lipophilic nature of cell membranes. The fertile field of
polymer functionalization will be discussed in section 2.4.
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2.3. General Mechanisms of Cellular Uptake and

Internalization

Endocytosis was established as the main mechanism of internalization for non-
viral particles™®?°. The endocytosis mechanism can be classified into two broad
categories, phagocytosis (uptake of large particles), which is restricted to
specialized cells and pinocytosis (uptake of fluid and solutes) that occurs in all
cells (Figure 2.3). The latter pathway can take place by several mechanisms:
clathrin-mediated endocytosis and non-clathrin-mediated endocytosis that
includes macropinocytosis, caveolae-mediated endocytosis, and clathrin- and
caveolae-independent endocytosis®’. The specific uptake mechanism of
carrier/nucleic acid polyplexes may depend on the size of vesicles®, type of

coating®! and specific cell type?® encountering the polyplexes.

The clathrin-mediated pathway is an energy-dependant process, in which the
cargo is carried to the cellular destination as a clathrin-coated vesicle rich in
receptor-ligand complex in the 100-150 nm range*’. In caveolae-mediated
endocytosis, small (50-60 nm) hydrophobic membrane invaginations (i.e.,
caveolae) engulf extracellular material in cholesterol and glycosphingolipid rich
vesicles. They are commonly found in endothelial cells and can internalize large
molecular complexes such as toxins, bacteria and some viruses®?’. Unlike
clathrin-mediated uptake, caveolae do not display a drop in pH upon uptake and
the cargo can avoid lysosomal degradation. Clathrin- and caveolae-independent
endocytosis occurs through small vesicles (40-50 nm) that are generally referred
to as freely diffusing rafts on cell surface. The lipid composition of these vesicles
provides specific sorting of membrane proteins and/or glycolipids based on their
cellular destinations®®. Macropinocytosis is characterized by formation of large,
irregular primary endocytic (as large as 5 um) vesicles after closure of ruffling
membrane domains. Macropinosomes are structures that frequently move inwards

towards the cell center and, unlike other types of vesicles; they do not have a



specific coat and do not concentrate receptors. Due to relatively large size of these
vesicles, macropinocytosis is an efficient route for nonselective endocytosis of

macromolecules®.
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Figure 2.3. Different endocytosis pathways in nonviral gene delivery. Adopted from Khalil et al.,
Pharmacol. Rev. 2006, 58, 32-45.

Arginine-rich peptides were shown to translocate in a manner that does not
involve the classical endocytic pathway,*® and depend on the length of the peptide
chain®’. When complexed with pDNA, however, the complexes are internalized
by the clathrin-mediated pathway. Uptake of polyplexes formed with longer
amino acid polymers (e.g., poly-L-lysine, PLL) was suggested to proceed via
clathrin-mediated endocytosis. Goncalves® et al., showed that internalization of
70-200 nm histidinylated-PLL/DNA polyplexes could proceed by either clathrin-
mediated endocytosis or by macropinocytosis. However, gene expression was
seen only after clathrin-mediated uptake and stimulation of macropinocytosis
afforded minimal protein expression in HepG2 cells. On the other hand,
polyethylenimine (PEI)/DNA polyplexes were internalized by either clathrin-
mediated or by caveolae-dependent endocytosis®®. Only polyplexes from the
caveolae-mediated uptake escaped the lysosomal compartment and effectively
transfected the A549 and HelLa cells. Others have shown the clathrin pathway to
be critical for PEI polyplexes in several cell lines**. The PEI/DNA internalization
in some cells could be aided by heparan sulfate proteoglycan (HSPG) or

syndecan-mediated phagocytosis®*. This process was proposed to involve



complex binding to transmembrane HSPGs, which then induces clustering of
cholesterol-rich rafts on the cell surface. This clustering triggers protein kinase C
phosphorylation, followed by the binding of actin skeleton through the linker
protein, resulting in tension fibers that facilitate the complex phagocytosis.

The polyplex size was shown to determine the entry pathway and subsequent
intracellular routing. Particles up to 500 nm were shown to be internalized by B16
cells, while smaller particles distributing throughout the cell interior and larger
particles primarily localizing to cell periphery. The involvement of clathrin- and
caveolae-mediated uptake was dependent on the particle size. Although the
caveolae were considered too small to accommodate larger particles, the authors
speculate that electrostatic interactions and recruitment of internalization
machinery was helpful to accommodate large particles in caveolae. Differences in
transfection efficiency were noted depending on polyplex size®. The larger PEI
polyplexes (1000 nm) transfected cells faster than smaller poly(2-
dimethylamino)ethyl methacrylate ((DMAEMA) polyplexes (200 nm), possible
due to increased sedimentation. Inhibition of caveolae-mediated uptake
significantly reduced uptake of PEI polyplexes, but not that of pPDMAEMA
polyplexes. In the case of pPDMAEMA polyplexes, caveolae-mediated pathway
appeared to be important for effective gene expression and clathrin-mediated

pathway did not necessarily promote delivery to cell nucleus.

2.4. Lipid and Hydrophobic Modifications of Cationic

Carriers for Improved Delivery

Hydrophobic moieties are desirable in gene carriers since lipids are the main
component of cell membrane and synthetic carriers may utilize lipid-like moieties
for facilitated interactions with plasmid membrane and subsequent entry into
cells. Under physiological conditions, the biological activities of several cellular
proteins also require association with internal membranes. This membrane

localization is dependent on the co- or post-translational attachment of lipid
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residues via -NH,, -SH or -COOH residues of proteins®®*’. Covalently modified
lipid-proteins play an important role in various biological processes®’, such as
protein-protein and protein-lipid interactions, and as protein anchors to
membranes®®. Table 2.1 contains a list of lipid and hydrophobically modified

carriers that are subject of this review.

2.4.1. Influence of Lipid and Hydrophobic Modification on
Nucleic Acid Binding and Polyplex Properties

In compacting nucleic acids into nanoparticles suitable for cellular uptake, carrier
properties such as MW and charge density can be adjusted for optimal
complexation. The N/P ratio (ratio of protonable amines to phosphates) used to
formulate complexes is critical as well as the pH and ionic strength of the
formulation medium. Given the beneficial effect of hydrophobic modification on
transgene expression (Section 2.5), the particle properties obtained after
hydrophobic modification is actively explored (Table 2.2). Although the size and
charge of the particles are routinely assessed, the structural details and especially
the location of hydrophobic substituents in the particles (i.e., buried inside vs.

surface coating) remain to be thoroughly investigated.

2.4.1.1. Lipid Modified Peptides

Using lipopeptides prepared from lysine and histidines (CK,Hy, Figure 2.4), the
C16-substituted peptides were more effective in condensing pDNA than the C12-
peptides; the longer chain length was hypothesized to result in more compact and
stable particles. Analogous results were observed when H was replaced by the
hydrophobic residues tryptophan (W) and tyrosine (Y)***!. The hydrophobic
residues were proposed to facilitate formation of intermolecular ion pairs between
multiple K residues and the phosphate backbone. In contrast, increasing the
charge (N/P) ratio decreased the particle size (e.g., from 1186 to 423 nm with

C16-CKH,)*. Incorporation of various acyl moieties to the mastoparan peptide
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INLK-ALAA-LAKK-IL-NH,; Figure 2.5) gave this peptide a pDNA

(MS:

binding ability that was independent on the acyl chain length or lipophilic

structure.

Table 2.1. Hydrophobically modified polymeric carriers explored with different nucleic acids and
cell lines. Due to space limitations, synthetic polymers (Poly(DMAEMA-co-IPAAM),

Poly(DMAEMA-co-PAA), coPolyvinyl ethers, Dextran-spermine, and PHEA-spermine) were not

discussed in the text. Abbreviations for amino acids in peptides: R: arginine; C: cysteine; W:

tryptophan; Y: tyrosine; K: lysine; H: histidine.
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Table 2.2. Effect of hydrophobic or lipid substitution on the size of complexes formed between
the nucleic acids and carriers. The indicated particle sizes were obtained at specific N/P ratios
where cell uptake of the complexes was assessed.

Particule Size (nm)

Base Polymer Substituent Unmodified Lipid-Modified Ref.

CWKG3 1315 peptide Cc2 N/A 53-231 39

CWK g, CYK g peptide Cc2 N/A 78 41

CKy.3H1.5 peptide C12,C16 N/A 250-300 42
Rg C18 2917/101 5148/126 44,30

PLL (25 kDa) C16 120 L 4

N/A 100-160/350° 46

b-PEI (25 kDa) c2 4060 80120 o

243 250-270/450750 52

b-PEI (25 kDa) C12,C14, C16 N/A 235-480 49

b-PEI (750 kDa)-PEG (8 kDa) C2,C3,C4 N/A 84-124 50
b-PEI (1.8 kDa) Cholesterol N/A 7o0/26:62 >3 54

100-250 55

b-PEI (1.8 and 10 kDa) Cholesterol 84-383° 110-205 56

I-PEI (25 kDa) Chol. (L, B and > 200 250-275 57

T

Chitosan (50 kDa) C4, C8, C12, C16 N/A 261-343° 61

Chitosan (450 kDa) C18 N/A 102-318 62

Quaternized-Chitosan C16 N/A 200-500 63

Chitosan (5-200 kDa) Deoxycholic acid N/A 130-300° 64

Chitosan (1-5 kDa) Deoxycholic acid 68-82 86-209 65

Chitosan (250 kDa) 5B-cholanic acid N/A 277 66

*Particle size for circular or PCR DNA and linear DNA, respectively. "Particle size for BPEI 1.8
kDa. “Aggregates with no DNA.

On the other hand, incorporation of acyl C10 to a a-helix model peptide (HM;
[LARL]3-NHg2; Figure 2.5) imparted a weaker pDNA binding as compared to C2-

: . 43
and C16-incorporation, for reasons not clear yet .
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Figure 2.4. Lysine and histidine rich peptides modified with lipophilic moieties®**“2,
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Figure 2.5. Mastoparan (INLK-ALAA-LAKK-IL-NH2) and 12 a.a. o-helix model peptide
((LARL)3-NH2) modified with lipophilic moieties™.

Large particle sizes were obtained after pDNA condensation with C18-substituted
Rg or virus-derived Rev (TRQA(R).N(R);WRERQR; Figure 2.6) peptides, which
was a result of aggregation*. Other authors®® used C18-Rg and efficiently
condensed pDNA into stable and smaller polyplexes with no free pPDNA exposed
to the medium - a critical issue for preventing pDNA degradation. The surface
charge of the particles formed with C18-Rg was relatively low, possibly due to
partial shielding of the cationic charge by the C18 substituent. With Ry, the bulky
cholesterol substitution did not affect pDNA binding of Ry, and no further

14



changes in the polyplex structure were reported*.

R1-NH-(R),-CONH; n=4,7,809 11,12, 16
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Figure 2.6. Arginine-rich peptides modified with lipophilic moieties

2.4.1.2. Lipid Modified Poly-L-lysine (PLLS)

Our group™ investigated condensation abilities of N-acyl C16 substituted PLL (25
kDa) (Figure 2.7) with different types of pDNA molecules. A circular plasmid
DNA formed smaller spherical particles (100-160 nm) than an equivalent linear
DNA isoform (~350 nm, Figure 2.8). The particle size decreased with increasing
carrier:DNA ratio for some combinations of carriers and DNA isoforms (e.g.,
C16-PLL with circular DNA), other combinations (e.g., C16-PLL with linear
DNA) did not give a predictable pattern, so that N/P ratio might not be the sole

L47,48

determinant of particle size. The C16-PL gave smaller particles (~112 nm)

as compared to the particles formed with the native PLL (~126 nm).
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Figure 2.7. Poly-L-lysine (PLL) modified with lipophilic moieties
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Figure 2.8. Mean particles sizes (nm) obtained with C16-PLL at three (1.5, 1:7.5 and 1:10)
pDNA:carrier mass ratios. The pDNA molecules used were a circular pDNA (4272 base pairs), a
linearized version of the circular pDNA (4272 base pair) and linear, PCR-amplified fragment form
the circular pDNA (2209 base pairs)*°.

16



2.4.1.3. Lipid and Hydrophobically Modified PEIs

The 750 kDa b-PEI derivatives substituted with alkyl and acyl moieties (C12, C14
and C16) (Figure 2.9a) gave similar size particles (235-480 nm). The increased
alkyl substitution generally increased the particle size, although acyl substituents
were less sensitive to such a change. Increasing N/P ratio decreased the overall
particle size, maximizing transfection®. In contrast, acylation of the same
polymer with shorter C2, C3 and C4 chains (Figure 2.10) had a significant effect
on the size and surface charge of polyplexes; as the chain length and degree of
substitution increased, so did the particle size (i.e., from 84 to 124 nm). Acylation
reduces the net positive charge of polymers, which could weaken pDNA binding
and promote polyplex dissociation®®. Similar trends were also observed with
acylated (C2) 25 kDa b-PEIP*?, where increasing acylation of PEI led to larger
particles. Increased aggregation due to increased hydrophobicity might have also

contributed to the increase in particle size.

b)

Apes

49,50,53,56,73,88

Figure 2.9. Branched PEI with lipophilic or hydrophobic moieties
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Figure 2.10. Branched PEI 750 (PEI-PEG-bis-P) modified with lipophilic moieties®.

Several groups explored highly-lipophilic cholesterol for polymer modification.
Grafting the primary amines of b-PEI (1.8 kDa) with cholesterol (Figure 2.9b)
created a water-soluble lipopolymer that was able to condense pDNA into 26-149
nm particles®®>*. Cholesteryl-PEI formed ~100 nm particles with siRNA, with
decreasing particle size as the carrier:sSiRNA ratio increased. However,
complexation with native PEI was not investigated so that the specific effect of
cholesteryl on siRNA condensation cannot be assessed™. On the other hand,
pPDNA polyplexes formed with b-PEI (1.8 and 10 kDa) carrying cholesteryl on
secondary amines™ (Figure 2.9b) had reduced particles sizes (110-205 nm). The
authors pursued this mode of modification to preserve the primary amines for
more effective pDNA condensation. Furgeson® et al., generated different
geometries of PEI-cholesteryl conjugates, including linear (L; cholesteryl
substituted at terminal end of I-PEI), T-shaped (T; cholesteryl substituted at
secondary amines on |I-PEI backbone), and a combination of the two (LT) (Figure
2.11a). Irrespective of the substitution geometry, the pDNA particles were >300
nm after modification. The increase in particle size observed could be due to
intermolecular H-bonding between neighboring polyplexes resulting from a
conformation change within the cholesteryl-1-PEI conjugates. Polyplexes with T-
I-PEI had a smaller size than the particles from L-I-PEI and LT-I-PEI, suggesting
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better interaction of cholesteryl moieties that are placed on the polymeric
backbone and possibly better cellular internalization. A general trend for
increasing surface charge was observed in the following order: T-I-PEI > LT-I-
PEI > L-I-PEI > b-PEI > I-PEI. An abrupt increase was particularly observed for
T-I-PEI and LT-I-PEI and the authors suggested that reorientation of the cationic

and hydrophobic units in an aqueous environment for this effect®’.
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Figure 2.11. Linear PEI modified with (a) lipophilic and (b) lipophilic and hydrophobic
moieties® %,

2.4.1.4. Hydrophobically Modified Dendrimers

Quaternization (q) of the interior tertiary amines of PAMAM-OH dendrimers with
methyl groups (C1) led to formation of relatively smaller particles with permanent
charges as compared to unmodified PAMAM particles®® (Figure 2.12a). The
particle size was dependent on the polymer: pDNA ratio and the degree of C1
substitution. At low charge ratio and C1 content (i.e., 57%), g-PAMAM-OH
polyplexes formed very large particles (680 nm), but increasing the charge ratio
led to smaller particle size (123 nm). On the other hand, particles formed between
pDNA and highly g-PAMAM-OHs were <157 nm at all polymer:pDNA charge
ratios, suggesting that these particles might be suitable for receptor-mediated

endocytosis. The particles did not acquire cationic surface charge even at high
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carrier ratios, thus cellular interaction was hindered relative to cationic particles
formed with native polycations. Viullaume® et al., also quaternized PAMAM
tertiary amines with C12 (side chain) and C1 (side chain and backbone) (Figure
2.12a). g-PAMAM with C1 either on the side chain or the backbone formed
disperse particles of 55-350 nm compared to g-PAMAM C12/C1 conjugate that
formed smaller particles of ~35 nm (i.e., C12 facilitated smaller particles). The
surface charge of polyplexes formed with pDNA:g-PAMAM C1 side chain and g-
PAMAM C12/C1 were weakly positive, resulting in unstable particles.
Additionally, increasing the quaternization content of C1 side chain or with C12
led to less tight binding to pDNA (compared to g-PAMAM C1 backbone), due to
a dilution of the total charges and/or steric hindrances of bulky substituents.
Higher generation PAMAM C12 (Figure 2.12b) had higher ability to form pDNA
polyplexes compared to unmodified PAMAM. It is likely that the larger number
of amines and the C12 substituent contributed to tighter binding to pDNA by
multivalent ionic bonds as well as through hydrophobic interaction. The increased
hydrophobic content improved polyplex stability, based on polyplex de-

stabilization with heparin®.
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Figure 2.12. PAMAM modified with hydrophobic moieties®®*°.
2.4.1.5. Lipid and Hydrophobically Modified Chitosans

The natural polysaccharide chitosan has been modified by several groups. Liu® et
al., alkylated (C4, C8, C12, C16) chitosan and obtained pDNA condensates of
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261-346 nm with increasing size at longer chain lengths (Figure 2.13a). The
hydrophilic domains were hypothesized to provide cooperative binding with
pDNA in addition to electrostatic interactions. Acylation of chitosan with C18
(Figure 2.13a) led to pDNA polyplexes that displayed maximal size (~318 nm) at
a critical N/P ratio, after which a decrease in size was observed at higher N/P
ratios due to polyplex stability®®. The surface charge, on the other hand, increased

as the N/P ratio was increased.

Uchegbu®® et al., observed an increasing particle size as the g-chitosan MW
increased. Modification with C16 alkylation vs. acylated g-chitosan (Figure
2.13b) resulted in larger spherical condensates (200-500 nm) with neutral or
positive surface charge compared to unmodified g-chitosan. Amine substitution
did not appear to have a profound effect on pDNA affinity even when the amines
were substituted with electron withdrawing groups (-CONH-). Grafting
deoxycholic acid (DA) to chitosan (Figure 2.13a) led to self-aggregates in the
absence of pDNA with a size range of 130 to 300 nm depending on the degree of
polymerization®. The increase in size was attributed to the change of shape of
aggregates from a bamboo-like cylindrical structure (i.e., DA-chitosan of 5 kDa)
to a poorly organized bird nest-like structure (i.e., DA-chitosan of 200 kDa),
because of the chain rigidity arising from the parent chitosan and bulky DA.
Higher MW DA-chitosan condensed pDNA more compactly as compared to low
MW DA-chitosan. Consistently, DA substitution®™ resulted in larger self-
aggregates (e.g., 200-240 nm) that increased with the degree of substitution. The
introduction of DA on chitosan enhanced pDNA condensation capacity and the
particle size accordingly decreased (i.e., 68-209 nm). This phenomenon might be
due to rearrangement and/or reformation of the new supramolecular structure
during polyplex formation. A recent study suggested that hydrophobic
modification of glycol chitosan with B-cholanic acid (Figure 2.13b) was
absolutely necessary for condensation of hydrophobized pDNA (i.e., pDNA ion-
paired with an aliphatic amine)®®, where unmodified chitosan was unable to
condense the pDNA.
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Figure 2.13. Chitosan (a) and glycol chitosan (b) modified with lipophilic or hydrophobic
moieties®®°,

2.4.2. Internalization of Polyplexes Formed with Modified

Carriers

2.4.2.1. Lipid Modified Peptides

Khalil® et al., investigated the mechanism of cellular internalization of Rs and
C18-Rg carriers in NIH3T3 cells by blocking specific endocytosis pathways.
Internalization of Rg alone (without a cargo) was only slightly affected, if any, by
lowering the temperature (inhibitor of endocytosis), presence of sucrose (specific
inhibitor of clathrin-mediated endocytosis) or N-ethylmaleimide (NEM, inhibitor
of all vesicular transport). On the other hand, low temperature, sucrose and NEM
significantly inhibited the internalization of C18-Rg, indicating its active
transport. These results suggested that Rg internalization occurs mainly through
pathways different from the classical endocytosis, while that of C18-Rg may occur
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mainly through the clathrin-mediated endocytosis. In contrast, internalization of
both polyplexes was significantly inhibited by low temperature or sucrose
incubation, indicating internalization via the clathrin-mediated pathway. The
presence of the cargo seemed to have altered the internalization pathway. While
C18-Rg condensed pDNA effectively and detected either at the cell surface or
intracellularly, Rg did not efficiently condense the pDNA and yielded only low
amounts of pDNA in the cytosol. C18 groups apparently favored hydrophobic
interactions for a more stable polyplex, leading to higher cellular uptake. Along
the same lines, Pham®’ et al., systemically explored changes in cell-localizing
ability of oligoarginines after fatty acid modifications (Figure 2.6). C14-R;
demonstrated the optimal cellular association among the synthesized lipopeptides
and gave a 7-fold increased uptake as compared to R;. Further lengthening of the
lipid chain to C16 decreased the association efficiency with the cells. Although
the authors did not study the mechanism(s) of internalization, the uptake of lipid-
substituted polyarginines was hypothesized to follow a similar pathway to that of
polyarginines (i.e., seemingly endocytosis-independent), but only at enhanced
levels. However, both lipid substitution and pDNA cargo are likely to alter the

entry pathway.

2.4.2.2. Lipid Modified PLLs

C16 substitution greatly enhanced pDNA delivery into bone marrow stromal cells
(BMSC) and human skin fibroblast cells (HSF). *" *® % |n the presence of
Brefeldin A, a known inhibitor of cellular endocytosis at the trans-Golgi network,
a significant reduction in cell-associated pDNA was observed, suggesting active
uptake of the polyplexes. The pDNA particles condensed with C16-PLL were
initially present at the cell periphery, whereas the particles were adjacent to the

47,48 and

cellular nuclei after 5 h. The uptake was dependent on the N/P ratio
different types of DNA (c-DNA, I-DNA and pcr-DNA)*® were effectively

delivered with the C16-modified PLL.
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Cellular delivery of pDNA with lipophilic-PLL was dependent on polymer MW,
although, lipid-substituted 4 kDa PLL enhanced cellular uptake, this was much
lower than the delivery with 25 kDa derived polymers. A positive correlation
between the lipid content and cellular uptake was evident with lipid-substituted
PLLs,*®*"® where highly substituted polymers enhanced the uptake (Figure 2.7).
An inverse correlation between lipid content and polyplexes dissociation (heparin
induced) was additionally observed, suggesting that hydrophobic content of
polymers was critical for polyplex dissociation®. The increased stability with
lipid substitution might have been the underlying basis for increased uptake®,

reminiscent of C18-substituted oligoarginine®.

Sensitivity of the polyplexes to nucleases is one critical barrier that lowers the
gene delivery efficiency. As observed with permeabilized cells, cytoplasmic
nuclease activity has an inhibitory effect on intracellular transport of pDNA,
particularly DNase | (found in cytoplasm as well as serum and extracellular
space) and DNase Il (typically found in endosomes)’’2. We observed that all
PLL carriers, independent of the nature of the lipid substituent, equally protected
the pDNA from degradation in vitro. Recovery of intact pDNA from the cells was
possible up to 7 days after treatment with the polyplexes of C14-, C16- and C18-
PLLs.

2.4.2.3. Lipid and Hydrophobically Modified PEIs

Lipid-substituted b-PEIs were systematically evaluated for SiRNA delivery in B16
melanoma cells™ (Figure 2.9). In line with improved complexation, particularly
oleoyl (C18:1) and C18-substituted b-PEI displayed better resistance to heparin-
induced dissociation and siRNA protection against serum nucleases. All
polymers, including native b-PEI, routinely displayed >90% siRNA-positive cells,
indicating high efficiency of the polymers for siRNA delivery. A reduction in
SiRNA uptake was observed with a reduction of polymer concentration used to

prepare polyplexes, even when all siRNA had been condensed into particles.
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Whether excess polymer continues to alter the polyplex properties or facilitates

complex uptake remains to be clarified.

Forrest®™® and Gabrielson® et al., observed a 4-fold increase in uptake of the
polyplexes formed with 76 and 96% acetylated b-PEI, but further modification of
b-PEI decreased cellular uptake in several cells. The addition of acetyl groups will
enhance the lipophilicity of polyplexes, thereby increasing uptake due to
increased polyplex association with cell membranes. Despite a reduced charge
density, acetylated PEI was able to form polyplexes with a positive z-potential
necessary for nonspecific association with cell membrane; however, the
polyplexes were more easily dissociated as compared to native PEL. It is possible
that charged cellular or endosomal membranes could dissociate the polyplexes
prematurely, leaving some pDNA free in the cytosol (results supported by FRET

51,52

methodology)

Using an siRNA against vascular endothelial growth factor (VEGF), increased
delivery was obtained in PC3 cells with cholesteryl-substituted PEI (~64% vs.
~10% with b-PEI). The internalization of pDNA with cholesteryl-I-PEI (in MCF-
7 cells) appeared to involve Low Density Lipoprotein Receptor®’, since saturation
of this receptor inhibited the efficiency of uptake.

2.4.2.4. Hydrophobically Modified Dendrimers

Mixed results were obtained with quaternization of PAMAM molecules. The
increased level of quaternary content (C1) in the backbone appeared to have a
beneficial effect due to better pDNA condensation, leading to smaller particles
and higher surface charge. This result is in agreement with literature indicating
that small size (< 150 nm) polyplex is crucial for nonspecific adsorptive
endocytosis and nuclear trafficking *°. In contrast, Lee® et al., observed that
although g-PAMAM-OH with C1 on the backbone efficiently condensed pDNA

compared to PAMAM-OH, its surface charge was anionic, thus cellular
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interaction with this carrier was reduced. The nature of the PAMAM was different
between the two studies (i.e., difference in generation number) so that this might

have affected the effectiveness of C1 substitution for pPDNA condensation.

2.4.2.5. Lipid and Hydrophobically Modified Chitosans

Hydrophobic modification of chitosan facilitated pDNA entry into cell
membranes due to perturbations caused by electrostatic as well as hydrophobic
interactions. Moreover, alkyl-chitosan required less amount to condense pDNA
(indicating facilitated binding), and gave higher transgene expression due to
increased uptake and higher unpacking of the cargo®. Hu® et al., also formed
stable polyplexes with pDNA with C18-substituted chitosan, which better
protected the cargo against enzymatic degradation. With g-chitosan, modification
with alkyl or acyl C16 groups was necessary to enhance cellular uptake when the
degree of polymerization (DP) of chitosan was 73-171. As DP increased, the cell
association decreased with g-chitosan®. In contrast, increasing DP of DA-
chitosan led to bigger self-aggregates capable of condensing pDNA and
enhancing cell association of pDNA. The combined characteristic of the
amphiphilic substituent (membrane destabilization) and the chitosan (buffering
capacity) might have been responsible for the enhanced gene delivery®® ™. Low
level of substitution of chitosan with B-cholanic acid was sufficient to condense
hydrophobized pDNA into particles with nearly neutral surface charge. These
particles were efficiently internalized probably through endocytosis, unlike the

native chitosan since it could not condense the pDNA®®,

2.5. Transgene Expression by Modified Carriers

2.5.1. Lipid Modified Peptides

A significant improvement in transfection efficiency was observed for C18-
substituted HIV-1 Tat (48-60) and FHV coat (35-49) peptides** in COS-7 cells,
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even though the ability for translocation and protein delivery was unaffected®’.
Same improvement in transgene expression was also observed with N-terminal
C18-Rg and C18-R;, as compared to unmodified peptides. The transfection
efficiency with C18-modified R, was lower when n<8 or n>12, but all C18-
peptides showed higher transfection efficiency than the corresponding
oligoarginines®. C12-Rg and cholesteryl-Rg were also effective transfection
reagents, and similar results were later reported with C18-Rg in NIH/3T3 cells®.
The authors suggested that C18 moieties helped condense pDNA into stable
polyplexes that were highly internalized due to better absorbtion onto cellular
surfaces as a result of ionic and hydrophobic interactions. The addition of the
endosomolytic agent chloroquine to C18-peptides showed no improvement,
indicating the inherent ability of C18 polyplexes to disrupt the endosomes.
Cholesteryl-Rg polyplexes prepared by another group also readily transfected
293T cells with pDNA, and suppressed VEGF production (by ~55%) after SIRNA
delivery in CT-26 cells, unlike Rg®. In vivo studies yielded an effective VEGF
SIRNA delivery with cholesteryl-Rq, based on marked suppression of tumor

growth, reduced tumor vascularization and lower levels of VEGF in situ.

The transfection efficiencies with C12, C14, C16 and dialkylcarbamoyl-
substituted MS peptide*® were 3-6 fold higher as compared to pDNA treated
COS-7 cells. Chloroquine increased the efficiencies of substituted MS peptides,
so that endosomal entrapment was an impediment for these carriers in the chosen
cell model. This was unlike the R, peptides; the ability for endosomal escape may
be significantly influenced by the nature of base carrier and not lipid substitution
alone. In the case of C2, C10, and C16-HM series of peptides, only C10-HM
showed significantly gene transfer, indicating an optimal acyl chain length for
delivery. The C10-HM apparently had considerable perturbation activity against

endosomal membranes.

Another class of peptides whose length and amino acid composition significantly

influenced transgene expression was lipophilic K-rich peptides (Ks-3¢) with single
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C and W residues®. Peptides of 13-18 Ks and possessing a single hydrophobic
residue (W) enhanced gene transfer in HepG2 cells: a 40-fold reduction in particle
size and 1000-fold increase in luciferase expression was observed for alkyl-
CWKg in HepG2 cells compared to Kig, Whereas lipophilic peptides with K<8
either failed to condensate pDNA or formed large particles incapable of
transfecting cells. These results suggested the efficiency pDNA condensation to
be closely related to delivery efficiency, as discussed in Section 2.4. However, a
significant difference was observed with COS-7 cells; alkyl-CWKg and
Ki1o/pDNA polyplexes mediated significant gene expression despite their
inactivity in transfecting HepG2 cells. The size requirements for the polyplexes
might have been less strict in COS-7 cells. Given that K length of alkyl-CWK3g
and Kig were nearly equivalent and that a single C did not affect transgene
expression or cytotoxicity, the authors hypothesized that the inclusion of single W
increased binding to pDNA, and condensed pDNA into smaller particles suitable
for pinocytosis. The same group® subsequently changed the alkyl-peptide
sequence from W to Y and found indistinguishable physical properties and

equivalent levels of gene expression in HepG2 cells.

Analogous peptides*? C16-CK,H, were found to better sustain transgene activity
as compared to C12-CK;H, in COS-7 cells, which correlated with superior pPDNA
condensation, polyplex stability and nuclease resistance. Increasing K residues in
these peptides (i.e., from C16-CK;H, to C16-CK,.3H,) increased the transfection
activity, possibly due to increased surface charges on polyplexes. In contrast,
increasing the H residues (H, to Hs) led to less efficient complexation and
delivery, even though additional Hs might have helped with endosomal escape.
The best lipopeptides (i.e. C16-CK;H, and C16-CK3H;) showed higher
transfection efficiencies than the PLL and b-PEI (750 kDa).

2.5.2. Lipid Modified PLLs

Having ~16 C16 substitutions per PLL improved transgene expression in BMSC
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up to 5-fold compared to unmodified PLL (25 kDa), where the maximal level of
expression was found on day 3 after which a reduction was noted*®®®. Under
conditions that allowed robust HSF growth, C16-PLL provided robust transgene
expression up to 10 days, a period that might be sufficient for applications that
require transient expression*’. Dosing BMSC multiple times with C16-PLL
polyplexes and adding Lipofectamine™ 2000 to polyplexes improved transfection
efficiency. It is possible that prolonged incubation of particles in the media caused
adverse changes in complex properties; therefore providing fresh particles have
increased intracellular delivery of polyplexes. In addition, cationic lipid groups
might have had better association with amphiphilic C16-PLL leading to a
favorable outcome, as seen with other systems’. A positive correlation between
transfection efficiency and the extent of lipid substitution was noted with
modified PLLs, C18-PLL particularly giving the highest transfection levels™.

There was no obvious correlation between the extent of substitution and
cytotoxicity, but additional toxicity was evident at times as a result of lipid
substitution. Similar results were obtained with HSF cells, where C14 and C18-
PLL gave the highest levels of expression over a 10-day period®. Prolonged

presence of intact pDNA in the cytosol was evident®’’

, which is likely to result
in higher nuclear localization of exogenous DNA due to its persistence around the
nuclear membrane increasing its chance of nuclear uptake during cell division. A
correlation between the extent of lipid substitution and initial transfection
efficiency was evident, but a sigidant drop in the transgene expression was

noted on the long run consistent with the transient nature of non-viral delivery™.

Other research groups also prepared hydrophobically modified PLL but did not
test these polymers on their own. The polymer was incorporated into different
systems, such a lipid vesicle”, terplex®® or formulated as a nanoemulsion®!.
Although these systems have achieved high levels of transfection, studies with the
lipid-substituted polymer as the single transfection agent were not conducted;

therefore we will not discuss these findings.
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2.5.3. Lipid and Hydrophobically Modified PEIs

Increasing the degree of acetylation of 25 kDa b-PEI (up to 57%) enhanced the
transfection efficiency as compared to unmodified PEI in MDA-MB-231,
HEK?293, and C2C12 cells®** without affecting cell viability. However, further
acetylation decreased the polymer's buffering capacity (inhibiting endosomal
release) as well as the gene delivery efficiency. Cellular proteins or endosomal
membranes could have dissociated the polyplexes more easily in this case, leaving
unprotected pDNA in the cytosol®*®2. Increasing the length of the acyl group
(from C2 to C4) and the degree of acylation also improved transfection efficiency
in COS-1 cells®. Particularly, 30% modified C4-PEI-PEG proved to be the most
efficient carrier, but higher modifications (e.g., 40-50%) decreased the gene
delivery properties as before. Although these substitutions decreased the pKa,
buffering capacity and cationic nature of the carrier, it increased its lipophilicity
for cell membrane interactions and inhibited aggregation (i.e., due to PEG)
needed for optimal particle delivery. An appropriate balance between the
lipophilicity and hydrophilicity was apparently struck with the C4-PEI-PEG™. In
line with these results, complete alkylation (C3) of I-PEI®? reduced transfection
compared to unmodified I-PEI (22 kDa) in HepG2 cells. However, complete
acylation or combination of acyl/alkylation (Figure 2.11b) increased gene
expression. Acylation might have ensured a higher solubility or flexibility than
alkylation for this outcome®. This subtle difference between the two means of

substitution is critical to note in designing more effective carriers.

While a g-PEI (25 kDa) improved pDNA binding, the transfection efficiency was
decreased >20-fold, suggesting an impaired proton sponge effect®®,
Additionally, C12 and C16 substituted on primary vs. tertiary amines groups of
PEI influenced transfection efficiencies. Partial substitution of primary amines
with both alkyl residues resulted in marked decline in transfection. When the
tertiary amines of PEI were quaternized with C12, the carriers displayed higher
transfection efficiency as compared to primary amine-modified PEI. Suh® et al.,

and Johnson® et al., proposed that hydrophobic groups attached to primary
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amines of PEI form clusters to avoid water exposure, adversely affecting the
protonation of amine groups. In contrast, the hydrophobic residues on tertiary
amines of PEI were suggested to be located towards the polymer interior,
minimizing the propensity for clustering and not influencing the protonation

ability to a significant degree.

Similar substitutions (C12, C16) on 2 kDa PEI (Figure 2.9a) created effective
gene carriers from the ineffective 2 kDa PEIl. The obtained transfection
efficiencies exceeded that of 25 kDa PEIl under some conditions®®. In an
independent study®’, decreasing the total number of lipids substituted (10, 16 and
26 PEls per C14) on 2 kDa b-PEI enhanced transfection in 293 cells in the
absence of serum. In the presence of serum, these polymers were as efficient as 25
kDa b-PEI with negligible cytotoxicity. We independently showed the beneficial
effect of various lipids on 2 kDa b-PEI as well, but a significant increase in
toxicity was evident for the lipid-substituted polymers®®. In a limited set of lipids
substituted PEls, no clear candidate emerged as the most effective lipid even
though linoleoyl (C18:2) appeared to give more effective transfections as

compared to other lipids®.

Quaternization of primary amines with C1 (Figure 2.14), acylation with C16 (g-
PEI-C16 or PEI-C16) or PEGylation (C16-PEI-PEG) did not improved
transfection efficiency in A431 and A549 cells. Although these carriers were less
efficacious than the native b-PEI (25 kDa), gene expression in vivo showed
different results after systemic administration: PEI-C16 > PEG-PEI-C16 > g-PEI-
C16 > g-PEI¥. Other results showed that N-acylation and N-alkylation with C12,
C14 and C16-PEI did not improve transfection efficiency when compared to
native b-PEI (25 kDa) in NIH3T3 fibroblast cells®. Having as little as 2-4%
modification was sufficient to decrease the PEI's efficiency. Although a lower
effectiveness was generally observed upon modification, the authors claimed a
positive trend favoring acylation over alkylations. Since these hydrophobic

polymers showed greater stability against competitive exchange with polyanions,
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it is likely that there will be a reduced propensity to release the DNA once inside

the cell®.

Unpublished studies from authors' group did not indicate a benefit of aliphatic
lipid substitution on 25 kDa b-PEI for pDNA delivery, perhaps a reflection of the
strong transfection ability of native b-PEI. On the contrary, better knockdown of
integrin o, by siRNA on B16 cells was accomplished with C18 and C18:1-
substituted 25 kDa b-PEI”®. These polyplexes mediated an additional 30-45%
reduction in surface integrin o, as compared to native b-PEI. C18-PEI provided
significant enhancement of siRNA silencing over C18:1-PEI in this system, which
was attributed to the higher stability of the polyplex and better protection from

nuclease degradation’.
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Figure 2.14. Branched PEI and PEI-PEG modified with hydrophobic and lipophilic moieties®.

Transfection efficiency of cholesteryl-PEI (1.8 kDa) was significantly enhanced
in CT-26 and 293T cells®***. Micelle formation due to hydrophobic interactions
was suggested to enhance the cationic charge density of the polymers.
Cholesteryl-PEI was also effective in vivo (intratumoral injection of 1L12 plasmid
into CT-26 tumors in BALB/c mice), with long-term benefits on survival and
tumor progression as a result of effective IL12 expression. Unfortunately, no data
with the unmodified PEI was provided, so that the beneficial effect of cholesteryl
substitution could not be confirmed in vivo®. In a subsequent study®®, cholesteryl
anchored to secondary amines of b-PEI (1.8 and 10 kDa) transfection was

effective with the low MW b-PEI, but it did not make a significant impact with
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the high MW Db-PEI, which was expected considering the low degree of
substitution and relatively larger size of the latter b-PEI. The cholesteryl-
conjugated 1.8 kDa b-PEIl was also explored for siRNA delivery in VEGF

55,90

silencing™™", as a means to inhibit tumor growth and metastasis in a variety of

animal models®

. Intratumoral injection of cholesteryl-PEI/siRNA reduced
tumor growth by ~65% in 28 days™. However cholesterol-PEI grafted via
secondary amines did not show a remarkable gene delivery. Instead, a slight

increase in toxicity was observed at the optimal N/P ratio used for transfection®.

The transgene expression efficiency of cholesteryl-I-PEI with different
geometries®” was in the order of L-I-PEI > T-I-PEI > I-PEI > b-PEI > LT-I-PEI.
The beneficial effect of cholesteryl substitution was attributed to less compact
binding of pDNA (facilitating intracellular dissociation), and increased endosomal
escape. The authors hypothesized that L-I-PEI provided the best outcome due to:
increased water solubility by decreasing the H-bonding between neighboring |-
PEI backbones, favorable protection of cholesteryl conjugate by the hydrophilic-
interactions of the two neighboring strands, and increased buffering capacity after

cleavage of cholesteryl by lipase.

2.54. Hydrophobically Modified Dendrimers

Studies on PAMAM substituted with dialkyl C12 (Figure 2.12b) groups have
shown a correlation between the dendron generation (G1 to G4) and the gene
delivery efficiency. The C12-PAMAM dendron was able to condense pDNA into
more stable polyplexes as compared to unmodified PAMAM®. In contrast,
quaternization of PAMAM’s tertiary amines either on the backbone or side chains
with alkyl C1 or C12 yielded carriers with a relative low transfection activity™.
Polyplexes based on quaternized C1 amines on the backbone displayed higher
transfection efficiency and lower cytotoxicity activity as compared to the
combined with quaternized C1/C12, quaternized C1 side chain alone and

unmodified PAMAM. In fact, a limited amount of C1 groups appeared to have a
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beneficial effect probably because of better DNA condensation, and small particle
size (50-100 nm). Further alkylation of side chains with C1 and C12 significantly
decreased transfection probably due to high cytotoxicity of the carrier™®. On the
other hand, improvement in toxicity and polyplex formation was observed as
quaternization (C1) of PAMAM-OH backbone was increased (97% > 78% > 52%
> 27%). This result suggested that creating a permanently charged polycation by
quaternization reduces cytotoxicity. However, these dendrimers showed a
decreased transgene expression since g-PAMAM-OH particles had a neutral

surface charge, possibly reducing the interactions with cellular membranes®®.

The PLL dendrimers with 8 and 16 free amino groups and substituted with C14
were effective in transgene expression with COS-7 and BHK-21 cells, without
affecting cell viability and without a significant impediment of endosomal
entrapment®™®. Epithelial (HeG2, HelLa and CHO), fibroblast (COS-7 and
C2C12), and lymphoid T cells (Jurkat) were more easily transfected than the
endothelial cells (ECV304) with C14-PLL dendrimers. The differences in
transfection varied from a 10-fold to >1000-fold enhancement in different cells.
Additionally, a modest suppression of expression was observed with these carriers
with a custom iRNA. This is probably associated to the confounding factors of the
synthesized iRNA and not to the capability of the carrier delivery™. It is important
to mention that lipid-poly(L-lysine) dendrimers polyplexes were not compared
against the unmodified dendrimer. Therefore, the impact of the lipid chain could

not be truly understood.

2.5.5. Lipid and Hydrophobically Modified Chitosans

Quaternized chitosan oligomer with 40-50% of C1-substitution showed enhanced
transgene expression in both COS-1 and Caco-2 cells as compared to unmodified
polymer®. The formation of smaller particles by the g-chitosan could have aided
the delivery. The presence of serum proteins had minimal effect on transfection,

which indicated minimal polyplex dissociation by serum®’, and cell-dependent
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differences in transfection efficiency were noted®. As with other cationic
polymers, the quaternized (C1l) and N-acylated or N-alkylated C16 glycol
chitosan gave cell binding and gene transfer efficiency that was dependent on the
degree of polymerization®. For the acylated polymer, a DP of 117 or less was
necessary to form smaller polyplexes and efficient gene transfer. Cell viability
was reduced by the C16 acylation of chitosan, however, biocompatibility of these
carrier was restored with the C1 substitution on primary amines. In contrast,
alkylated polymer was less efficient at gene transfer because of its relatively high
toxicity. Although the addition of C1 and C16 resulted in a broader spectrum of
transfection, the absolute degree of substitution appeared to have no bearing on
the gene transfer activity. It is possible that these studies have not uncovered the
lower limit of substitution for effective transfection. However, it was clear that the
hydrophobic chains enhanced gene expression. After intravenous administration,
C1-/C16-glycol chitosan effectively mediated gene expression in the liver and
heart, more so than the commercial polymeric carriers. These results suggested
that C1-/C16-glycol chitosan could be used for gene delivery specifically to these
organs®™. The alkylation of chitosan enhanced gene delivery to C2C12 cells,
which was increased upon elongating the alkyl side chain from C4 to C8. This
higher transfection efficiency was presumably due the increased cellular
interactions with the hydrophobic polyplex, and/or easier polyplex dissociation®".
Increasing the lipid chain to C18 also enhanced transgene expression in A549
cells; the possibility of formation of a core-shell micelle structure with C18
moieties near the shell of the micelle might have favored the endosomal escape of

the polyplex.

The size and structure of chitosan also influenced the transfection of COS-1 cells
with DA-chitosan”. Without serum, transfection efficiency was increased as the
polymer MW was increased from 5 to 40 kDa, after which a steep decrease was
noted for a 200 kDa polymer. Low transfection efficiencies were attributed to low
or high polyplex stability given by the lowest or highest MW polymer,
respectively. In the presence of serum, however, the transfection efficiency was
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consistently increased with the MW. The serum proteins may act as an inhibitor
of polyplex formation, so that high MW polymers may be beneficial to resist this
phenomena®. However, low MW chitosan oligosaccharides could be also made
effective in 293 cells after DA substitution; the hydrophobized polymers
enhanced DNA condensation and formed core-shell type particles that can
increase cell membrane-carrier interactions and/or destabilization of the cell
membranes as well as affording better DNA protection. Particularly, a 3 kDa
chitosan modified with ~5 DA units was found to be an effective carrier without
adversely affecting cell viability®®. 5p-cholanic acid was another substituent

suitable for enhanced gene delivery®®.

2.6. Conclusions and Future Prospects

Compared to viral particles, cationic polymers are generally believed to mediate
gene delivery with lower efficiency. In order to improve delivery, a new
generation of carriers will be needed and hydrophobic modifications will play an
integral part in this endeavor. This review has attempted to highlight the advances
recorded with lipophilic carriers and their in vitro and, in some cases, in vivo
transfection behavior. Grafting small amount of hydrophobic or lipophilic
moieties in most cases aided condensation of the payload into stable, compact and
smaller polyplexes and subsequently enhanced cell internalization compared to
unmodified carriers. The cellular uptake of the cargo was not always confirmed
with such polymers, and this will be needed to confirm and/or better elucidate the
mechanism of action of lipophilic moieties. The experimental evidence with these
polymers also indicated that, besides the electrostatic interactions, hydrophobic
interactions might be critical for enhancing DNA binding as well as cell
association. The beneficial effect was observed to depend on the MW or degree of
polymerization, polymer to payload ratio, nature and degree of substitution and
the functional group modified. As the chain length and/or degree of substitution
increased so did the polyplex size and cellular uptake in some cases. This increase

may be reflective of less compact polyplexes due to weaker binding leading to
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larger particles and increased sedimentation. Transgene expression could be
enhanced in this case due to faster release of the cargo from the particles. The
same mechanism (i.e., reduced affinity) was used as the reason for reduced
delivery/transfection in some studies. It will be important to consistently elucidate
changes in properties of polyplexes, so that the detrimental or beneficial
consequence of lower nucleic acid affinity is thoroughly revealed. A reduced
surface charge on polyplexes was expected after hydrophobic modification;
therefore, larger amount of polymer per nucleic acid was required for efficient
payload condensation. Incorporation of lipophilic or hydrophobic groups into the
carrier should also affect interactions with endo/lysosomal membranes resulting
in a more efficient escape. An undesirable aspect of this might be increased
toxicity since plasma membrane disruption was also expected to be correlated
with the endosomalytic activity. Although some studies are beginning to address
this issue, more extensive investigations are needed to better elucidate the
dependence of membrane disrupting activity on the molecular details of the lipid
substituent, as well as the polymer backbone. It is likely that an optimal
substitution might be identified in this respect where the right amount/nature of
substituent can lead to sufficient de-stabilization of cellular membranes for
polyplex uptake and endosomal release, without excessive membrane lytic
activity that might compromise the normal cellular physiology.

The transfection efficiency has been modulated by three variables, namely the
degree of substitution, chain length of the substituent and functional group
modified. Depending on the nature of polymer, modification of a specific
functional group in the polymer might cause formation of large aggregates not
suitable for internalization. In the absence of aggregation, higher transfection
efficiencies were achieved by inclusion of N-acyl and, to a lesser extent, N-alkyl
groups. It is possible that this behavior might depend on the nature of the base
polymer, and extensive literature on this issue does not exist. Acylation might
result in higher solubility and/or flexibility in polyplexes, but how this impact the
gene delivery remains to be investigated. The structure and density of the amine
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groups could affect transfection efficiency. Increasing the number and charge
density typically improves gene transfer; however, such an increase also promotes
toxicity. Therefore, the beneficial effect of the amine quaternization in polymeric
carriers remains ambiguous. The overall performance of lipophilic or hydrophobic
modification polymers can be puzzling at times. A delicate balance between
hydrophilic and hydrophobic components is crucial for the design of new
polymeric carriers, as well as thorough understanding of the changes in polyplex
properties that becomes critical for transgene expression. Although it might be
tempting to develop certain expectations for the behavior of lipid and
hydrophobically modified polymers, several issues need to be clarified on a case-
by-case basis (Table 2.3) and it will be misleading to translate the experience of
one system to another. This is vital to pursue polymeric gene carriers that will be

one day employed in a clinical setting.
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Table 2.3. Possible effects of lipid and hydrophobic substituents. Some of the effects summarized
below have been previously investigated in the context of specific carriers; while other have not
been explore to-date. These effects of substituents make a significant impact on the performance
of carriers and should be elucidated for new carriers designed by the researchers.

Event

Issue

Interactions with cargo

Contribution/s of substituents to nucleic acid binding and
condensation; surface coating of polyplexes as a barrier against
surrounding molecules; polyplex stability in a medium of competing

molecular species.

Cellular internalization

Role of substituents in plasma membrane crossing of polyplexes;
active endosomal transport after specific receptor binding vs. passive
uptake via membrane fusion and intracellular passage; changes in cell

surface receptors as a result of substituents

Endosomal Escape

Facilitated endosomal escape due to substituent interactions with
membranes; role of polymer backbone in endosomal escape; role of

membrane lytic activity on cellular physiology.

Intracellular transport

Association with intracellular membranes; sub-cellular
compartmentalization as a result of substituent targeting; changes in
polyplex dissociation as a result of substituent; increased degradation
of cargo in unstable polyplexes vs. enhanced perinuclear transport of

more stable polyplexes.

Nuclear uptake and

transgene expression

Facilitated transport through nuclear membrane as a result of
substituents; polyplexes dissociation by cationic proteins (histones)
and transcription factors; changes in gene expression due to enhanced

or reduced stability of polyplexes.

39




2.7. References

1. Dzau VJ, Deatt K, Pompilio G, Smith K. Current persceptions of
cardiovascular gene therapy. Am. J. Cardiol., 2003, 92, 18-23.

2. Burton EA, Glorioso JC, Fink DJ. Gene therapy progress and prospect:
Parkinson’s disease. Gene Ther., 2003,10, 1721-17217.

3. Tuszynski MH. Growth-factor gene therapy for neurodegenerative
disorders. Lancet Neurol., 2002, 1, 51-57.

4.  Cutroneo KR. Gene therapy for tissue regeneration. J. Cell Biochem., 2003,
88, 418-425.

5. Kerr D. Clinical development of gene therapy for colorectal cancer. Nat.
Rev. Cancer, 2003, 3, 615-622.

6. McNeish LA, Bell SJ, Lemoine NR. Gene therapy progress and prospects:
cancer gene therapy using tumor suppressor genes. Gene Ther., 2004, 11, 497-
503.

7. Heinzerling L, Burg G, Dummer R, Maier T, Oberholzer PA, Schultz J,
Elzaouk L, Pavlovic J, Moelling K. Intratumoral injection of DNA encoding
human interleukin 12 into patients with metastatic melanoma: clinical efficacy.
Hum. Gene Ther., 2005, 16, 35-48.

8. Honda M, Sakamoto T, Ishibashi T, Inomata H, Ueno H. Experimental
subretinal neovascularization is inhibited by adenovirus-mediated soluble
VEGF/flt-1 receptor gene transfection: a role of VEGF and possible treatment for
SR in age-related macular degeneration. Gene Ther., 2000, 7, 978-985.

9. Bunnell BA, Morgan RA. Gene therapy for infectious diseases. Clin.
Microbiol. Rev., 1998, 11, 42-56.

10. http://www.wiley.co.uk/genmed/clinical/

11. Lundstrom K, Boulikas T. Viral and non-viral vectors in gene therapy.
Tech. Cancer Res. & Treat., 2003, 2, 471-85.

12. Kataoka K. Intracellular gene delivery by polymer micelle vectors. Nippon
Rinsho, 1998, 56, 718-723.

13. Klink D, Yu Q-C, Glick MC, Scanlin T. Poly-L-lysine targets a potential

40



lactose receptor in cystic fibrosis and non-cytic fibrosis airway epithelial cells.
Mol. Ther., 2003, 7, 73-80.

14. Hashida M, Taka-kura Y. Cell-specific delivery of genes with glycosylated
carriers. Adv. Drug Delivery Rev., 2001, 52, 187-196.

15. Sigurdsson HH, Knudsen E, Loftsson T, Leeves N, Sigurjonsdottir JF,
Masson M. Mucoadhesive Sustained Drug Delivery System Based on Cationic
Polymer and Anionic Cyclodextrin/Triclosan Complex. J. Inclusion Phenom.
Macrocyclic Chem., 2002, 44, 169-172.

16. Petersen H, Merdan T, Kunath F, Fischer D, Kissel T. Poly(ethylenimine-
co-L-lactamide-co-succinamide): A biodegradable polyethylenimine derivative
with an advantageous pH-dependent hydrolytic degradation for gene delivery.
Bioconjugate Chem., 2002, 13, 812-821.

17. De Smedt SC, Demeester J, Hennink WE. Cationic polymer based gene
delivery systems. J. Pharm. Res., 2000, 17, 113-126.

18. Zuhorn IS., Kalicharan R, Hoekstra D. Lipoplex-mediated transfection of
mammalian cells occurs through the cholesterol-dependent clathrin-mediated
pathway of endocytosis. J. Biol. Chem., 2002, 277, 18021-18028.

19. Huth S, Lausier J, Gersting SW, Rudolph C, Plank C, Welsch U,
Rosenecker J. Insights into the mechanism of magnetofection using PEI-based
magnetofectins for gene transfer. J. Gene Med., 2004, 6, 923-936.

20. Goncalves C, Mennesson E, Fuchs R, Gorvel J-P, Midoux P, Pichon C.
Macropinocytosis of polyplexes and recycling of plasmid via the clathrin-
dependent pathway impair the transfection efficiency of human hepatocarcinoma
cells. Mol. Ther., 2004, 10, 373-385.

21. Conner SD, Schmid SL. Regulated portals of entry into the cell. Nature,
2003, 422, 37-44.

22. Rejman J, Oberle V, Zuhorn IS, Hoekstra D. Size-dependent internalization
of particles via the pathways of clathrin- and caveolae-mediated endocytosis. J.
Biochem., 2004, 377, 159-169.

23. Douglas KL, Piccirillo CA, Tabrizian M. Cell line-dependent internalization

pathways and intracellular trafficking determine transfection efficiency of

41



nanoparticle vectors. Eur. J. Pharm. Biopharm., 2008, 68, 676-687.

24. Takei K, Haucke V. Clathrin-mediated endocytosis: membrane factors pull
the trigger. Trends Cell Biol., 2001, 11, 385-391.

25. Lencer WI, Hirst TR, Holmes RK. Membrane traffic and the cellular uptake
of cholera toxin. Biochim. Biophys. Acta, 1999, 1450, 177-190.

26. Pelkmans L, Kartenbeck J, Helenius A. Caveolar endocytosis of simian
virus 40 reveals a new two-step vesicular-transport pathway to the ER. Nat. Cell
Biol., 2001, 3, 473-483.

27. Duncan MJ, Shin JS, Abraham SN. Microbial entry through caveolae:
variations on a theme. Cell Microbiol., 2002, 4, 783-791.

28. Nichols BJ, Lippincott-Schwartz J. Endocytosis without clathrin coats.
Trends Cell Biol., 2001, 11, 406-412.

29. Swanson JA, Watts C. Macropinocytosis. Trends Cell Biol., 1995, 5, 424-
428.

30. Khalil 1A, Futaki S, Niwa M, Baba Y, Kaji N, Kamiya H, Harashima H.
Mechanism of improved gene transfer by the N-terminal stearylation of
octaarginine: enhanced cellular association by hydrophobic core formation. Gene
Ther., 2004, 11, 636-644.

31. Futaki S, Suzuki T, Ohashi W, Yagami T, Tanaka S, Ueda K, Sugiura Y.
Arginine-rich peptides: An abundant source of membrane-permeable peptides
having potential as carriers for intracellular protein delivery. J. Biol. Chem., 2001,
276, 5836-5840.

32. Rejman J, Bragonzi A, Conese M. Role of Clathrin- and Caveolae-Mediated
Endocytosis in Gene Transfer Mediated by Lipo- and Polyplexes. Mol. Ther.,
2005, 12, 468-474.

33. von Gersdorff K, Sanders NN, Vandenbroucke R, De Smedt SC, Wagner E,
Ogris M. The internalization route resulting in successful gene expression
depends on polyethylenimine both cell line and polyplex type. Mol. Ther., 2006,
14, 745-753.

34. Kopatz I, Remy JS, Behr JP. A model for non-viral gene delivery: through
syndecan adhesion molecules and powered by actin. J. Gene Med., 2004, 6, 769-

42



776.

35. van der Aa MAEM, Huth US, Héfele SY, Schubert R, Oosting RS,
Mastrobattista E, Hennink WE, Peschka-Stss R, Koning GA,. Crommelin D.
Cellular Uptake of Cationic Polymer-DNA Complexes Via Caveolae Plays a
Pivotal Role in Gene Transfection in COS-7 Cells. J. Am. Pharm. Res., 2007, 24,
1590-1598.

36. Ferri N, Paoletti R, Corsini A. Lipid-modified proteins as biomarlers for
cardiovascular disease: a review. Biomarkers, 2005, 10, 219-237.

37. Linder ME, Deschenes RJ. Palmitoylation: policing protein stability and
traffic. Nature, 2007, 8, 74-84.

38. Dietrich LEP, Ungermann C. On the mechanism of protein palmitoylation.
EMBO reports, 2004, 5, 1053-1056.

39. Wadhwa MS, Collard WT, Adami RC, McKenzie DL, Rice KG. Peptide-
Mediated Gene Delivery: Influence of Peptide Structure on Gene Expression.
Bioconjugate Chem., 1997, 8, 81-88.

40. Wadhwa M, Knoell DL, Young AP, Rice KG. Targeted Gene Delivery with
A Low Molecular Weight Glycopeptide. Bioconjugate Chem., 1995, 6, 283-291.
41. McKenzie DL, Collard WT, Rice GK. Comparative gene transfer efficiency
of low molecular weight polylysine DNA-condensing peptides. J. Peptide Res.,
1999, 54, 311-318.

42. Tarwadi JA. Preparation and in vitro evaluation of novel lipopeptide
transfection agents for efficient gene delivery. Bioconjugate Chem., 2008, 19,
940-950.

43. Niidome T, Urakawa M, Takaji K, Matsuo Y, Ohmori N, Wada A,
Hirayama T, Aoyagi H. Influence of lipophilic groups in cationic a-helical
peptides on their abilities to bind with DNA and deliver genes into cells. J.
Peptide Res., 1999, 54, 361-367.

44. Futaki S, Ohashi W, Suzuki T, Niwa M, Tanaka S, Ueda K, Harashima H,
Sugiura Y. Stearylated Arginine-Rich Peptides: A New Class of Transfection
Systems. Bioconjugate Chem., 2001, 12, 1005-1011.

45.  Kim WJ, Christensen LV, Jo S, Yockman JW, Jeong J H, Kim Y-H, Kim

43



SW. Cholesteryl Oligoarginine Delivering Vascular Endothelial Growth Factor
siRNA Effectively Inhibits Tumor Growth in Colon Adenocarcinoma. Mol. Ther.,
2006, 14, 343-350.

46. Hsu CYM, Uludag H. Effects of size and topology of DNA molecules on
intracellular delivery with non-viral gene carriers. Biotechnology, 2008, 8, 1-15.
47. Abbasi M, Uludag H, Incani V, Olson C, Lin X, Clements BA, Rutkowski
D, Ghahary A, Weinfeld M. Palmitic Acid-Modified Poly-L-lysine for Non-Viral
Delivery of Plasmid DNA to Skin Fibroblasts. Biomacromolecuels, 2007, 8,
1059-1063.

48. Clements BA, Incani V, Kucharski C, Lavasanifar A, Ritchie B, Uludag H.
A comparative evaluation of poly-L-lysine-palmitic acid and Lipofectamine v
2000 for plasmid delivery to bone marrow stromal cells. Biomaterials, 2007, 28,
4693-4704.

49. Masotti A, Moretti F, Mancini F, Russo G, Di Lauro N, Checchia P,
Marianecci C, Carafa M, Santucci E, Ortaggi G. Physicochemical and biological
study of selected hydrophobic polyethylenimine-based polycationic liposomes
and their complexes with DNA. Bioorganic & Medicinal Chem., 2007, 15, 1504-
1515.

50. Nimesh S, Aggarwal A, Kumar P, Singh Y, Gupta KC, Chandra R.
Influence of acyl chain length on transfection mediated by acylated PEI
nanoparticles. Int. J. Pharm., 2007, 337, 265-274.

51. Forrest ML, Meister GE, Koerber JT, Pack DW. Partial Acetylation of
Polyethylenimine Enhances In Vitro Gene Delivery of gene therapy clinical trials
have used liposomes, and none has used polymer-mediated gene delivery. J.
Pharm. Res., 2004, 21, 365-371.

52. Gabrielson NP, Pack DW. Acetylation of Polyethylenimine Enhances Gene
Delivery via Weakened Polymer/DNA Interactions. Biomacromolecules, 2006, 7,
2427-2435.

53. Han SO, Mahato RI, Kim SW. Water-Soluble Lipopolymer for Gene
Delivery. Bioconjugate Chem., 2001, 12, 337-345.

54. Mahato RI, Lee M, Han S-o, Maheshwari A, Kim SW. Intratumoral

44



Delivery of p2CMVmIL-12 Using Water-Soluble Lipopolymers. Mol. Ther.,
2001, 4, 131-138.

55.  Kim WJ, Chang Ch-W, Lee M, Kim SW. Efficient siRNA delivery using
water soluble lipopolymer for anti-angiogenic gene therapy. J. Controlled
Release, 2007, 118, 357-363.

56. Wang D-a, Narang AS, Kotb M, Gaber AO, Miller DD, Kim SW, Mahato
RI. Novel Branched Poly(ethylenimine)-Cholesterol Water-Soluble Lipopolymers
for Gene Delivery. Biomacromolecules, 2002, 3, 1197-1207.

57. Furgeson DY, Chan WS, Yockman JW, Kim SW. Modified Linear
Polyethylenimine-Cholesterol Conjugates for DNA Complexation. Bioconjugate
Chem., 2003, 14, 840-847.

58. LeeJH, Lim YB, Choi JS, Lee Y, Kim TI, Kim HJ, Yoon JK, Kim K, Park
JS. Polyplexes assembled with internally quaternized PAMAM-OH dendrimer
and plasmid DNA have a neutral surface and gene delivery potency. Bioconjugate
Chem., 2003, 14, 1214-1221.

59. Vuillaume PY, Brumelle M, Van Calsteren M-R, Laurent-Lewandowski S,
Begin A, Lewandowski R, Talbot BG, EIAzhary Y. Synthesis and
characterization of new permanently charged poly(amidoammonium salts and
evaluation of their DNA complexes for gene transport. Biomacromolecules, 2005,
6, 1769-1781.

60. Takahashi T, Kono K, Itoh T, Emi N, Takagishi T. Synthesis of novel
cationic lipids having polyamidoamine dendrons and their transfection activity.
Bioconjugate Chem., 2003, 14, 764-773.

61. Liu GW, Zhang X, Sun SJ, Sun GJ, Yao KD. N-alkylated chitosan as a
potential nonviral vector for gene transfection. Bioconjugate Chem., 2003, 14,
782-789.

62. Hu F-O, Zhao M-D, Yuan H, Du Y-Z, Zeng S. A novel chitosan
oligosaccharide- stearic acid micelles for gene delivery: Properties and in vitro
transfection studies. Int. J. Pharm., 2006, 315, 158-166.

63. Uchegbu IF, Sadig L, Pardakhty A, EI-Hammadi M, Gray Al, Tetley L,
Wang W, Zinselmeyer BH, Schatzlein AG. Gene transfer with three amphiphilic

45



glycol chitosan- the degree of polymerization is the main controller of
transfection efficiency. J. Drug Targeting, 2004, 12, 527-539.

64. Kim YH, Gihm SH, Park CP. Structural Characteristics of size-controlled
self- aggregates of deoxycholic acid-modified chitosan and their application as a
DNA delivery carrier. Bioconjugate Chem., 2001, 12, 932-938.

65. Chae SY, Son S, Lee M, Jang M-K, Nah JW. Deoxycholic acid-conjugated
chitosan oligosaccharide nanoparticles for efficient gene delivery. J. Controlled
Release, 2005, 109, 330-344.

66. Yoo HS, Lee JE, Chung H, Kwon I. C, Jeong SY. Self-assembled
nanoparticles containing hydrophobically modified chitosan for gene delivery. J.
Controlled Release, 2005, 103, 235-243.

67. Pham W, Kircher M. F, Weissleder R, Tung CH. Enhancing membrane
permeability by fatty acylation of oligoarginine peptides. Chembiochem, 2004, 5,
1148-1151.

68. Incani V, Tunis E, Clements BA, Olson C, Kucharski C, Lavasanifar A,
Uludag H. Palmitic acid substitution on cationic polymers for effective delivery of
plasmid DNA to bone marrow stromal cells. JBMR, 2007, 81A, 493-504.

69. Abbasi M, Uludag H, Incani V, Hsu CYM, Jeffery A. Further investigation
of lipid-substituted poly(L-lysine) polymers for transfection of human skin
fibroblast. Biomacromolecules, 2008, 9, 1618-1630.

70. Incani V, Lin X, Lavasanifar A, Uludag H. Relationship between the extent
of lipid substitution on Poly(-Lysine) and DNA delivery efficiency. ACS Appl.
Mater Interface, 2009, 1, 841-848.

71. Torriglia A, Chaudun E, Chanyfournier F, Jeanny JC, Courtois Y, Counis
MF. Involvement of DNase-1l in nuclear degeneration during lens cell-
differentiation. J. Biol. Chem., 1995, 270, 28579-28585.

72. Rauch F, Polzar B, Stephan H, Zanotti S, Paddenberg R, Mannherz HG.
Androgen ablation leads to an unregulation and intranuclear accumulation of
deoxyribonuclease 1 in rat prostate epithelial cells paralleling their apoptotic
elimination. J. Cell Biol., 1997, 137, 909-923.

73. Alshamsan A, Haddadi A, Incani V, Samuel J, Lavasanifar A, Uludag H.

46



Formulation and Delivery of siRNA by Oleic Acid and Stearic Acid Modified
Polyethylenimine. Mol. Pharmaceutics, 2009, 6, 121-133.

74. Lee KY, Kwon IC, Kim YH, Jo WH, Jeong SY. Preparation of chitosan
self-aggregates as a gene delivery system. J. Controlled Release, 1998, 51, 213-
220.

75. Gao X, Huang L. Potentiation of cationic liposome-mediated gene delivery
by polycations. Biochemistry, 1996, 35, 1027-1036.

76. Chiou HC, Tangco MV, Levine SM, Robertson D, Kormis K, Wu CH, Wu
GY. Enhanced resistance to nuclease degradation of nucleic acids complexes to
asialoglycoprotein-polylysine carriers. Nucleic Acid Res., 1994, 22, 5439-5446.
77. Pollard H, Remy J-S, Loussouarn G, Demolombe S, Behr J-P, Escande D.
Polyethylenimine but not cationic lipids promotes transgene delivery to the
nucleus in mammalian cells. J. Biol. Chem. 1998, 273, 7507-7511.

78. Plank C, Mechtler K, Szoka FC, Wagner E. . Activation of the complement
system by synthetic DNA complexes: A potencial barrier for intravenous gene
delivery. Hum. Gene Ther., 1996, 7, 1437-1446.

79. Brown MD, Schatzlein A, Brownlie A, Jack V, Wang W, Tetley L, Gray
Al, Uchegbu IF. Preliminary characterization of novel amino acid based
polymeric vesicles as gene and drug delivery agents. Bioconjugate Chem., 2000,
11, 880-891.

80. Kim SJ, Maruyama A, Akaike T, Kim SW. In vitro gene expression on
smoth muscle cells using a terplex delivery system. J. Controlled Release, 1997,
47, 51-59.

81. Pan G, Shawer M, @ie S, Lu DR. In vitro gene transfection in human glioma
cells using a novel and less cytotoxic artificial lipoprotein delivery system. J.
Pharm. Res., 2003, 20, 738-744.

82. Brissault B, Kichler A, Guis C, Leborgne C, Danos O, Cheradame H.
Synthesis of linear polyethylenimine derivatives for DNA transfection.
Bioconjugate Chem., 2003, 14, 581-587.

83. Thomas M, Klibanov AM. Enhancing polyethylenimine’s delivery of
plasmid DNA into mammalian cells. PNAS, 2002, 99, 14640-14645.

47



84. Pack DW, Hoffman AS, Pun S, Stayton PS. Design and development of
polymers for gene delivery. Nat. Rev. Drug Discovery, 2005, 4, 581-593.

85. Suh J, Lee SH, Kim SM, Hah SS. Conformational flexibility of
Poly(ethylenimine) and its derivatives. Bioorganic Chem., 1997, 25, 221-231.

86. Johnson TW, Klotz IM. Fluorine Magnetic Resonance Studies of
Conformation of Poly(ethylenimines). Macromolecules, 1974, 7, 618-623.

87. Kim S, Choi JS, Jang HS, Suh H, Park J. Hydrophobic modification of
polyethyleneimine for gene transfectants. Bull. Korean Chem. Soc., 2001, 22,
1069-1075.

88. Naemnark A, Suwantang O, Supaphol P, Uludag H. Aliphatic lipid

substitution on 2 kDa polyethylenimine improves plasmid delivery and transgene
expression. Mol. Pharmaceutics., 2009, 6, 1798-1815.

89. Brownlie A, Uchegbu IF, Schatzlein AG. PEI-based vesicle-polymer hybrid
gene delivery system with improved biocompatiblility. Inter. J. Pharm., 2004,
274, 41-52.

90. Vaismanz N, Gospodarowiczj D, Neufeld G. Characterization of the
receptors for vascular endothelial growth factor. J. Biol. Chem., 1990, 265,
19461-19466.

91. Holash J, Davis S, Papadopoulos N, Croll SD, Ho L, Russell M, Boland P,
Leidich R, Hylton D, Burova E, loffe E, Huang T, Radziejewski C, Bailey K,
Fandl JP, Daly T, Wiegand SJ, Yancopoulos GD, Rudge JS. VEGF-Trap: A
VEGF blocker with potent antitumor effects. PNAS, 2002, 99, 11393-11398.

92. Pourgholami MH, Cai ZY, Wang L, Badar S, Links M, Morris DL.
Inhibition of Cell Proliferation, Vascular Endothelial Growth Factor and Tumor
Growth by Albendazole. Cancer Invest., 2009, 27,171-177.

93. Toth I, Sakthivel T, Wilderspin AF, Bayele H, O'Donnell M, Perry DJ, Pasi
KJ, Lee CA, Florence AT. Novel cationic lipidic peptide dendrimer vectors-In
vitro gene delivery. J. Med. Chem., 1999, 42, 4010-4013.

94. Shah DS, Sakthivel T, Florence AT, Wilderspin AF. DNA transfection and
transfected cell viability using amphipathic asymmetric dendrimers. Int. J.

48



Pharm., 2000, 208, 41-48.

95. Bayele HK, Sakthivel T, O'Donell M, Pasi KJ, Wilderspin AF, Lee CA,
Toth I, Florence AT. Versatile peptide dendrimers for nucleic acid delivery. J.
PhamSci., 2005, 94, 446-457.

96. Thanou M, Florea BI, Geldof M, Junginger HE, Borchard G. Quaternized
chitosan oligomers as novel gene delivery vectors in epithelial cell lines.
Biomaterials, 2002, 23, 153-159.

97. MacLaughlin FC, Mumper RJ, Wang JJ, Tagliaferri JM, Gill 1, Hinchcliffe
M, Rolland AP. Chitosan and depolymerized chitosan oligomers as condensing
carriers for in vivo plasmid delivery. J. Controlled Release, 1998, 56, 259-272.

98. Uduehi AN, Moss SH, Nuttall J, Pouton CW. Cationic lipid-mediated
transfection of differentiated Caco-2 cells: A filter culture model of gene delivery
to a polarized epithelium. J. Pharm. Res., 1999, 16, 1805-1811.

99. Kurisawa M, Yokoyama M, Okano T. Transfection efficiency increases by
incorporating hydrophobic monomer units into polymeric gene carriers. J.
Controlled Release, 2000, 69, 127-137.

100. Kurisawa M, Yokoyama M, Okano T. Gene expression control by
temperature with thermo-responsive polymeric gene carriers. J. Controlled
Release, 2000, 68, 1-8.

101. Convertine AJ, Benoit DSW, Duval CL, Hoffman AS, Stayton PS.
Development of a novel endosomolytic diblock copolymer for siRNA delivery. J.
Controlled Release, 2009, 133, 221-229.

102. Wakefield DH, Klein JJ, Wolff JA, Rozema DB. Membrane activity and
transfection ability of amphipathic polycations as a function of alkyl group size.
Bioconjugate Chem., 2005, 16, 1204-1208.

103. Azzam T, Eliyahu H, Makovitzki A, Linial M, Domb AJ. Hydrophobized
dextran-spermine conjugates as potential vector for in vitro gene transfection. J.
Controlled Release, 2004, 96, 309-323.

104. Eliyahu H, Makovitzki A, Azzam T, Zlotkin A, DGazit AJ, Barenholz Y,
Domb AJ. Novel dextran-spermine conjugates as transfecting agents: comparing

water-soluble and micellar polymers. Gene Ther., 2005, 12, 494-503.

49



105. Cavallaro G, Scire S, Licciardi M, Ogris M, Wagner E, Giammona G.
Polyhydroxyethylaspartamide-spermine compolymers: efficient vectors for gene
delivery. J. Controlled Release, 2008, 131, 54-63.

50



3. PALMITIC ACID SUBSTITUTION ON CATIONIC
POLYMERS FOR EFFECTIVE DELIVERY OF
PLASMID DNA TO BONE MARROW STROMAL
CELLS

Incani V, Tunis E, Clements BA, Olson C, Kucharski C, Lavasanifar A, Uludag H

The content of this chapter was published in J. Biomed. Mat. Res. Part A,
2007, 82A, 493-504.

51



3.1. Introduction

Cells derived from the bone marrow environment are extensively utilized in
human gene therapy protocols™?. Bone marrow stromal cells (BMSCs) represent a
source of stem cells that are readily accessible from individual patients®. They
provide a clinically acceptable cell source for therapy without the ethical concerns
associated with the embryonic stem cells. The transplantation of BMSCs to a host
can be performed without systemic immunosuppressants, an important
consideration that has limited extensive application of gene therapy. Significant
efforts were recently devoted to BMSC expansion ex vivo®, and it is now practical
to achieve a clinically sufficient cell mass by using current cell culture
technologies. Moreover, BMSC can be manipulated during ex vivo culture to
direct them into different lineages, including osteoblastic, chondrogenic,
adipogenic, and myogenic phenotypes®. Manipulating BMSC into specific
phenotypes enables ex vivo construction of functional tissues for tissue
replacement in a host. Undifferentiated BMSC, due to their plasticity and an
ability to induce neovascularization, can also reverse functional degeneration in

tissues, as was recently demonstrated in the case of cardiac muscle degeneration®.

Genetic modification of BMSC has been primarily achieved with viral carriers.
Retroviruses and adenoviruses have been used in a clinical setting to deliver
therapeutic genes’, since they are regarded as the most effective carriers for a
prolonged gene expression period. The long-term gene expression relies on
integration of viral genes into the host genome. The undesirable consequences of
viral integration process (i.e., haphazard activation or silencing of host genes), as
well as the immunogenicity of viral particles have recently raised safety concerns
about viral carriers®®. Unacceptable safety outcomes in a recent clinical trial have
led to a moratorium on the use of retroviruses in clinical setting. Non-viral
carriers are preferred for gene delivery because of better safety profiles, but the
use of non-viral carriers for BMSC modification has been limited. Only cationic
lipids were used to modify the cells in the pre-clinical setting and, an important
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class of non-viral carriers, namely cationic polymers, remains to be investigated
in detail for BMSC modifications. Cationic polymers are able to interact with
plasmid DNA (pDNA) via electrostatic means and protect the pDNA against
extracellular nuclease degradation. Cationic polymers enable the entry of pDNA
molecules into the cells by condensing the string-like pDNA into compact
nanoparticles'*°. Polymeric carriers capable of effectively delivering pDNA into

BMSC will greatly facilitate utilization of BMSC in gene therapy.

In this study, we investigated the potential of two cationic polymers,
polyethylenimine (PEI)™* and poly-L-lysine (PLL)", to deliver exogenous genes
to BMSCs. The cationic charges on these polymers were considered sufficient to
neutralize the anionic charge of pDNA, and to condense it into structures suitable
for cellular uptake. Adding hydrophobic moieties to cationic polymers was shown
by others to improve the transfection efficiency in immortalized cell lines****
presumably due to better compatibility of pDNA/polymer complexes with the
lipid bilayer of the plasma membrane. On the basis of this observation, we
explored the utility of a naturally occurring lipid, palmitic acid (PA), to enhance
the ability of PEI and PLL for gene transfer. PA is utilized by mammalian cells to
control the intracellular trafficking of proteins'>*®. The propensity of proteins to
associate with cellular membranes is enhanced after palmitoylation because of
hydrophobic association of the palmitoyl moiety with the hydrophobic
membranes. We reasoned that imparting a hydrophobic character to the cationic
polymers would enhance their ability to cross the plasma membrane and, hence,
facilitate intracellular delivery of the pDNA cargo. Here, we show that PA
substitution on PEI does not improve the capacity of this polymer to act as DNA
carriers, but PA substitution on PLL makes this polymer a very effective DNA

carrier whose efficiency was equivalent to an adenoviral carrier.
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3.2. Material and Methods

3.2.1. Materials

Branched PEI (M,, 25 kDa, M, 10 kDa), PLL hydrobromides (Mis 25, 9, 4 and 1
kDa), homopolymers of arginine, histidine and asparagine, triethylamine (TEA),
anhydrous dimethylsulfoxide (DMSQ), anhydrous N,N’-dimethylformamide
(DMF), palmitoyl chloride (PA-CI; 98%), palmitic acid N-hydroxysuccinimide
ester (PA-NHS), 5% (w/v) 2,4,6-trinitrobenzosulfonic acid (TNBS), Hanks’
Balanced Salt Solution (HBSS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and trypsin/EDTA were obtained from
SIGMA (St. Louis, MO). Anhydrous ethyl ether, dichloromethane (DCM) and
absolute ethanol were purchased from Fisher Scientific (Fairlawn, NJ). Linear
PEls with My, 2 and 25 kDa were obtained from Polysciences (Warrington, PA).
Dulbecco’s Modified Eagle Medium (DMEM; high glucose with L-glutamine),
Penicillin (10,000 U/mL), and Streptomycin (10,000 pg/mL) were from GIBCO
(Grand Island, NY). Deuterated chloroform (CDCls) and water (D,O) used as *H-
NMR solvent were from Cambridge Isotope Laboratories and ALDRICH
(Milwaukee, WI), respectively. Dialysis tubing with a MW cut-off of 12-14 kDa
was purchased from Spectrum Laboratories (Gardena, CA). Lipofectamine-
2000™ was from Invitrogen (Carlshad, CA). Fetal Bovine Serum (FBS) was from
PAA Laboratories Inc. (Ontario, Canada). Ester of Cy5.5 (Cy5.5-NHS) was
obtained from AMERSHAM (St. Laurence, QC) and used for labeling of plasmid
DNA following manufacturer’s protocol. Fluorescein isothiocyanate (FITC) was
purchased from PIERCE (Rockford, IL). An adenovirus expressing the GFP gene

was prepared as described before®’.

A 4.7 kb plasmid incorporating an enhanced green fluorescent protein (pEGFP-
N2) and a kanamycin resistance gene was obtained from BD Biosciences, and
replicated in kanamycin resistant DH5alpha E.coli strain grown in Luria-Bertani

medium. After purification with a Qiagen Plasmid Giga Kit, the plasmid
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concentration and purity were determined by UV spectroscopy according to the
manufacturer's protocol. The plasmid was dissolved in 10 mM Tris-HCI/1 mM
EDTA (pH = 8.0) at 0.4 mg/mL for use in this study.

3.2.2. Synthesis and Characterization of PA-Substituted

Polymers

The PEI-PA and PLL-PA were synthesized by N-acylation of the corresponding
polymers with PA-CI and PA-NHS, respectively (Figure 3.1). To obtain PEI-PA,
1 g of PEI was dissolved in DCM (~5.9 mL) under N, at 5 'C. After addition of
TEA (0.24 mmol), PA-CI dissolved in DCM was gradually added to the PEI
solution over a 30 min period (see Figure 3.2 for exact mole ratios used). The
solution was stirred at 5 'C for 12 hrs under N,. The product was concentrated in
vacuo at room temperature and washed (x3) with excess ethyl ether. The residue
was dried under vacuum at ambient temperature. To obtain PLL-PA, the
preactivated PA-NHS was dissolved in 1 mL of DMF and added dropwise to 25
mg of PLL in 1 mL of DMSO. The mixture was allowed to react for 2 hrs at room
temperature under N,. Excess ethyl ether was added to precipitate the polymer
product, which was washed with ethyl ether, and dried under vacuum overnight at

room temperature.

The composition of the reaction products was determined by a 300 MHz *H-NMR
spectroscope (Bruker 300 AM; Billerica, MA). The solvents used for PEI-PA and
PLL-PA were CDCl3 and D0, respectively. The proton shifts specific for PA (3
~ 0.8 ppm; -CHj3), PLL (6 ~ 4.3 ppm; —-(CO-CH-NH,) and PEI (5 ~ 2.5-2.8 ppm; -
HN-CH,-CH,-NH-) were integrated, normalized for the number of Hs in each

peak, and used to obtain PA substitutions on polymers.

3.23.  TNBS Assay™®

The polymer samples to be analyzed along with the standards were prepared in
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distilled/deionizd H,O (ddH;0). A 20 uL of sample (in duplicate) was added to
the disposable cuvettes, followed by 130 uL of 0.1 M phosphate buffer (pH = 7.0)
and 850 uL of 1 mM TNBS in borate buffer (pH = 9.0). After incubating for 1 h

at 37 'C, the optical density of the samples was measured at 367 nm.
3.2.4. Electrophoretic Mobility Shift Assay (EMSA)

The samples for EMSA were prepared by mixing 3 uL of 0.1 M HEPES buffer
(pH 6.5) with 4 uL of 0.4 mg/mL plasmid solution, and 8 uL of serially-diluted
concentrations of a polymer solution. The mixture was incubated for ~30 min at
room temperature, after which 3 uL of 6x-sample buffer (50% glycerol, 1%
bromophenol blue, and 1% xylene cyenol FF in TBE buffer) was added, and the
samples were loaded onto the 0.5% agarose gels containing 0.05 mg/mL EtBr.
Electrophoresis was performed at 130 V and ~ 52 mA for 45 min, and the
resulting gels were photographed under UV-illumination. The pictures were
digitized, and analyzed with the Scion image analysis software to determine the
mean density of plasmid bands. The measured density was plotted as a function of
polymer concentration and the polymer concentration required for 50% reduction
in plasmid density (ICso) was determined. A polymer-specific binding ratio, BRs,
was determined by dividing the plasmid concentration with the 1Cso and it was
used as a quantitative measure of plasmid-binding efficiency of each polymer. A
lane in which the agarose gel contained the plasmid without any polymer added
was used as a reference, and each polymer was tested at least in 2 independent
EMSA assays.

3.25.  BMSC Isolation and Expansion®

The BMSC were isolated from both femurs of ~8 weeks-old female Sprague-
Dawley rats and pooled to obtain a single cell suspension. The marrow was
removed by cutting the femur at distal and proximal ends with a bone-cutter, and

aspirated using a 5 mL syringe with an 18G needle. The bone marrow was flushed
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out with ~15 mL of DMEM containing 10% FBS, 50 ug/L ascorbic acid, 100
U/mL penicillin and 100 ug/L of streptomycin (referred as basic medium). The
cells were centrifuged (600 g for 10 min), suspended in fresh basic medium and
seeded in a single 75 cm? flask (FALCON). After a medium change on day 3, the
cells were trypsinized on day 7, and expanded on 75 cm? flasks (1:4 dilution). The
BMSC passaged between 2 and 4 generations were used in this study and were
grown in either multiwell plates (6-, or 48-well plates from Corning) or 75 cm?
flasks (FALCON) for testing below.

3.2.6. Polymer Binding to Cells

The PEI and PEI-PA samples were labeled with 1 mM FITC according to the
manufacturer’s directions, and dialyzed against 0.1 M phosphate buffer to remove
the unreacted FITC. TNBS assay was then used to estimate the polymer
concentrations in dialyzed samples. The PLL and PLL-PA samples were also
labeled with 0.1 mM FITC, but were precipitated with absolute ethanol, and
centrifuged at 1600 rpm for 15 min to collect the labeled polymers. The polymers
were allowed to dry in vacuum, and reconstituted in HBSS at a desired

concentration for the cell binding study.

To assess polymer binding to BMSC, the medium from a confluent layer of cells
in 48-well plates was removed, and the cells were rinsed with HBSS (x2). DMEM
(200 pL) was added into each well (in triplicate) followed by the addition of 20
uL of FITC-labeled polymer solution. Cells were incubated for 2 hrs under
standard tissue culture conditions. The medium was then removed, and the cells
were rinsed with HBSS (x2) to remove the unbound polymers. Fluorescence
associated with BMSC was measured with a plate reader (Aex =485 nm, Aem =525
nm; Thermo Labsystems, Waltham, MA). The actual amount of cell-bound
polymer was calculated based on a standard curve generated with the original

FITC-labeled polymer solution.
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In a modification of the earlier procedure, FITC-labeled polymers were incubated
with the cells for ~22 hrs, after which Pl was added to the medium to give a final
concentration of 10 ug/mL. After 15 min, the BMSCs were trypsinized and
percentage of cells displaying FITC-labeled polymer and Pl was assessed by flow
cytometry.

3.2.1. MTT assay

The cytotoxicity of the polymers was tested on BMSCs in 48-well flat-bottomed
microplates. In a typical assay, a 2 mg/mL polymer solution in HBSS was serially
diluted (x2) with HBSS, and 20 uL of polymer solutions were added to the wells
(in triplicate) containing 200 L of basic medium. After 4 hrs incubation at 37 ©
in a humidified 95/5% air/CO, atmosphere, the media was replaced with 500 pL
basic medium, and 100 uL of MTT solution (5 mg/mL) was added to each well.
After 2 hrs incubation, the basic medium was removed, the cell monolayer was
washed 500 pL of HBSS (x2), and the MTT crystals were dissolved with 500 pL
of DMSO. The optical density in each well was measured at 570 nm using a

microplate reader.

3.2.8. DNA Transfer into BMSC

To assess the ability of polymers to transfer pEGFP into BMSCs, 20 ug of
PEGFP-N, solution (in 300 uL) was dialyzed against 0.1 M phosphate buffer (pH
= 7.0) to remove free amines in solution. A 100 uL of Cy5.5-NHS dye solution (1
mg in 300 uL) was added to this solution and allowed to react for 2 hrs at room
temperature. The reaction was stopped by dialysis against TBE buffer. Five uL of
this solution was mixed with a desired concentration of polymer solution, and
incubated for 30 min before addition to cells in 6-well plates. After incubation for
either 4 or 24 hrs, the cells were washed with HBSS (x2), trypsinized and the
uptake of Cy5.5-labeled pEGFP was detected by flow cytometry (Aex=485 nm,

Aem=525 nm; FACScalibur; BD Dickenson). The results were expressed as the
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percentage of cells exhibiting significant fluorescence over that of control samples
(i.e., cells not exposed to labeled pEGFP). As a reference carrier, Lipofectamine-
2000™ (2-20 pL) was also mixed with the labeled pEGFP (2 pg), incubated with

the cells, and cell uptake was analyzed as earlier.

3.2.9. Transfection of BMSC

The polymer/pEGFP polyplexes used for transfections were prepared by mixing
equal volumes of pEGFP (in 150 mM NaCl) and polymer solutions (in HBSS) at
desired concentrations (see Figure legends). After 30 min incubation, the
polyplexes were added to the cells grown on 25 cm? FALCON flasks to give 2 pg
of plasmid per flask. The BMSCs were incubated for 24 hrs with the polyplexes,
after which the cells were either trypsinized for assessment of EGFP expression or
the medium was replaced with fresh medium for longer time cultures. Flow
cytometry was performed on a BD FACscan where the cell fluorescence was
detected in FL1 channel. The instrument settings were calibrated for each run so
as to obtain a background level of EGFP expression of ~1% of cells for control

samples (i.e., cells not transfected).

3.2.10.  Statistical Analysis

Where shown, the results are summarized as mean + standard deviation (SD) of
the indicated number of replicates. Variations between the group means were
analyzed by the Student’s t-test.

3.3. Results

3.3.1. PA Grafting to Polymers and DNA Binding

PA was grafted to PEI and PLL by using two different approaches (Figure 3.1).
The PA-CI was successfully used to graft 1.4-5.2 PA per PEI (Figure 3.2), but
this approach did not yield any PA substitution on PLL under the same reaction
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conditions. A variety of reaction times, and solvents were attempted with PA-CI
with no apparent PA substitution on the PLL. The PA-NHS, which contained an

activated N-hydroxysuccinimide ester for —NH, coupling, was alternatively
utilized to successfully graft 13.2-16.2 PA per PLL (Figure 3.2). A plateau

appeared to be reached for the PA substitution for both polymers and chemistries
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On the basis of EMSA analysis, PEI and PLL were both able to complex pEGFP
and prevent its penetration into agarose gel as a function of polymer concentration
(Figure 3.3). Whereas PEI exhibited a BRsy of 0.051, PLL exhibited a ~6-fold
higher BRso of 0.32. This difference was indicative of the stronger binding of PEI
to a pEGFP. The PEI with PA substitutions of 1.4, 2.7 and 5.2 PA/PEI gave a
gradually increasing BRso of 0.074, 0.085 and 0.160 (Figure 3.3B), indicating an
inhibitory effect of PA on DNA binding of PEI. The PA substitution of PLL at
13.2-16.2 PA/PLL also increased the BRsy to 0.52-0.56 (Figure 3.3B), indicating
the interference of PA in DNA binding of the cationic polymer.
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Figure 3.3. Agarose gel electrophoresis analysis of binding of PEI-PA and PLL-PA conjugates to
PEGFP. The gel results for the individual conjugates were shown in A (1, 2, 3, 4 stands for mass
ratio polymer/DNA), and densitometric analysis of the binding results was shown in B. Lines in B
represent sigmoidal fits for native polymers and polymers with the highest extent of PA
substitution (other fits not shown for clarity). The extent of PA substitutions on the polymers was
indicated on the gel pictures, and in the graph legend. Note that for both polymers, PA substitution
increased the BRsx (i.e., mass ratio for 50% binding) as compared to the native polymers.
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3.3.2. Binding of Polymers to BMSC and Cytotoxicity

The effect of PA substitution on polymer binding to BMSC was then investigated
by using FITC-labeled polymers. Whereas no apparent difference was evident
between the native PEI and the PEI with low PA substitutions, PEI with 5.2
PA/PEI exhibited a significantly higher binding to BMSC (Figure 3.4A). Despite
the higher binding, the cytotoxicity of the PEI-PA was not altered as compared to
native PEI (Figure 3.5A). Similarly, PA substitution on PLL increased the
binding to BMSC (Figure 3.4B), while reducing the polymer toxicity (Figure
3.5B).
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Figure 3.4. Binding of FITC-labeled polymers to BMSC grown in 48-well plates. A. PEI-PA at
the highest PA substitution ratio (5.2 PA/PEI) exhibited a higher binding compared to lower
substituted and native PEIs. B. PA substitution also increased the binding of PLL to BMSC.

To determine the percentage of BMSC that exhibited polymer uptake, flow
cytometry was used to determine the FITC-positive cells after the cells were
incubated with the FITC-labeled polymers for 24 hrs. The percentage of cells
exhibiting polymer uptake was increased with the polymer concentration, but
there was no apparent difference between the PEI and PEI-PA (5.2 PA/PEI;
Figure 3.6). The PLL and PLL-PA polymers were also internalized with the
BMSC as a function of polymer concentration, but the PLL-PA (14.2 PA/PEI)
was able to enter the cells to a much higher extent than the PLL especially at low

concentrations (Figure 3.6).
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Figure 3.5. Toxicity of a PA-substituted PEI and PLL compared to the native polymers. Note that
PA substitution (5.2 PA/PEI) did not affect the toxicity of PEI, whereas PA substituted PLL (15.2
PA/PEI) exhibited ~2-fold reduced toxicity, based on the polymer concentration required for loss

of 50% viability.
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Figure 3.6. BMSC uptake of native PEI and PLL, and PEI-PA and PLL-PA conjugates (5.2 and
16.2 PA/polymer, respectively). The uptake was assessed by FITC-labeled polymers by using flow
cytometry, after cells grown in 6-well plates were incubated with the labeled polymers for 24 hrs.
The PA-substituted PEI did not exhibit a preferential uptake by the BMSC, while a dramatic

uptake by PA-substituted PLL was evident.
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3.3.3. DNA Delivery into BMSC

Incubating the pEGFP alone with BMSC did not result in significant delivery of
pPEGFP to cells after 4 and 24 hrs (Figure 3.7). The pEGFP complexed with both
PEI and PEI-PA enhanced the plasmid uptake by the cells and there was no
significant difference between the PEI and PEI-PA (18-22% uptake, Figure 3.7).
The pEGFP delivery to BMSC was not significant by the PLL after 4 hrs, but
slightly elevated to 4.3% after 24 hrs. The PA-grafted PLL, on the other hand,
significantly increased the delivery to 35.2% of the cells after 24 hrs. As a
reference reagent, pEGFP delivery with the commercially available

0™  was evaluated; BMSC  incubated  with

Lipofectamine-200
Lipofectamine ™/pEGFP complexes displayed the highest uptake after 4 hrs, but

was lower than the PLL-PA at the 24 hrs time point (p < 0.01).

The relative effectiveness of PLL-PA to deliver pEGFP was compared to several
other polycations after 24 hrs incubation with the BMSC (Figure 3.8). The PLL-
PA and branched PEI were the most effective among the polymers tested,
followed by the PLL of 25 kDa. The PLL with lower MWs (1.0-9.2 kDa), linear
PEIs with MWs of 2.5 and 25 kDa, and three homopolymers of the amino acids
asparagine, histidine and arginine, displayed only a small fraction of pEGFP
delivery to the BMSC (Figure 3.8).
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Figure 3.7. DNA delivery into BMSC by PA-substituted polymers. Cy5.5-labeled pEGFP was
utilized without any polymer (designated as DNA in the legend), or complexed with PEI, PEI-PA
(5.2 PA/PEI), PLL, PLL-PA (16.2 PA/PLL) and Lipofectamine-2000"™. pEGFP uptake was
assessed by flow cytometry after 4 and 24 hrs incubation of the complexes with the cells. There
was no uptake of pEGFP in the absence of any carriers and with PLL. The pEGFP uptake with
PEI and PEI-PA was similar. Lipofectamine-2000™ provided the highest pEGFP uptake after 4
hrs, but the PLL-PA gave the highest uptake after 24 hrs.
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Figure 3.8. Uptake of pEGFP by BMSC with various cationic polymers. Cy5.5-labeled pEGFP
was complexed without any polymer or the following polymers (10 ug/mL polymer):
poly(histidine), poly(arginine), poly(asparagines), linear PEI with M,, of 2.5 and 25 kDa, branched
PEI (25 kDa), PLL with M,, of 25, 9.2, 4.0 and 1.0 kDa, and PLL-PA (16.2 PA/PLL). The uptake
was expressed as a fraction of PLL-PA uptake. Note that apart from PEI and PLL, no other
polymers provided any significant pEGFP delivery into the BMSC.
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3.3.4. Transfection Efficiency

The effect of PA substitution on the transfection efficiency of BMSC was then
investigated. An initial study concentrated on evaluating the efficiency of PLL vs.
PLL-PA, rather than PEI vs. PEI-PA, based on lack of improvement in pEGFP
delivery in the latter case. The BMSC was incubated with polymer/pEGFP
complexes for 24 hrs, and EGFP expression was evaluated over the subsequent 8
days (Figure 3.9). The transfections by pEGFP alone (i.e., without any carrier)
and pEGFP/PLL was similar, with< 3% during this time period. PLL appeared to
be beneficial on day 3, but no other benefit of PLL was noted on day 7. The
transfection with pEGFP/PLL-PA was most effective, with maximal level of
~15% on day 3.
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Figure 3.9. Transfection efficiency of PLL-PA as compared to PLL. pEGFP alone (2 pg) or
PEGFP (2 ng) complexed with PLL and PLL-PA (10 ug) was incubated with BMSC in flasks (in
triplicate; 2 mL medium) for 24 hrs, after which the cells were incubated with fresh medium (4
mL) without the pEGFP or the complexes. The percentage of GFP-positive cells was assessed 1, 3
and 8 days afterwards by flow cytometry. PA substitution clearly improved the transfection rate of
the BMSC at all time points.
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Figure 3.10. Transfection efficiency of various carriers over a 7-day period. The pEGFP (4 ug)
was complexed with 10 ng of PLL, PLL-PA (16.2 PA/PLL) and PEI, and 10 uL of Fugene™, and
Lipofectamine-2000™ for 20 min. The pEGFP without any carrier served as the negative control.
The complexes and the GFP-Av were added to the BMSC in 6-well plates (2 mL medium) and
incubated for 24 hrs, after which the complexes were removed, and fresh medium was added to
the cells. The cells were trypsinized after 1, 3 and 7 days and used to obtain percent transfection
by flow cytometry (A) or direct cell counts by a hemocytometer. The combination of total cell
counts and percent transfection for each carrier was used to obtain total number of GFP-positive
cells (B). Note that PLL-PA gave the highest percent transfection initially, which gradually
decreased over the 7-day period. On day 7, GFP-Av and PEI were as effective as the PLL-PA
based on both percent transfection efficiency and the total number of cells transfected.

A subsequent study evaluated the efficiency of PLL-PA as compared to two
liposomal carriers (Fugene™ and Lipofectamine-2000™), unmodified polymers
PLL and PEI, and the GFP-Av. Based on the % transfection rate from the flow
cytometry assessment, PLL-PA was the most effective agent to transfect BMSC
24 hrs after incubation with BMSC (Figure 3.10A). There was a gradual decrease
in the transfection level for the PLL-PA over the 7-day study period, at which
point PEI and adenovirus provided a similar level of % transfection to that of
PLL-PA. The number of cells was determined in parallel to calculate the total
number transfected cells, since any differences in cell number among the carriers
might make % transfection unreliable as a measure of the effectiveness of the
carriers. As shown in Figure 3.10B, the PLL-PA gave the highest number of
transfected cells on day 1, which was reduced over the 7-day study period. The

number of transfected cells was increased for PEI and GFP-Av during the study
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period, reaching to equivalent levels to that of PLL-PA on day 7. The numbers of
cells transfected cells with PLL, and the liposomal carriers were significantly

lower than the earlier three carriers.

3.4. Discussion

This study explored the utility of lipophilic polymers for modification of primary
BMSCs derived from rats. Lipophilic polymers offer the possibility of enhancing
gene transfer efficiency by facilitating transfer of polyplexes through
phospholipid-rich cellular membranes. Modification of cationic polymers has
been attempted before by using other lipophilic molecules. Cholesterol, an

endogenous aromatic lipid, has been utilized to improve the transfection

13 20
| |

capability of branched PEI* and linear PEI”" after chemically coupling the
molecule to the polymers. In the case of linear PEI, cholesterol conjugation
drastically increased the size of the polyplexes formed (2-4-fold)?, which could
have accounted for their improved effectiveness. Cholesterol conjugates obtained
with linear PEI had 1-2 cholesterol/PEI chain for different size PEI chains (M, ~
1.8 or 25 kDa). Smaller particles were obtained when cholesterol was conjugated
to 1.8 kDa PEI™?. There was some but not a dramatic improvement in cell
toxicity over the parent polymer, reminiscent of our results. Cetylated PEI, where
linear PEI was modified with -(CH,):5-CHs, was also explored, but this polymer
was most effective as part of a liposomal formulation in the presence of helper
lipids, and its transfection efficiency alone was relatively low?. The cytotoxicity
of the liposomal formulations with this polymer, however, was significantly
improved over the conventional liposomes®. This was presumably because of the
lower cationic density of the polymers, which is the main reason for the toxicity
of non-viral vectors®®. Unlike these results, an undesirable effect of lipophilic
modification on branched PEI (~25 kDa) was observed by an independent
group®, which reported hydrophobic modifications with —(CH.)1;-CHs and —
(CH,)15-CH3 to reduce transfection efficiency in immortal COS-7 cells. It is

possible that this observation is valid for this particular cell type, since cell-to-cell
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differences in transfection response have been appreciated®?°. It was interesting
to note that modification with —(CH;)1;-CH3 and —(CH2)15-CH3; moieties was
beneficial particularly in the case of a short (2 kDa) linear PEI, where a non-
effective polymeric carrier was transformed into most effective carriers as a result
of this modification®®. Prior to this study, a palmitylated PLL was described by
Reddy?’ et al., and this polymer was shown to improve transfection efficiency of a
[-galactosidase (LacZ)-containing plasmid in immortal KB cells as compared to
native PLL. The obtained improvement was modest (~1.5-fold), and it was not
possible to determine whether this improvement was because of a higher
percentage of transfected cells or the higher expression levels per cell. That study,
however, employed an additional liposomal carrier in order to transfer
pDNA/polymer complexes, and no studies were conducted with palmitylated PLL
as the sole transfection agent. The authors attributed to better dissociation of the
acylated PLL (vs. native PLL) as the mechanism behind better transfection in that
study. The collective experience form several independent groups suggested that
hydrophobic modification of cationic polymers might be beneficial in improving
the effectiveness of the polymers for gene transfer, but this improvement appeared
to be dependent on the nature of the polymer and/or cells utilized for gene

transfer.

PA was chosen for polymer modifications in this study since it is the natural lipid
used for intracellular protein modification for trafficking. An amide linkage was
relied upon to form stable conjugates to mimic intracellular N-palmitylation. This
avoids using unnatural linkages, such as N-ethers utilized in some lipophilic
polymers®*. A relatively low level of substitution was achieved for both PEI and
PLL (< 10% of available primary amines), after which aqueous solubility of the
polymers was compromised. A distinct difference between the PA-substituted PEI
and PLL was the lack of an effect on cell penetration in the case of PEI, but a
much improved cell penetration in the case of PLL. This was also reflected in the
ability of the polymers to carry pEGFP into the BMSC; whereas PA substitution

did not improve the effectiveness of native PEI, PA substitution facilitated cell
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delivery of the pEGFP. The improved delivery was achieved in the absence of an
additional toxic effect, in fact with a slight improvement in the toxicity of PLL. It
is likely that the reduction of cationic charge was not a significant factor in the
observed toxicity, since this amounted to at most ~12% reduction of available
amines in the case of PLL. Given the significantly increased uptake of PLL-PA
(~10-fold; see Figure 3.6), it is likely that the reduced toxicity might arise from
either; (i) a reduced concentration and/or residence time of palmitylated polymer
on plasma membrane, minimizing the extent of non-specific interactions with
anionic residues on cell surface and subsequent membrane perturbing activity”®°,
or (ii) altered intracellular processing of the palmitylated polymer, reducing
nonspecific interactions with critical molecules of the cell metabolism®. The
current study was not intended to investigate this issue, and future studies will be
needed to elucidate the underpinnings of reduced toxicity observed with PA

modification.

The PLL-PA was the most effective carrier when the ability of polymers to
deliver pDNA intracellularly was considered. Only native PEI exhibited a similar
extent of plasmid delivery. Linear PEIs were notable ineffective for plasmid
delivery into BMSC. This was consistent with others’ experience that reported
superior transfection ability with branched PEI vs. linear PEI in immortal cells®,
but it was unlike several other reports that demonstrated successful gene transfer

203132 A clear distinction in our studies was the actual

with linear PEIs
measurement of pDNA delivery into the cells. Important differences between the
linear and branched forms of the PEIs were observed in terms of their complex
formation activity and association pattern with cells under confocal microscopy®.
However, transfection efficiency was typically relied upon as a measure of DNA
delivery, but several intracellular mechanisms can further contribute to
transfection. Homopolymers of cationic amino acids histidine, arginine, and
asparagine were also not effective for BMSC modification, although the
individual amino acids has been successfully utilized to improve the performance

of other carriers®***. Presumably, a homopolymer of these cationic amino acids
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did not have the optimal properties for DNA binding, compaction, cell surface
interaction, and finally internalization by the BMSC. Polymers with relatively
little pEGFP delivery (linear PEIs, homo(amino acids), and low MW PLLs) were
not further evaluated in transfection studies, given the low probability of

improved EGFP expression with relatively little intracellular delivery of pEGFP.

BMSC are unlike the commonly used immortal cells that undergo rapid
proliferation, and provide a relatively robust cell model for evaluating the
effectiveness of gene carriers. BMSC in our current culture system can be
propagated for only 3-4 passages, after which senescence sets in to prevent further
passage. Viral vectors have been the primary choice for modification of BMSC.
Some studies reported almost complete modification of BMSC with GFP by using
retroviral vectors on mouse-derived (96-98%°), and rat-derived BMSC [90-
95%>"). Other studies reported lower extent of GFP modifications (based on flow
cytometric analysis, as used in this study) by retroviral vectors, ranging from
relatively low levels of ~5% for mouse BMSC®®, to intermediate levels of 20-30%
for mouse BMSC*“, to high levels of 60-80% for mouse, canine and human
BMSC***2, Other viral vectors, such a lentiviral and adenoviral vectors similarly
exhibited a 25-80% transfection efficiency on BMSC***. Our experience with an
adenoviral vector was at the lower than these reported values (10-15%),
Although non-viral vectors have been used for modification of BMSC**® little
quantitative information on the transfection efficiency has been reported.

Approximately ~5% efficiency was reported for a liposomal (FUGENE™

) carrier
in one report*’, where higher transfection efficiency (5-17%) was reported for
another liposomal formulation (Lipofectamine™) in rat BMSC*. A cationized
gelatin was not effective for modification of rat BMSC, but PEI provided 4-12%
transformation depending on the N:P ratio®. This was consistent with our recent
study that reported 5-10% transfection efficiency in rat BMSC with pEGFP/PEI
formulations depending on the N:P ratio of the formulation®’. This study reported
a maximal transfection efficiency of ~15% by using PLL-PA, typically

immediately (1 day) after exposure to the carriers. The PEI and GFP-Av were not

71



as effective as the PLL-PA initially, but provided an effective transfection agent

in longer (1 week) time period. Consistent with other reports*’

, liposomal
carriers were not very effective for BMSC modifications, and our more extensive
studies with different pEGFP/liposome ratios did not improve the transfection

efficiency beyond the values obtained in this study (not shown).

We believe that the transfection efficiencies obtained with the current nonviral
formulations represents a step forward in design of effective carriers, but they will
require additional improvements. Most notably, the transfection efficiencies needs
to be improved to the levels obtained with the retroviruses. Having transfection
efficiencies in excess of 80% in the case of retroviruses allows one to utilize the
transfected cells directly for clinical application. With nonviral carriers described
in this study, it might be necessary to resort to cell purification after transfection,
so as to concentrate the modified cells and avoid grafting unmodified BMSC.
Alternatively, we envision to incorporate additional functionalities into the most
successful carrier PLL-PA with the purpose of improving the transfection
efficiency. Mechanisms to address nuclear targeting®® or endosomal escape™
might be incorporated to the lipophilic polymers if these mechanisms are critical

barriers to intracellular trafficking of the pDNA/polymer complexes.

3.5. Conclusions

PA was used to impart a lipophilic character to the cationic polymers PEI and
PLL, which are commonly used in their native forms for nonviral delivery of
therapeutic genes. The polymers with PA substitution displayed slightly lower
binding efficiency to pDNA, presumably because of interference of the bulky
alkyl chains with the ionic interactions between the anionic pDNA and the
cationic polymers. Whereas PEI modification with PA did not improve the DNA
delivery into BMSC, PLL-substituted with ~15 PA/PLL provided a significantly
higher delivery of exogenous pDNA into the cells. This was attributed to better
cellular binding and internalization of PA-substituted PLL, as quantitated by the
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flow cytometry. The improved delivery of pEGFP by PLL-PA was readily
manifested in EGFP expression by BMSC; PLL-PA provided transfection
efficiencies that were equivalent to an adenoviral vector, and significantly higher
than the commercially available cationic lipids. We conclude that PA-substituted

PLL is a promising reagent for transfection of the clinically relevant BMSCs.
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4. RELATIONSHIP BETWEEN THE EXTENT OF
LIPID SUBSTITUTION ON POLY(L-LYSINE) AND
THE DNA DELIVERY EFFICIENCY

Incani V, Lin X, Lavasanifar A, Uludag H

The content of this chapter was published in ACS Applied Materials &
Interfaces 2009, 1(4): 841-848.
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4.1. Introduction

Effective delivery of exogenous DNA into clinically relevant human cells, such as
bone marrow stromal cells (BMSCs), is a major challenge in current gene therapy
protocols. Viral and nonviral carriers are being pursued for this purpose. Because
of the inherent mechanisms evolved to transfect mammalian cells, viral carriers
have displayed more effective transgene delivery. Their clinical application,
however, has been limited because of significant safety concerns, such as the host
immune response mounted against them and the possibility of oncogenic
transformations on target cells'®. On the other hand, non-viral carriers, in
particular cationic polymers, offer several advantages including low
immunogenicity, the capacity to deliver large DNA payloads, stability and ease in
scale-up. Cationic polymers facilitate the passage of DNA molecules through a
cell membrane after condensing the DNA molecules into nanoparticles via
cooperative  electrostatic interactions. Poly(L-lysine) (PLL) and
poly(ethylenimine) (PEI) have been initially used for DNA delivery>®. Their
general efficacy and utility, however, have been hampered by their relative high
toxicity (in the case of PEI) and low transfection efficiency (in the case of PLL),

when compared to the viral carriers.

Because significant components of cellular membranes are lipid-derived, one
approach to improve the performance of polymer-based non-viral carriers is to

11" These moieties are

incorporate hydrophobic moieties into the carriers
expected to function as membrane-anchoring moieties, enhancing the membrane
compatibility of the polymeric carriers, and facilitating the membrane crossing of
genetic cargo into the cells'’2. On the basis of this expectation, we recently
designed*® an amphiphilic lipopolymer by substituting the endogenous palmitic
acid to PLL. Unlike unnatural hydrophobic molecules, endogenous lipids were
preferred because they might ultimately be metabolized by mechanisms inherent
in mammalian cells. The developed lipopolymer was shown to be biocompatible

with the highly sensitive BMSC!® and to be as effective as PEI, a relatively
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effective but toxic polymeric gene carrier. It is not known if palmitic acid was the
ideal lipid for PLL substitution. This study was accordingly designed to explore
the feasibility of substituting PLL with several endogenous lipids of variable
chain lengths, ranging from 8 to 18 lipid carbon chains. It was our intent to
identify most suitable lipid(s), if any, for gene delivery. A relationship between
gene delivery efficiency and the extent of lipid substitution on the carriers was
additionally investigated. Our results did not identify a unique lipid for most
effective DNA delivery, but rather indicated a general relationship between the
extent of lipid substitution, and intracellular plasmid delivery and transgene

expression in BMSC.

4.2. Material and Methods

4.2.1. Materials

Poly(L-lysine) hydrobromides (PLL-HBr; Myis 25500, Mynis and 4000 Da),
triethylamine (TEA), anhydrous dimethylsulfoxide (DMSQO), anhydrous N,N’-
dimethylformamide (DMF), caprylic acid (C8; 98%), myristic acid (C14; 99-
100%), palmitic acid N-hydroxysuccinimide ester (C16; 98%), stearic acid
(C18;95%), oleic acid (C18:1 9Z; 99%), linoleic acid (C18:2 9Z,12Z; 99%), N-
hydroxysuccinimide ester (NHS), and dicyclohexylurea (DCC), Hanks’ Balanced
Salt Solution (HBSS), 5% (w/v) 2,4,6-trinitrobenzosulfonic-acid (TNBS), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and
trypsin/EDTA were purchased from SIGMA (St. Louis, MO). Deuterated
chloroform (CDCl3) and water (D,O) used as proton NMR solvents were
purchased from Cambridge Isotope Laboratories (Andover, MA). Anhydrous
ethyl ether and dry ethyl acetate were purchased from Fisher Scientific (Fairlawn,
NJ). Dulbecco’s Modified Eagle Medium (DMEM; high glucose with L-
glutamine), Penicillin (10,000 U/mL), Streptomycin (10000 upg/mL) and
Lipofectamine-2000 were purchased from Invitrogen (Carlsbad, CA). Fetal

Bovine Serum (FBS) was purchased from Atlanta Biologicals (Lawrenceville,
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GA). A succinimide ester of Cy5.5 (Cy5.5-NHS) was purchased from
AMERSHAM (St. Laurence, QC) and used for labeling of plasmid DNA
following manufacturer’s protocol. A 4.7 kb-plasmid incorporating an enhanced
green fluorescent protein (PEGFP-N;) and a kanamycin resistance gene was
obtained from BD Biosciences. The plasmid was replicated in kanamycin
resistant DHb5alpha E.coli strain grown in Luria-Bertani medium. After
purification with a Qiagen Plasmid Giga Kit (Mississauga, ON), the plasmid
concentration and purity were determined by UV spectroscopy. The plasmid was
dissolved in ddH20 at 0.4 mg/mL for use in this study.

4.2.2. Synthesis and Characterization of the lipopolymers

The lipopolymers were synthesized by N-acylation of PLLs with NHS esters of
the chosen lipid. The NHS esters (NHS-X, where X= caprylic, myristic, palmitic,
stearic, oleic and linoleic acid) were synthesized in-house by mixing equal molar
amounts of lipids, NHS and DCC in dry ethyl acetate. Briefly, the desired amount
of lipids and NHS were dissolved in 3 mL of ethyl acetate, and then DCC in 1 mL
ethyl acetate was added dropwise to lipid/NHS mixtures. The reaction was
allowed to proceed overnight at room temperature under Ny, the urea byproduct
was then filtered and the remaining NHS ester was concentrated with a rotary
evaporator. The desired products were recrystallized from absolute ethanol at 4 °C
and the purity of the obtained product was confirmed by thin later

chromatography™*.

The lipid:lysine mol ratios during the PLL substitution reactions were 0.16 and
0.66 and experimental details were according to a published method from our
lab™. The lipid substitution ratios were determined by *H NMR (Bruker 300 AM)
after dissolving the polymers in D,O and using the characteristics hydrogen shift
of lipids (~0.8 ppm; -CH3) and PLL (~4.3 ppm; -NH-CH-CO). Where indicated,
the lipid methylene content was determined by multiplying the number of lipids

substituted on the polymer (value determined by *H NMR) and the number of
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carbons present in each lipid chain. Further characterization of the modified PLL
was attempted by mass spectrometry, but this was impeded by the aggregate
formation of the polymers. After dissolving the polymers in H,O, TNBS assay™
was used to determine the free amine content of the polymers for subsequent

studies.

4.2.3. BMSC Isolation and Expansion

BMSCs were isolated from the femurs of Sprague-Dawley rats as described in
Ref. 16. The cells were suspended in a basic medium (DMEM supplemented
with 10% FBS, 50 mg/mL ascorbic acid, 100 U/mL penicillin, and 100 pg/mL of
streptomycin), seeded in a single 75 cm? flask (FALCON) for initial expansion
and incubated in a humidified atmosphere of 95/5% air/CO2 at 37 oC. After
medium change on day 3, the cells were either expanded on 75 cm? flasks (1:4
dilution), or seeded in multiwell plates (6-, 12- or 24-well plates from Corning)
for the specific studies conducted (see Figure legends for specific configurations).

The cells from passages 2 to-4 were only used for this study.

424, Cellular Uptake of Plasmid DNA

PEGFP-N, was labeled with Cy5.5-NHS as previously described®. For the uptake
study, the BMSCs were seeded in 12-well plates and allowed to attach for 24 hrs
before the uptake study. The labeled DNA was complexed with the desired
polymer concentrations in the presence of 150 mM NaCl. After 30 min of
incubation, the polyplexes were added to BMSC grown in DMEM with (10%) or
without (0%) FBS. The final concentration of plasmid was 1.2 ug/mL and the
polymers were 10, 3 and 1 ug/mL. After incubation for 24 hrs at 37 °, the cells
were washed with HBSS, trypsinized, and cellular uptake was detected by BD
Dickenson FACScalibur flow cytometry (FL4 channel, 635 nm laser, 5000
events/sample). The flow cytometer was calibrated for each run to obtain a

background level of ~1% for control samples (i.e., untreated cells).
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4.25. Transfection Studies

The polymer/pEGFP polyplexes were prepared by mixing the desired
concentration of pEGFP and polymers in 150 mM NaCl. After 30 min, the
polyplexes were added to BMSC in 6-well plates containing 1 and 10% FBS to
give a final concentration of 1 ug/mL plasmid and 10 and 3 ug/mL polymers or
Lipofectamine-2000. After 24 hrs at 37 ©, either the cells were trypsinized for
assessment of the EGFP expression by BD Dickenson FACScalibur flow
cytometer (FL1 channel, 488 nm argon laser, 5000 events/sample) or the medium
was replaced with fresh basic medium (DMEM with 10% FBS) for longer time
cultures. The flow cytometer was calibrated for each run to obtain a background

level of the EGFP expression of ~1% for control samples (i.e., untreated cells).

4.2.6. Cytotoxicity

Evaluation of cell viability was performed by the MTT assay. BMSCs were
seeded on 48-well flat-bottomed microplates. The cells were incubated with 20
uL of the desired polymer concentration and 500 uL of basic medium (10% FBS)
for 22 hrs at 37 'C. The cell culture medium was then replace (400 pL), and 100
puL of MTT (5 mg/mL) was added per well. After 2 hrs, the medium was
removed, 500 puL of DMSO was added to each well, and the plate was incubated
in the dark for 5 min at room temperature so the crystals formed can be dissolved.
The absorbance was read at 570 nm using a microplate reader. The negative
control was assigned to 100% cell viability, and the remaining samples were

normalized to this value®’.

4.2.7. Data Analysis

Where indicated, all results are summarized as mean + standard deviation (SD) of
the indicated number of replicates. Variations between the group means were
analyzed by the Student’s t test (p < 0.05). The significance (p < 0.05) of
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correlations between the variables was tested by calculating the Pearson Product-
Moment Correlation Coefficient (r) for sample size N, and relating the coefficient
r to t distribution by t = r / [(1 - r*)/(N - 2)]"2.

4.3. Results

4.3.1. Characterization of Lipopolymers

Cationic lipopolymers were synthesized by modifying low (4 kDa) and high (25
kDa) molecular weight PLL with N-hydroxysuccinimide (NHS) esters of several
lipids (Figure 4.1).

o]

/ R
s
o) N—O
H
—_—
% DMSO/DMF
(50500
NHa

Figure 4.1. Synthesis of Lipid-substituted PLL by N-Acylation with NHS-Activated Lipids. R =
caprylic acid, myristic acid, palmitic acid, oleic acid and linoleic acid.

ZT

The average degrees of substitutions (*H NMR) obtained on PLLs after the
reaction were summarized in Table 4.1 and Figure 4.2. With 4 kDa PLL, the
number of lipids per PLL ranged form 0.9 to 4.1, whereas, with 25 kDa PLL, the
number of lipids per PLL ranged from 2.3 to 10.0. No obvious correlations were
evident between the chain length of the lipid and the number of lipid substituted
per PLL. A higher lipid substitution was expected at higher lipid/lysine feed
ratios; however, this was not the case for the lipopolymers prepared from the 4
kDa PLL (Figure 4.2). This expectation was realized for most lipids in the case of
25 kDa PLL, except oleic acid (C18:1 in Figure 4.2).
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Table 4.1. Characteristics of the Polymer Library prepared from 25 and 4 kDa PLL at lipid/lysine
feed ratios of 0.16 and 0.66.

Polymer no. of carbons lipid
MW lipid in the lipid feed ratios z methylene
[kDa] chain (lipid/lysine) content®

25 Caprylic acid 8 0.16 3.9 31.2
0.66 6.9 55.2
25 Myristic acic 14 0.16 8.7 121.8
0.66 9.9 138.6
25 Palmitic acid 16 0.16 7.4 118.4
0.66 9.8 156.8
25 Stearic acid 18 0.16 4.9 88.2
0.66 10 180
25 Oleic acid 18:1° 0.16 6.7 120.6
0.66 6.2 111.6
25 Linoleic acid 18:2° 0.16 2.3 41.4
0.66 4.5 81
4 Caprylic acid 8 0.16 3 24
0.66 1.9 15.2
4 Myristic acid 14 0.16 3.2 44.8
0.66 3.6 50.4
4 Palmitic acid 16 0.16 4.1 65.6
0.66 3.8 60.8
4 Stearic acid 18 0.16 2.4 43.2
0.66 2.4 43.2
4 Oleic acid 18:1° 0.16 2.3 414
0.66 1.9 34.2
4 Linoleic acid 18:2° 0.16 2.1 37.8
0.66 0.9 16.2

*Number of carbons in the lipid chain:number of unsaturation. "Substitution (number of lipids per
PLL) determined by *H NMR. ‘Lipid methylene content = Z x number of carbons in the lipid
chain.

Because polymers with variable number of lipids/PLL were obtained, the extent
of lipid substitution was expressed by calculating the lipid methylene content in
each polymer (= number of lipids/PLL obtained from 1H NMR multiplied by the
number of carbons present in corresponding lipid chains; Table 4-1 and Figure
4.2B). Polymers substituted with myristic, palmitic and stearic acid generally

gave the highest lipid methylene content among the lipopolymers.
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Figure 4.2. Number of lipids (A) and lipid methylene content (B) per PLL after substitution
reactions. The data are summarized for PLLs of 25 kDa (squares) and 4 kDa (circles). The
lipid/lysine feed ratio was either 0.16 (close symbols) or 0.66 (open symbles). Note that the larger
PLL had generally higher substitutions, but no clear relationship between the lipid chain length
and the extent of substitution was evident.

The ability of the synthesized polymers to condense DNA molecules was
evaluated by agarose gel electrophoresis®®. By using pEGFP, all polymers were
able to effectively bind and condense the plasmid DNA in a concentration-
dependent manner (data not shown). The concentration for effective
condensation, typically given by IC50 (i.e., polymer/plasmid mass ratio to obtain
50% complex formation as assessed by agarose gel electrophoresis)™, ranged
between 0.3 and 0.5, and no clear effect of lipid substitution was evident on this

particular parameter.

The cytotoxicity of the polymers was evaluated on BMSCs at polymer
concentrations of 10 and 3 ug/mL (Figure 4.3). These concentrations were
chosen based on our previous studies that determined concentrations for an
effective plasmid delivery. The results indicated that the cytotoxicity of the
lipopolymers derived from 4 kDa PLL was negligible in the chosen concentration
range (Figure 4.3A). Most lipopolymers derived from 25 kDa PLL did not
display cytotoxicity as well, except two polymers obtained from myristic and
palmitic acid substitution at a lipid/lysine ratio of 0.16 (Figure 4.3C).
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Note that polymers derived from 4 kDa PLL did not display any toxicity. Two
lipopolymers derived from 25 kDa PLL (myristic and palmitic acid derived from
lipid/lysine ratio of 0.16) displayed toxicity at 10 ug/mL but there was no obvious
correlation between the lipid methylene content and cytotoxicity. The MTT
absorbance from untreated cells is indicated with a gray triangle (Figure 4.3C). It
was not clear why these two polymers displayed a cytotoxic effect because (i)
similar polymers with higher myristic and palmitic acid substitutions (from feed
ratio of 0.6) did not give such a cytotoxicity and (ii) no clear relations between the
extent of lipid methylene content and cytotoxicity was evident (Figure 4.3C). At

this point, we are unable to account for the observed cytotoxicity.
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Figure 4.3. Cytotoxicity of polymers on BMSCs at polymer concetration of 10 and 3 pg/mL. The
results are summarized for polymers derived from 4 kDa PLL (A) and 25 kDa PLL (B) at
lipid/lysine ratios of 0.16 and 0.66. (C) Cytotoxicity of polymers derived from 25 kDa as a fuction
of the lipid methylene content.
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4.3.2. Cellular Delivery of Plasmid DNA

All native and lipopolymers were complexed with Cy5.5-labeled pEGFP at
polymer/pEGFP ratios of 0.83, 2.5 and 8.33, all in excess of ICs, values
determined from gel electrophoresis. The final polymer concentrations in contact
with cells were 1, 3 and 10 pg/mL, in line with our previous studies that identified
concentrations necessary for effective plasmid delivery. The cellular delivery was
assessed in a medium rich in FBS (10%) by using flow cytometry. With a
relatively high concentration of polymers (10 ug/mL), the lipopolymers derived
from 25 kDa PLL gave significantly higher uptake as compared to the polymers
derived from 4 kDa PLL: > 70% of the cells displayed plasmid uptake in the case
of 25 kDa polymers, whereas < 30% of cells displayed plasmid uptake with
smaller PLL (Figure 4.4A). Given this significant difference in plasmid delivery,
we decided not to pursue smaller PLLs and focus only on the polymers derived
from 25 kDa PLL in further studies.

A subsequent plasmid delivery study was performed with 25 kDa PLL-derived
lipopolymers at different polymer concentrations (10, 3 and 1 ug/mL). The results
showed a positive correlation (p < 0.002, < 0.05, < 0.008 for 10, 3 and 1 pg/mL
respectively) between the lipid methylene content and the plasmid delivery
(Figure 4.4B). A 3-8 fold increase in plasmid delivery was obtained when
compared to the unmodified 25 kDa PLL, which gave plasmid delivery to < 10%
of the cells under the experimental conditions. Polymers with the highest
substitution of myristic, palmitic and stearic acid (~10 lipids/PLL) gave the most
effective pEGFP delivery. Incubating the cells with pEGFP in the absence of any
carriers yielded < 2% Cyb5.5-positive cells for all experiments, indicating the
percentage of cells capable of plasmid uptake without the need of a carrier.
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Figure 4.4. pEGFP delivery to BMSCs as a function of the lipid methylene content of PLLs. The
cellular uptake was assessed after 24 hrs of incubation of complexes with cells. (A) Comparison of
polymers derived from 4 and 25 kDa PLL. (B) pEGFP delivery by lipid-substituted 25 kDa PLL at
10, 3and 1 pg/mL (in DMEM with 10% FBS). (C) Effect of serum (0 vs 10% FBS in DMEM) on
the pEGFP delivery to BMSCs by selected lipid-substituted PLL (polymer:pEGFP = 10:1.2 and
3:1.2 pg/mL; polymers from a feed ratio of 0.66). pEGFP without any carrier yielded ~2%
PEGFP-positive cells for all experiments. Linear regressions in Figure 4.4 C are for the high

concetration of polymers.
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Additionally, we studied the effect on pEGFP delivery in the presence and
absence of serum proteins (i.e., with 0 and 10 % FBS) in the cell culture medium.
Polymers from the feed ratio of 0.66 and concentrations of 10 and 3 pug/mL were
tested in this study. Serum proteins were found not to interfere with plasmid
delivery by the lipopolymers (Figure 4.4C).

4.3.3. Transfection Efficiency

Transfection studies with lipopolymers were conducted along with the most
commonly used commercial lipid formulation, Lipofectamine-2000. After 24 hrs
exposure of cells to complexes in FBS-containing medium (10% FBS), we
observed a correlation (p < 0.01, < 0.008 for 10 and 3 pg/mL 10%FBS
respectively and p < 0.002 for 10 ug/mL 1% FBS) between the transfection
efficiency and the extent of lipid methylene content at the two polymer
concentrations tested (Figure 4.5A). As much as 20-25% of the cells were
modified under these conditions with the most substituted PLL (~10 muyristic,
palmitic, stearic acid per PLL). Unmodified PLL gave ~4% modification under
the same conditions. The transfection of the cells was also investigated in a
medium with reduced serum content (0OMEM with 1% FBS). A correlation
between the transfection efficiency and lipid methylene content was again evident
(not shown). Lipofectamine-2000 formulation gave 2-3% transfection after 1 day

of exposure (data not shown).
Using a select set of lipid-substituted polymers (polymers from feed ratio of 0.66),

transfection efficiency was evaluated on days 7 and 14 (Figure 4.5B). The

correlation (p < 0.0002 and 0.02 for days 7 and 14, respectively) between the
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Figure 4.5. (A) Effect of the lipid methylene content of polymers on the EGFP expression on day
1. The plasmid concetration was 1 ug/mL, whereas the polymer concentrations were 3 and 10
ug/mL. (B) EGFP expression on days 7 and 14 at polymer/pEGFP concentrations of 10 and 1
ug/mL, respectively. Only polymers from a feed ratio of 0.66 were used for this study.

extent of lipid substitution and transfection efficiency was retained even after 7
days, however a significant drop in transfection efficiency was noted after 14
days. The EGFP expression with commonly used commercial transfection reagent

Lipofectamine-2000 was ~1% on days 7 and 14 (data not shown).

4.4. Discussion

The development of effective non-viral gene delivery systems is crucial for
successful gene therapy. To achieve this goal, we imparted lipophilic character to
a relatively ineffective DNA carrier, PLL, by grafting hydrophobic moieties onto
the polymer backbone, and evaluated its DNA delivery capability in BMSCs.
Two different PLLs (4 and 25 kDa) were used to assess the influence of polymer
MW on DNA delivery’”*°. These PLL sizes were selected because they combine
a relative good toxicological profile with some membrane activity and efficient
condensation of DNA into stable particles’®. Additionally, several endogenous
lipids (myristic, palmitic, stearic, oleic and linoleic acids) were chosen for PLL
substitution to avoid unnatural moieties in the carriers (except caprylic acid).

Because PLL enables plasmid DNA condensation via interaction of its primary
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amines with anionic phosphates groups of DNA, the reaction conditions were
controlled to substitute < 10% of the PLL lysine, leaving sufficient free L}NH; to
condense DNA while maintaining polymer aqueous solubility. By using two
lipid/lysine feed ratios (0.16 and 0.66), we were able to synthesized a series of
modified polymers with different degrees of lipid substitutions. The obtained
lipopolymers did not always follow a predictable pattern of lipid substitution, and
it is likely that improved reaction conditions need to be identified for better
control of lipid substitution. Other solvents that can better solvate the reactants
with widely differing properties (i.e., cationic polymer and hydrophobic lipids), or
a scaled-up reaction (our current reaction called for 25 mg PLL, which is a
relatively small amount), might be possible solutions. Because the resultant
lipopolymers displayed a variable lipid substitution, we preferred to normalize the
extent of lipid substitution based on lipid methylene content in each polymer. In
this way, we explored correlations between the DNA delivery efficiency and the
extent of modifications based on a common variable (i.e., lipid methylene
content).

The condensation of DNA molecules for cellular internalization is a prerequisite
for efficient gene delivery. In our case, all polymers were able to effectively bind
and condense pEGFP even at the lowest polymer/pEGFP ratio used (1:1). Once
plasmid DNA complexation was confirmed, the capability of lipid-substituted
carriers for intracellular delivery of plasmid DNA was evaluated. Comparisons
between carriers generated from PLLs of different MWs showed a greater uptake
when high-MW lipopolymers were used. This difference was previously noted by
others and was likely due to a higher density of € -NH; present on high-MW PLL,
increasing the number of DNA-polymer interactions necessary for a stable
complex formation®, which, in turn, increased the amount of genetic payload
delivered through the plasma membrane. We also investigated the effect of
polymer concentration on cellular uptake with lipopolymers derived from 25 kDa
PLL; the plasmid delivery into the cells was proportional to polymer

concentration and, more importantly, a correlation between the lipid methylene

94



content and plasmid delivery was evident at all concentrations tested. This
indicates that there is a greater complex-membrane interaction when hydrophobic
moieties are involved in complex formation, particularly for polymers with the
highest content and carbon length of 14-18 (~10 lipids/PLL), which gave the most
effective pEGFP delivery. These findings are in agreement with our previous
publication and other research group that coupled PLL to hydrophobic agents to
enhanced cellular uptake and transcription”®*, Although full pEGFP
complexation was obtained even at the lowest polymer concentration (1 pg/mL)
under our experiment conditions, an excess of polymer was still needed for more
effective plasmid because increasing the polymer concentration from 1 to 10
ug/mL continued to improve the intracellular delivery, whereas unmodified PLL

yield , 10% Cy5.5-positive cells under the experimental conditions.

Positively charged complexes are necessary for interaction with anionic cell
surfaces. However, the cationic nature of the complexes may lead to additional
unspecific interactions with negatively charged serum proteins. This could
decrease cellular association with complexes, thus reducing or inhibiting
endocytosis™®?. Cationic liposomes, for example, may display low DNA delivery
efficiency because of strong interactions with serum proteins. Avenues to
overcome serum inhibition involve increasing the charge ratio of lipid to DNA,
and/or allowing sufficient maturation time for complexes before exposure to
serum-containing medium for transfection?”?. Interactions of poly(amino acid)-
based complexes with biological environment are often problematic, and PLL
polyplexes are well-known to interact with body fluids and rapidly cleared from

the systemic circulation®*®

. Consequently, several strategies to address this
problem have been used. One common strategy is based on the use of hydrophilic
polymers, such as PEG®?%" or HPMA?, to create a hydrophilic coating that
reduces interactions with serum proteins. More recently, Brown' et al., designed
a neutral gene delivery system based on palmitoyl-PEG-PLL that contained
cholesterol, and the authors showed that this system augmented the half-lives of

the complexes in the bloodstream as compared to complexes formed with PLL
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alone. Kim’ et al., also observed a beneficial effect of low-density lipoprotein
(LDL) in complexes formed with hydrophobized PLL (stearyl-PLL), and this
beneficial effect was lost in a serum-free medium. Given the importance of serum
interactions, we investigated the effect of serum on pEGFP delivery. Our
experiments showed no apparent interference of serum proteins in cellular
delivery of DNA by the lipid-substituted polymers. As was the case in the
presence of FBS, plasmid delivery was proportional to the lipid methylene content
in the absence of FBS (Figure 4.4C). This result suggests that the lipid-
substituted PLLs could efficiently deliver DNA without the need for further
modification of the carrier and/or polyplexes (e.g., lipid helpers, lipoproteins or

hydrophilic coating).

Although the majority of the cells in culture can internalize the plasmid/carrier
complexes, only a small fraction of the cells actually expresses the transgene.
Generally, after internalization of the complex, plasmid/carrier complexes are
transported through the endosomal/lysosomal pathway, leading to vesicle
acidification to pH 5-6 by the action of an ATPase. A fraction of the complexes is
degraded, but also some complexes are released from these compartments into the
cytosol, so that it can be transported to the nucleus. In a previous publication®,
we were able to locate pEGFP/palmitic-PLL in the cytoplasm as well as in the
nucleus on BMSCs after 24 hrs. This showed that the designed amphiphilic
carriers not only protected the DNA from enzymatic degradation but also
delivered the genetic payload into the nucleus. We expect that the use of other
lipids on PLL, i.e., the ones describe on this paper, might have a similar response.
Because of the large numbers of the carriers, however, this issue was not explored
in this study, and additional studies are planned to explore the details of complex

trafficking as a function of substituted lipid on the carriers.
Consistent with cellular uptake results, EGFP expression was proportional to the

extent of lipid methylene content of the polymers. Lipid-substituted polymers

with a lipid length between 16 and 18 gave the highest transfection levels; 20-
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25% of the cells were modified under these conditions, while native PLL only
gave ~4% and Lipofectamine-2000 gave 1-3% modification under the same
conditions, indicating the significant potential of the designed polymers for
plasmid delivery. Interestingly, cells under reduced serum conditions gave up to
2-fold higher extent of modification than the cells under normal serum conditions
(10% FBS). Unlike plasmid internalization, it is possible that serum proteins
might interfere with intracellular complex dissociation necessary for EGFP
expression, leading to a lower level of EGFP expression. Future studies are
planned to explore the reasons of better gene expression under reduced serum
conditions. The transgene expression was maintained up to 7 days, and
correlations between the extent of lipid substitution and transfection efficiency
was observed during this time period. However, a significant drop in transgene
expression was noted after 14 days, which is consistent with the transient nature
of non-viral delivery in general®°.

Minimal or no cytotoxicity of a synthetic carrier is an important requirement for
gene delivery systems. The use of gene carries that mimic naturally-occurring
molecules (e.g., lipoproteins) could significantly reduce the toxicity of delivery
systems. PLL has been known to be toxic on mammalian cells*!; however,
attaching hydrophobic molecules to polymeric backbone seems to decrease the
cytotoxicity, when compared to unmodified polymers®**233. The high positive
charge density of gene carriers is generally considered to be the reason for

cytotoxicity**

, and shielding these charges with hydrophilic polymers or
lipoproteins has been a productive strategy. Kim’ et al., observed a reduction of
the toxicity of stearyl-PLL when low-density lipoprotein (LDL) was combined
with this carrier, but the beneficial effect of stearic acid substitution, if any, was
not studied in this polymer. Brown' et al., and Pan® et al., also used lipid-
modified PLLs (palmitoyl-PLL-PEG and palmitoyl-PLL in a 'nanoemulsion’
formulation, respectively) and showed a decrease of toxicity as compared to
unmodified PLL. The toxicity of these carriers without PEG grafting or without

the nanoemulsion formulation was not evaluated, so that the benefit of lipid
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modification in reducing toxicity could not be assessed. In our study, the
cytotoxicity of the polymers at concentrations effective for intracellular plasmid
delivery to BMSCs was independent of the hydrophobic moiety used as well as,
for the majority of the cases, to the extent of lipid substitution. These results
suggest the possibility of improving plasmid delivery by the lipopolymers without
adversely affecting cellular physiology. We recognize that the cytotoxicity of
polycationic gene carriers is dependent on the cell system chosen. For example,
our studies® using a different clinically relevant cellular system, skin fibroblasts,
showed some toxicity with the polymers, in particular for those that gave effective
pEGFP  delivery (e.g., myristic acid-substituted PLL).  Similarly,
Choksakulnimitr®® et al., studied the degree of toxicity of polycationic carriers in
brain microvessel endothelial cells, macrophages and hepatocytes. They observed
that macrophages had a higher sensitivity to polymers than the hepatocytes and
endothelial cells. We focus on highly sensitive BMSCs, since they are clinically
useful, unlike other commonly used immortal cells. The BMSC might be more
tolerant to our gene carriers than other cell types (e.g. skin fibroblasts), and this
observation highlights the importance of evaluating toxicity of gene carriers in

desired target cell phenotypes.

4.5. Conclusions

The results of this study indicated that several endogenous lipids are suitable for
incorporation into PLL to serve as effective DNA carriers. Carriers with high MW
and high lipid methylene content increased cellular uptake, generating significant
gene expression with relatively low toxicity on clinically relevant BMSCs.
Myristic, palmitic and stearic acid-substituted polymers gave the most effective
DNA delivery, but this was likely because of high substitution ratios obtained
with these lipids (~10 lipids/PLL). We noted for the first time a general
relationship between the extent of lipid substitution and gene delivery efficiency.
Even though other lipids were not effective, we speculate that they could be as
effective as the myristic, palmitic and stearic acids if they are sufficiently
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substituted on PLL, given that the established correlations were equally valid
based on both the number of lipids and number of lipid methylenes substituted per
polymer. We conclude that the described amphiphilic polymers should be
effective for ex vivo modification of clinically relevant cells and may be further

engineered with targeting moieties for modification of cells in vivo.
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5.1. Introduction

Synthetic gene carriers take advantage of the chemical properties of DNA-binding
compounds to form DNA complexes (or particles) that can readily be adsorbed
onto cell surfaces and become internalized. Among the well-known gene carries
are high (e.g., 25 kDa) molecular weight (MW) cationic polyethylenimines (PEI).
The strong transfection efficiency of PEIs arises from the different pKa values of
the primary, secondary and tertiary amines in the polymer backbone, which gives
polymer a strong ability to bind to DNA molecules while retaining an effective
buffering capacity against endosomal pH decrease, thus allowing the complexes
to escape from the endosomal vesicles before enzymatic attacks'. However, the
use of high MW PEI has been hindered by the polymer’s relatively high toxicity
due to its highly cationic nature. One way to reduce the toxic effect of polymers is
to employ low MW PEI and conjugate the polymers’ amine groups with specific
ligands that can enhance the effectiveness of the polymer®®. Ligands that can
grant specificity to cell-surface molecules can create carriers with higher binding
capacity to cell surface, thereby requiring lower amounts for effective gene
transfer and decreasing the cytotoxicity of the carriers. Lipids have been grafted

onto the carriers as well*®

that would enhance non-specific interaction with
cellular membranes and/or intracellular trafficking. Although lipid substitution is
known to improve carrier efficiency, the mechanism by which these polymers are

internalized and subsequently transfect the target cells is poorly understood.

Lipid modification of proteins are routinely carried out intracellularly with a
variety of lipids, such as myristic (C14), palmitic (C16), farnesyl (C15) or geranyl
(C20) acids. These modifications affect how the protein interacts with the lipid-
rich cellular membranes, allowing different modes of trafficking between the
membrane compartments®. It has been possible to anchor the proteins onto the
membranes as a result of such modification, or flip proteins in-and-out of
membranous vesicles with reversible attachment of lipidic residues onto the

proteins. Therefore, modification of carriers by conjugating fatty acids (lipids)
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that can mimic this interaction has been actively pursued. Incani’ et al., have
imparted lipophilic character to the relatively ineffective DNA carrier poly-L-
lysine (PLL) by grafting endogenous lipids (myristic C14, palmitic C16, stearic
C18, oleic C18:1 and linoleic C18:2 acids) onto the polymer backbone. The
carriers with high MW and high lipid content increased cellular uptake in rat-bone
marrow stromal cells (rat-BMSC). Despite the high internalization, however, only
a small fraction of the cells actually expressed the transgene. The PLL substituted
with C16 and C18 lipids gave the highest transgene levels compared to native
PLL and commercial transfection agent Lipofectamine™ 2000. In line with these
results, Abbasi® et al., showed that the lipid-substituted polymers where able to
protect the DNA payload against nuclease degradation and efficiently deliver
plasmid DNA into human skin fibroblasts, particularly with C14 and C18
modified PLL. It is important to note that efficient gene delivery was obtained
with high lipid substitution and especially with lipids longer than C8, suggesting
that the length of the lipid chain is an important factor in the design of efficient
gene delivery carriers. Neamnark® et al., also modified low MW (2 kDa) PEI with
the same series of lipids and observed an enhanced plasmid DNA delivery into
293T and rat-BMSC cells compared to the inefficient carrier 2 kDa PEI.
However, significant gene transfection was evident only with 293T cells, and
their transfection ability was equivalent to highly effective 25 kDa PEI without
the toxic effect associated with the latter polymer. No particular lipid emerged as
ideal substituents for transgene expression for this system, although linoleic acid
(C18:2) appeared to be superior to other lipid substituents. The unique feature of
the linoleic acid was its long carbon chain (the longest among the explored lipids)
and the presence of the unsaturated double bond in the lipid chain. In general, as
little as 1 lipid substitution per PEI was effective in transforming the ineffective 2

kDa PEI into an effective carrier.
This study further explored the desirable structural features of lipid substituents in

order to enhance its transfection ability of low MW PELI. Since the longest lipid

previously employed had 18 carbons, we synthesized new carriers by conjugating
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fatty acids of longer chain lengths and with multiple unsaturated double bonds to
the backbone of PEI. By using elaidic acid (ELA; C18:1T), «-linolenic acid
(LLA; C22:3), behenic acid (BA; C22:0), erucic acid (EA; C22:1), and
docosahexaenoic acid (DHA; C22:6), we generated a series of lipopolymers from
the low MW PEI. Unlike the high MW PEls, low MW native PEI has better
cytotoxicity profiles, but they have shown to be ineffective as gene carriers. Thus,
modifications on this type of polymer are desired to develop effective gene
carriers without adversely affecting the toxicity profile of the carriers. In addition
to exploring the influence of lipid chain length and number of double bonds on
lipid substituents, we investigated the internalization mechanism and intracellular
trafficking of the plasmid/carrier complexes by using established endocytic drug
inhibitors, namely genistein, chlorpromazine and methyl-3-cyclodextrin (MBCD).
These studies were conducted by using two cell types, the easy-to-transfect 293T
cells and clinically-relevant human bone marrow stromal cells (h-BMSC).

5.2. Material and Methods

5.2.1. Materials

Branched 2 kDa PEI (M, 1.8 kDa and M,, 2 kDa) and 25 kDa PEI (M, 10 kDa
and M,, 25 kDa), fluorescein isothiocyanate (FITC), chloroquine, L-ascorbic acid,
sodium acetate, chlorpromazine, genistein, methyl-g-cyclodextrin (MBCD),
anhydrous dichloromethane (DCM), triethylamine (TEA), Hank’s Balanced Salt
Solution (HBSS), dimethylsulfoxide (DMSO), 37% formaldehyde and deuterated
water (D,O) were purchased from SIGMA (St. Louis, MO). Acetic acid, ethanol
and ethyl ether were purchased from Fisher Scientific. Behenoyl chloride (BA),
4,7,10,13,16,19 docosahexanoyl chloride (DHA), elaidoyl chloride (ELA),
erucoyl chloride (EA), and o-linolenoyl chloride (LLA) were obtained from Nu-
Chek Prep, Inc. (MN, USA). Dulbecco’s Modified Eagle Medium (DMEM; high
glucose with I-glutamine), penicillin (1000 U/mL), trypsin/EDTA, streptomycin
(10 mg/mL), UltraPure™ Water (DNAse and RNAse free), and Hoechst 33258
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were purchased from Invitrogen (Grand Island, NY). Fetal bovine serum (FBS)
was purchased from Atlanta Biologicals (Lawrenceville, GA). SYBR Green | was
obtained form Invitrogen (CA, USA). Cy5 Label IT® Tracker™ Intracellular
Nucleic Acid Localization Kid was obtained from Mirus Bio (Madison, WI) and
used for labeling of plasmid DNA following manufacturer’s protocol. The
plasmids gWIZ (blank plasmid with CMV promoter but lacking a functional
gene) and gWIZ-GFP (AcGFP expressing plasmid under the CMV promoter)
were purchased from Aldevron (Fargo, ND).

5.2.2. Synthesis and Characterization of Lipopolymers

The PEI used for lipid substitution was freeze-dried to remove its water content.
The lipopolymers were synthesized by N-acylation of 2 kDa PEI with lipids
chlorides (Figure 5.1). The synthesis procedure was described in a previous
work'®. Briefly, 100 mg of PEI was dissolved in 5 mL of DCM under N, at room
temperature. After addition of 160 uL of TEA, the desired fatty acid dissolved in
5 mL of DCM was gradually added to a PEI solution over a 30 min period. The
solution was stirred for 12 hrs under N and the reaction was quenched in an ice
bath. The product was then concentrated in vacuo and washed (x3) with excess of
ethyl ether. The residue was dried overnight under vacuum at room temperature.
The lipid:PElI amine ratios were systematically varied during the synthesis
procedure. Lipopolymers were analyzed by *H NMR (Bruker 300 MHz; Billerica,
MA) in D,0. Proton chemical shifts specific for lipids (6 ~0.8 ppm; -CHs) and
PEI (6 ~2.5-2.8 ppm; -HN-CH,-CH,-NH-) were integrated and normalized to the
number of H’s in each peak, and then used to obtain the extent of lipid

modification on the polymers.

5.2.3. DNA binding and Complex Dissociation

Plasmid DNA binding ability of the lipopolymers was assessed using SYBR

Green | dye exclusion assay, where the dye displays specific binding for double-
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stranded DNA. Briefly, gWIZ-GFP solutions (2 pg/mL) were prepared in 150
mM NaCl and 1.5 to 96 uL of polymer solutions (5 ng/mL) was added to give a
final volume of 50 pL (in triplicates). After 30 min of incubation at room
temperature, 200 uL of SYBR Green | dissolved in TAE buffer (400 mM Tris-
acetate/10 mM EDTA diluted x1) were added to each sample. Quantification of
free DNA was read on 96-well plate (Aex, 485 nm; Agm 527 nm). Percentage
binding was calculated from the fluorescence density values (F) as 100% x
{F(DNA only) — F(specific polymer/DNA weigh ratio) + F(DNA only) -
F(background)}. The sigmoidal binding curves were generated by plotting %
bound DNA vs polymer/DNA ratios, and the BCsy value was calculated

corresponding to polymer/DNA ratios giving 50 % of the plasmid binding.

Electrophoretic Mobility Shift Assay (EMSA) was used to determine the
dissociation of plasmid DNA complexes with lipopolymers. For this study,
complexes at DNA/polymer 1:5 (ug:ug) were formed in 10 uL of 150 NaCl. After
30 min of incubation, 10 uL of basic medium (with 10% FBS) was added to the
samples and incubated for additional 1 hr. Heparin sulfate was then added at a
final concentration range of 0.05-1 mg/mL, and samples were further incubated
for 10 min at 37 'C. Samples were then loaded to the agarose gel (0.8%)
containing 1 pug/mL of ethidium bromide in TEA buffer (400 mM Tris-Acetate/10
mM EDTA diluted x1). The agarose gel was run at 130 V for 20 min, and DNA
bands were visualized under UV light (Alpha Innotech; San Leandro, CA).
Percentage of DNA dissociation was calculated from the fluorescence density
values (F) as 100% x {F(specific heparin concentration) — F(background) +
F(DNA only) — F(background)}. % Complex dissociation was plotted as a
function of the heparin concentration.

5.2.4. Size and Zeta Potential Measurements

Diameters and electrophoretic mobilities (C-potential) of the particles formed by

complexing lipopolymers with plasmid DNA were determined by Zetasizer, Nano
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ZS (Malvern Instruments, Worcestershire, UK). Samples were analyzed at 25 C
using medium viscosity for water of 0.89 cp and for NaCl of 1.14 cp.
Complexes were prepared at plasmid DNA/polymer mass ratios of 1:2, 1.5 and
1:10 in 1 mL of 150 mM NaCl (using gWIZ as the plasmid) and incubated for 30
min prior to analysis (DLS) or in 40 uL of 150 mM NaCl (incubated for 30 min)
and then diluted in pure water (incubated 30 min) for (-potential analysis.
Measured sizes and -potentials were presented as the averaged value of 12 and

10 runs respectively.

5.2.5. Cell Culture

The 293T cells were maintained at 37°C on 75 cm? flasks with high-glucose
DMEM containing 100 U/mL penicillin, 100 pg/mL streptomycin and 10% FBS
under a humidified atmosphere of 95/5% air/CO,. At 80-90% confluence, the
cells were trypsinized with trypsin-EDTA and seeded in multiwell plates for
analysis (see below), or sub-cultured on 75 cm? flasks for passage typically at
1:10 dilution. The human bone marrow stromal cells (h-BMSC) were also
passaged on 75 cm? flasks by using high-glucose DMEM with 100 U/mL
penicillin, 100 pg/mL streptomycin, 50 pg/mL ascorbic acid and 10% FBS. The
cells were typically typsinized and seeded in multiwell plates for analysis or split
1:4 for routine passage.

5.2.6. Uptake of Plasmid DNA

The cellular uptake of plasmid DNA was assessed by using FITC-labeled
plasmid. The FITC-labeled plasmid was obtained by reacting 20 uL gWIZ (5
pg/mL diluted in 130 uL of pure water) with 30 uL of FITC (100 mM in DMSO)
in an orbital shaker at 37 'C for 3 hrs. The labeled plasmid was precipitated with
30 uL of 3 M sodium acetate (pH 5.2) and 825 L of ethanol (95%), incubated at
-20 'C for 15 min, centrifuged at 13800 rpm and washed with ethanol (x2). The

precipitated plasmid was dissolved in pure water at 0.4 mg/mL. Complexes with
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FITC-labeled gWIZ were prepared in 20 uL of 150 mM NaCl to give a final
DNA/polymer mass ratio of 1:5 (ug:ug) per well. After 30 min of incubation, the
complexes were added to 293 and h-BMSC grown in 24-well plates with 500 uL
of basic medium (in triplicate). The complexes were incubated for 24 h at 37 C
after which medium was replaced. After further 24 hrs, the cells were washed
with HBSS, trypsinized and suspended in HBSS with 3.7% formaldehyde. The
uptake of FITC-labeled gwWI1Z was detected by flow cytometry (Beckman Coulter
QUANTA SC) using FL1 channel (3000-5000 events/sample). The results were
expressed as either (i) percentage of cells displaying FITC-labeled DNA uptake or
(i) mean fluorescence of the cells positive for FITC-labeled DNA. The
instrument was calibrated with control samples (i.e., cells exposed to FITC-gWIZ
without polymer) to yield 1-2% FITC-positive cells. As an additional control,
cells incubated with complexes prepared from unlabeled gWIZ were used to
investigate any induction of cellular autofluorescence as a result of complex

exposure to the cells.

5.2.7. In Vitro Cell Transfection

The efficiency of lipopolymer complexes for gene delivery was determined by
using a plasmid carrying the reporter gene Green Fluorescent Protein (gWIZ-
GFP). The complexes were prepared at different DNA/polymer weight ratios
under physiological salt concentration (150 mM) and used to transfect 293 and h-
BMSC. The preparation of complexes was described in Section 5.2.6, except
gWIZ-GFP was used as the plasmid DNA instead of FITC-labeled gWIZ. The
complexes were incubated with the cells for 24 hrs at 37 'C. Subsequently, the
transfection medium was replaced with fresh medium and the cells were further
incubated for desired time periods. At the time of assessment, the cells were
trypsinized, suspended in HBSS with 3.7% formaldehyde and GFP expression
was quantified by flow cytometry (Beckman Coulter QUANTA SC) using FL1
channel (3000-5000 events/sample). The percentage of GFP-positive cells were
that were treated with gWI1Z-GFP alone (i.e., without polymer) was set at 1-2 %.
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To investigate the effect of the endosomolytic agent chloroquine on transfection
efficiency, the transfection medium was supplemented with 10, 25 and 50 uM of
chloroquine for 30 min followed by incubation of cells with DNA/polymer
complexes at 1:5 weight ratio. Culture medium was replaced after 24 hrs of
exposure to complexes and chloroquine. Cells were washed with HBSS and
quantification of the extent of cellular transfection was performed by flow

cytometry at 48 hrs post-incubation.

5.2.8. Confocal Microscopy

Confocal microscopy was used to assess intracellular trafficking of plasmid DNA
in h-BMSC. The ¢gWIZ-GFP was labeled with Cy5 according to the
manufacturer’s instructions. A sample of 1 ug/mL of labeled and unlabeled DNA
was complexed with 5 ug/mL of polymer in 100 uL of NaCl for 30 min.
Complexes were further incubated in 900 uL of OPTIMEM 1% for 20 min. The
h-BMSC seeded in 6 well-plate were incubated with the transfected medium for 6
and 24 hrs, and then the cells were fixed with 3.7% formalin in HBSS for 30 min,
followed by staining of the cell nuclei with 1 mL of Hoechst 33528 (300 ng/mL in
HBSS) for 30 min (x2). The cells were washed several times with HBSS and
analyzed by a confocal microscope (Zeiss LSM 510 Lacer Scanning Confocal
Microscope) at different time points. Instrumental settings for Cy5 and Hoechst
33528 excitations were 633 and 405 nm, respectively. Untreated cells were used

as negative control and all areas were analyzed using Z sectioning.

5.2.9. Cytotoxicity

Toxicity of the complexes was evaluated by the MTT assay. Briefly, 293T and h-
BMSC were seeded in 48-well flat-bottomed multiwell plates with 500 uL of
medium. Complexes were prepared as described before and the cells were
incubated with the complexes and/or drugs for 24 hrs at 37 'C, prior to the
addition of 100 pL of MTT (5 mg/mL in HBSS) per well. After further incubation
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(2 hrs), the medium was removed and 500 uL of DMSO was added to each well.
The plate was incubated in the dark for 5 min at room temperature and the optical
density was measured at 570 nm. The reference control (untreated cells) was
assigned to 100% cell viability, and the treated cells were normalized to this

reference.

5.3. Results and Discussion
5.3.1. Synthesis of Lipopolymers

A series of lipid substitutions was attempted based on different lipid:PEI feeding
ratios ranging from 0.1 to 4.0. However, only the lipid:PEI mol ratio of 1.26
yielded significant lipid substitutions (Table 5.1). Despite our expectation to
obtain similar polymer modifications at the same lipid:polymer reaction ratio for
different lipids, no apparent correlation between the initial feed ratio and the
degree of substitution was found. It was also not clear why higher feed ratios did
not yield more lipid substitutions. One can speculate that the limited modification
of the polymer was due to stearic effect caused by the longer lipids used in this
study. Our previous studies with relatively shorter lipids (C8 to C18 with minimal
unsaturation in the lipid backbone) gave relatively predictable lipid substitution
ratios as a function of lipid:PEI feed ratio in the reaction medium®. Whereas
substitution with shorter lipids yielded as much as ~20% amine modification, the
reaction conditions for this study yielded polymers with <6% of amine
modification, leaving ample free amino groups to condense plasmid DNA while
maintaining aqueous solubility. Polymer substituted with saturated BA or highly
unsaturated DHA gave the lowest lipid substitutions whereas lipid substitution
with EA gave the highest polymer modification.
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Figure 5.1. Reaction scheme for synthesis of lipid-substituted PEI by N-Acylation with acid
chlorides.

Table 5.1. Lipid substituted PEI2 prepared at the lipid/ethylenimine feed ratios of 1.26. *Number
of lipids per PEI substituted was determined by *H-NMR. °% substitution refers to the percentage
of primary amines modified with corresponding lipid.

Polymer Substituent Lipid:PEI*  9%substitution”
PEI2-BA Behenoyl chloride (C22:0) 0.2 1.4
PEI2-EA Erucoyl chloride (C22:1) 0.8 5.7
PEI2-DHA Docosahexanoyl chloride (C22:6) 0.2 1.4
PEI2-LLA Linolenoyl chloride (C18:3) 0.5 3.6
PEI2-ELA Elaidoyl chloride (C18:1T) 0.6 4.3

5.3.2. Characterization of DNA/Lipopolymer Complexes

Plasmid DNA condensation into small-size particles and neutralization of the
anionic charge of plasmid DNA are indispensable roles for any gene delivery
system. Accordingly, plasmid DNA binding properties of the polymers were
assessed with the SYBR | Green. The binding behavior observed was similar for
all lipopolymers, evident by the overlapping sigmoidal curves of the percentage of
bound DNA vs. polymer/DNA weight ratios (Figure 5.2A). The results showed
that binding occurred almost independent of the extent of lipid substitution (in the
investigated range), contrary to previous observations”*’. It must be noted though
the extent of lipid substitution was relatively small in this study, compared to

other studies considered®**. Among the polymers synthesized in this study,
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stronger binding was obtained with PEI2-BA (lowest BCsy) compared to native
PEI2 and PEI2-EA (highest BCsg). The lipid substitutions on PEI appeared to lead
to a higher tendency to form DNA complexes irrespective of the lipid and the
number of substitution. In addition to electrostatic interactions, hydrophobic
interactions also seem to be involved in DNA complexation and condensation.
Thus, the incorporation of hydrophobic moieties might cause a cooperative
binding transition of lipid-modified polymers as seen by others'?*3. Regardless of
the modification, both modified and native PEIs condensed the plasmid DNA

similarly at the high mass ratios.

Plasmid DNA dissociation from the complexes was investigated next by addition
of different concentrations of heparin to the complexes. No dissociation was
observed at less than 0.1 mg/mL heparin (Figure 5.2B). Considering that the
complexes were incubated in tissue culture medium (with serum) for this assay,
the complexes were likely to be stable under cell culture conditions. PEI2-LLA
had the highest resistance to dissociate, since only ~45% of the plasmid DNA
dissociated at the highest heparin concentration used, followed by the PEI2-BA
and PEI2-DHA where the dissociation was ~60% at heparin concentration below
0.5 mg/mL. The most heparin-sensitive complexes were obtained with the PEI2,
where almost complete dissociation (80-100%) was observed at heparin
concentration >0.3 mg/mL. It is important to note that even though all
lipopolymers were able to bind plasmid DNA in a similar fashion (from Figure
5.2A), their dissociation pattern was significantly different. The binding pattern is
likely to be predominantly affected by the amine groups and, having relatively
equivalent number of amines (since the substitution ratios were relatively small),
the lipopolymers behaved similarly to that of the native PEI2 from which they
were derived. However, the role of lipids seems to be particularly evident in the
dissociation process, the latter groups strengthening the stability of the complexes
and making them resistant to dissociation by the highly anionic heparin. Polymers
modified with lipids containing the smallest (single) double bonds resulted in

complexes easier to dissociate compared to the highest (6) and moderated (3)

115



number of double bonds and to the saturated lipid. No particular correlation was
evident between the ability of lipopolymers to dissociate vs. the degree of lipid

substitution.
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Figure 5.2. (A) Assessment of polymer/DNA complexation by SYBR Green | assay. % Binding
as a function of polymer concentration was plotted and sigmoidal curve fits were performed.
Polymer ratios required for 50% binding of DNA are listed in the table (insert). (B) Assessment of
complex dissociation induced by different concentrations of heparin. Complexes formulated at
weight ratio of 5 (DNA/polymer = 1:5 ng/ng) were analyzed by EMSA for this study.

The size of the complexes was examined as a function of plasmid DNA/polymer
weight ratios. The MW of the PEI significantly affected the size of the complexes;
whereas PEI2 resulted in ~400 nm particles, PEI25 resulted in ~150 nm particles
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(Figure 5.3A). The latter was in line with our previous studies'* as well as the
studies reported in the literature®. The relative ratio of plasmid DNA to polymer
did not seem to make a significant impact on the particle sizes for native PEls.
Lipid conjugation affected the hydrodynamic diameter of the complexes, where
the particle sizes were increased (530 - 590 nm) as a result of lipid conjugation on
the native PEI2. PEI2-BA notably formed bigger particle size (716-850 nm)
among the lipopolymers tested. Others have reported an increase in particle size
after alkylation with C12, C14 and C16 on PEI, particularly if the number of
substitution was increased. However, acylation with the same lipids were less
sensitive to such a change in size®®. Moreover, if the DNA/polymer ratio was
increased the particle size decreased in an independent study'®. In contrast,
acylation of PEI with shorter C2, C3 and C4 chains resulted in larger particles as
the chain length and the degree of substitution increased™. These results differ
from ours since our particles were not sensitive to the size of the lipid and the
DNA/polymer ratio (except PEI2-ELA).

Negligible effect of the lipid substitution was observed on the ¢-potential of the
particles. Native PEIs as well as the modified polymers showed similar ¢-
potential values and a positive net surface charge independent of the
DNA/polymer ratios employed for complex formation (Figure 5.3B). Particle
surface charge was expected to decrease after lipid modification'® since primary
amine groups of the cationic PEI2 were modified in our polymer derivatization
scheme. It is possible that the negligible effect of lipid substitution was due to the

low degree of lipid modification of the polymers.
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Figure 5.3. (A) Particle size and (B) £-Potencial of complexes determined at DNA/polymer ratios
of 1:2, 1:5 and 1:10 (w:w). All measurements were performed in triplicates.

5.3.3. Plasmid DNA Delivery into Cells

Assessment of plasmid DNA delivery to the cells was investigated by using 293T
cells and h-BMSC and with FITC-labeled gWIZ. Analysis were performed by
using flow cytometry on day 2 (293T cells and h-BMSC) and day 3 (293T cells
only) post-incubation with complexes, to allow cells to recover from complex
treatment and to reduce “background” due to cellular autofluorescence®. Under

the experimental conditions, only <2% and ~5% of the cells were positive for the
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plasmid DNA after treatment with lipopolymers/gWIiZ and PEI25/gWIZ
complexes, where non-labeled gWIZ was used in these control complexes. This
was indicative of minimal autofluorescence (background) in the experimental
system. The cellular uptake with lipopolymers was similar in both cell types
(compared Figure 5.4A and 5.4B), where PEI2-LLA and PEI2-DHA complexes
showed up to 2-fold higher uptake as compared to native PEI2 complexes. This
result indicated that the lipids even at relatively low substitutions on PEI coul
enhance cellular uptake of plasmid DNA. The lipopolymers PEI2-BA, PEI2-EA
and PEI2-ELA were relatively less effective for plasmid DNA delivery. With all
polymers, the plasmid DNA was present to a lesser extent in 293T cells after 3
days of incubation (data not shown). The decrease in plasmid DNA-positive cells
may be caused by the release of the complex into the medium, or by cell division

resulting in dilution of the internalized plasmid™.

Particles bearing a net cationic charge are believed to facilitate cellular uptake
through the anionic cell membrane. However, the lipopolymers and the native
PEIs displayed similar surface charges, so that this did not appear to be the reason
for differences in cellular uptake (it must be noted that the ¢-potential was
determined under buffer conditions, before addition to cell culture medium, which
might alter the surface charges subsequently). The smallest particle size was
formed with PEI25 and these particles showed the highest cellular uptake as
compared to the rest of the lipopolymers. This was evident in both cell types,
which are quite different morphologically and functionally, yet displayed similar
levels of uptake for each lipopolymer. Whereas DHA and ELA level of
substitutions differed most widely (see Table 5.1), the uptake was similar for
these two lipopolymers, so that the levels of substitution per se did not seem to
explain the uptake levels as well. Taking into account these considerations, it
appears that the smaller PEI25 particles were better internalized but the uptake
mechanism for the lipopolymer complexes might be more complicated with no

single factor capable of fully explaining the obtained results fully*"2,
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Figure 5.4. Uptake of plasmid DNA by (A) 293T cells and (B) h-BMSC at DNA/polymer ratio of
1:5 pg/mL. The uptake was assessed after 2 days of complex exposure to the cells. The cells were
treated with either unlabeled gWI1Z complexes or FITC-labeled gWIZ complexes.

5.3.4.  Confocal Microscopy Analysis for Complex Uptake

The intracellular fate of the complexes was followed in h-BMSC. Although 293T
cells were also analyzed initially, their large nuclear size with respect to a limited
cytoplasmic size impeded accurate microscopic analysis of intracellular
trafficking. Only complexes from PEI2, PEI25 and PEI2-LLA were used in this
study to limit the scope of the microscopic analysis. The complexes were visible
inside the h-BMSC cells at 6 hrs of post-treatment (Figure 5.5). Discrete
complexes were observed in the periphery of the nuclei for PEI25, indicative of
single complex entrapment in endosomes and peri-nuclear trafficking. After 24
hrs, nuclear localization was still evident for this polymer, but intracellular

fluorescence began to appear in larger compartments suggesting that numerous
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complexes may be entrapped within single endosomes as a result of endosomal
fusion. In contrast, PEI2 and PEI2-LLA complexes were not visible as discrete
complexes at 6 hrs of post-treatment. Aggregates were instead seen as big big red
patches in the cytoplasm for these complexes and not near the nuclei (Figure 5.5).
The relative sizes of the complexes observed under confocal microscopy were in
agreement with the size of the particles measured with the zetasizer. The result
was reminiscent of the previous observations with rat-BMSC treated with
Lipofectamine™ 2000™°. Complexes with this carrier were observed to form
spaghetti-meatball like structures as described by Sternberg® et al. Furthermore,
the microscopic results also agreed with the findings of Rejman®® et al., where
particles of ~500 nm were largely localized at the periphery of the cell nucleus
and smaller particles (~200 nm) were accumulated in the perinuclear region. After
24 hrs, fluorescence remained confined to these patches for PEI2 and PEI2-LLA,
though brightness and quantity had diminished. This effect may be attributed to
cellular exclusion of the complexes or to dilution following cell division as seen

by other groups using different cell line and carriers*®%.

To determine if the plasmid DNA was localized inside the nucleus, a series of z-
stack images were captured at both time points. The data indicated that the DNA
complexes were not localized inside the nucleus of h-BMSC, instead they were
mostly spread throughout the cell cytoplasm and, in some cases, and the
fluorescence was visible around or on top of the nucleus (not shown). This
suggests that the nuclear uptake of the plasmid DNA was a significant
impediment in the case of h-BMSC.

121



6 hrs 24 hrs

PEI2

PEI25

PEI2-LLA

Figure 5.5. Confocal images of h-BMSC treated with DNA complexes of PEI2, PEI25 and PEI2-
LLA (DNA/polymer ratio of 1:5 (ug/ug)). The cells were analyzed at 6 hrs and 24 hrs post-
treatment. (A) Complex internalization was observed with Cy5-labeled gWI1Z-GFP (red) and (B)
GFP expression was observed only with complexes of PEI25 (bright green). Nuclei were stained
with Hoechst (blue).

5.3.5. In Vitro Cell Transfection and Cell Viability

An appropriate balance between the lipophilicity and hydrophilicity is necessary
for carriers to cross the plasma membrane of the cells. Substituting lipids is
expected to increase the lipophilicity of hydrophilic polymers, increasing their
ability to cross cell membranes and enhancing the transfection efficiencies.
Modifications of PEI-based polymers have been attempted before with acyl or
alkyl aliphatic lipids of variable chain lengths. Alkylation of PEI2 with C12 and
C16 enhanced its transfection efficiency to ~30% and ~50% in COS-7 cells
respectively of that of PEI25 (PEI2 was not effective) without compromising cell
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Figure 5.6. Transfection efficiency of lipopolymers at different plasmid/polymer ratios (w/w). (A)
Percentage of GFP-positive cells. (B) Mean fluorescence of the GFP-positive cell population. The
293T cells were incubated for 24 hrs with complexes, after which medium was replaced and the
cells were analyzed by flow cytometry 24 hrs later. (C) Cytotoxicity by MTT assay after 24 hrs of
complex treatment. The cell viability was expressed as percentage of untreated cells (no carrier),
mean + SD of triplicate wells.
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viability?®. Kim? et al., also improved the transfection efficiency of PEI2 in 293
cells by coupling acyl C14 to PEI2. However, the resultant lipopolymers were
more toxic than the native PEI2. Thomas® et al., observed that the increased
efficiency was related to the increase in the number of lipid substituted in PEI.
Other groups also observed similar results; increasing acetylation on PEI25 (up to
57%) enhanced the transfection efficiency as compared to the native PEI25 in
MDA-MB-231, HEK293 and C2C12 cells without affecting cell viability. Further
acetylation, despite increasing the plasmid uptake, resulted in lower level of gene
expression. This was attributed to decreased buffering capacity of the polymers,
inhibiting endosomal release. Cellular proteins or endosomal membranes could
have also dissociated the polyplexes more easily in this case, leaving unprotected
plasmid DNA in the cytosol™?%*. Increasing the length of the acyl group (from C2
to C4) and the degree of acylation on PEG-PEI750 also improved transfection
efficiency in COS-1 cells*. Particularly, 30% of modification proved to be the
most efficient carrier, but higher modifications (e.g., 40-50%) decreased the gene
delivery properties as before. Although these substitutions decreased the pKa,
buffering capacity and cationic nature of the carrier, they increased the
lipophilicity for cell membrane interactions and inhibited aggregation in some
cases needed for optimal particle delivery. Additionally, cytotoxicity experiments
indicated that the cells were not affected by exposure to the complexes even after
48 hrs.

In contrast, our previous studies that employed a larger number of lipids® showed
no clear effect of the number of lipid substituted on PEI2 (with C8, C14, C16,
C18, C18:1 and C18:2 lipids) on the obtained transfection efficiency. Longer
lipids enhanced the transfection efficiency as compared to the C8 and, particularly
linoleic acid (C18:2) substitution was most beneficial in 293T cells. This
enhancement could be attributed to the presence of double bonds on this lipid,
which was thought to increase mobility for membrane-crossing molecules by
reducing the crystallinity and phase transition temperature of the membrane®.

Despite the high cellular uptake of plasmid observed in rat BMSC with C16- and
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C18:2-substituted PEI2 (which was equivalent to uptake in 293T cells), these
lipopolymers lead to ineffective gene expression in rat BMSC. This result
suggests that the efficiency of these carriers did not only depend on the particle
size or the net charge of complex, but also the nature of the internalizing cell

type?®.

The transfection ability of the current lipopolymers was tested in 293T cells at
different DNA/polymer weight ratios. As expected, incubating gWIZ-GFP
plasmid alone (i.e., without a carrier) with the cells did not give any distinct
fluorescence (Figure 5.6). GFP-positive cells were observed with the complexes
of all lipopolymers, but not the native PEI2 (i.e., 1-2% at various DNA/polymer
ratios). The maximum transfection was obtained at the DNA/polymer ratio of 1:5;
up to ~50% of cells were positive on day 3 for lipopolymers with marginal
background for control gWIZ complexes (i.e., <1.8% for lipopolymers and ~6%
for PEI25; Figure 5.6A). Increasing the DNA/polymer ratios, despite not
affecting the physical properties of the complexes in an obvious way, actually
resulted in a substantial decrease in GFP-positive cells with all lipopolymers.
Significant cell autofluorescence by the blank gWIZ/polymer complexes was also
manifested at high DNA/polymer ratio, particularly for PEI2-BA, PEI2-DHA and
PEI25. However, the mean fluorescence of the cells population showed that this
effect was minimal. The PEI25 was more effective than the lipopoymers at 1:2
and 1:5 DNA/polymer ratios, where >60% GFP-positive cells (Figure 5.6A) and
a mean GFP fluorescence of 6-7 fold higher (Figure 5.6B) were obtained.
However, at the higher ratio of 1:10, the autofluorescence was quite high (most
noticeable in the percentage of GFP-positive cells) and was likely due to

increased toxicity of the complexes at this ratio (see Figure 5.6C).

The duration of gene expression was next investigated at the optimum
DNA/polymer ratio of 1:5. The 293T (Figure 5.7) and h-BMSC (Figure 5.8)
were treated with the complexes and GFP expression was analyzed on day 1, 3

and 6. On day 1, no distinguishable difference between cells treated with
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Figure 5.7. Time-dependent transfection effect with lipopolymers in 293T cells. Percentage of
GFP-positive cells (left column), mean fluorescence of GPF-positive cell population (middle
column) and cell concentration of samples (right column) was assessed by flow cytometry.
Complexes at DNA/polymer ratio of 1:5 ug/mL were prepared and incubated with the cells for 24
hrs. Culture medium was replaced and cells were further incubated for 3 and 6 days.
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gWIZ/polymer and gWIZ-GFP/polymer complexes was observed in both cell
lines. Further incubation led to a reduction of autofluorescence background (as
evident by a decreased %GFP-positive cell count) and significant gene expression
was observed in 293T cells only. As before, PEI2 was not effective in this
experiment and PEI25 gave >60% GFP-positive cells where the mean
fluorescence of the cells peaked on day 3. Most lipopolymers attained the same
level of GFP-positive cells by day 6, in particular with highly unsaturated cis
DHA, LLA and ELA trans double bond lipids (72, 73 and 69% respectively;
Figure 5.7). However, the mean fluorescence of the cells treated with the
lipopolymers were ~4-fold lower at day 6 compared to the cells treated with
PEI25 complexes. Since the lipopolymers developed are of larger size it is
possible that the increase on transfection efficiency was related to complex
sedimentation as described before for native PEI?. Alternatively slower
dissociation of the internalized complexes might have led to more gradual

expression of the GFP transgene.

A similar experiment was conducted with h-BMSC, but only PEI2-LLA was
evaluated as a prototypical lipopolymer, given tits successful performance, in
293T cells. In contrast to 293T cells, no difference was observed between the
cells treated with gWIZ/polymer and gWIZ-GFP/polymer complexes at any time
point (Figure 5.8). This was the case even with PEI25 that was clearly effective
in 293T cells. The %GFP-positive cells were generally low in h-BMSC (<20%)
and similar for cells treated with both types of complexes. The mean GFP
fluorescence in h-BMSC was only a small fraction of the 293T cells: ~100 au for
h-BMSC vs. ~4000 au for 293T cells. These results clearly show that certain
biological barriers exist in h-BMSC that prevents active transgene expression.
These results were also in line with confocal microscopic observations where
little plasmid, if any, was observed in the nucleus. Occasionally GFP positive h-
BMSC was observed (Appendix B) but only rarely (i.e., ~1% of population).
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Figure 5.8. Time-dependent transfection of h-BMSC with PEI2, PEI25 and PEI2-LLA complexes.
Percentage of GFP-positive cells (left column), mean fluorescence of GPF-positive cell population
(middle column) and cell concentration (right column) was assessed by flow cytometry.
Complexes at DNA/polymer ratio of 1:5 ug/mL were prepared and incubated with the cells for 24
hrs. Culture medium was replaced and cells were further incubated for 3 and 6 days.

Despite of the high cellular uptake observed in both 293T cells and h-BMSC, only
a small percentage of h-BMSC expressed the reporter gene. Cells internalize
complexes through a variety of pathways. It is thought that complexes of
DNA/PEI complexes are taken up by the cells via endocytosis?®*. However, the
pathway and mechanism of the complex transit or the freed DNA from the
cytoplasm into the nucleus is unknown. Bieber®® et al., demonstrated that
complexes with PEI carrier are entrapped in the lysosomes. Moreover, the

limiting step in the transfection of PaTu 8902 cells was the transfer of complexes
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from the lysosome to the nucleus, rather than the endocytotic uptake or
transcription of DNA complexes. Apparently, high MW PEI complexes exhibited
sufficient local membrane damage to release the complexes into the cytoplasm
compared to low MW PEI. Cells damaged in this way accumulated high
concentrations PEI complexes in the cytoplasm as well as in the nucleus. This
could possibly explain the low transfection values observed with treated h-BMSC.
The complexes with low MW PEIs could not rapidly escape the lysosomal
entrapment and avoid possible enzymatic degradation, impeding the complex
transit and eventually gene expression. This suggests that the ability of the
carriers to employ the appropriate intracellular pathways in order to reach the

nucleus is dependent upon the cell type as seen by others®.

5.3.6. Transfection and  Cytotoxicity with  Chemical
Modulators of Endocytic Pathway

Endocytosis has been established as the main mechanism for internalization of
polymer complexes into the cell. The most common pathways include clathrin-
and caveolin-mediated endocytosis, cholesterol-mediated lipid rafts, phagocytosis
and macropinocytosis. These pathways differ in the size and fate of the
internalized particles as well as the composition of the vesicle coat, if any®.
Chemical drugs that inhibit various steps in the endocytosis-mediated uptake and
intracellular trafficking, have been the main tool used for characterizing the entry
pathways of the gene/carrier complexes. However, the specificity of these drugs is
not always certain and their functionality is mostly dependent on the type of cell
employed as well as the dose of the drug employed, so that the results should be

interpreted with caution®,

Chloroquine was initially employed in this study to evaluate if the endosomal
release of the complexes was an impediment to achieve robust gene expression.
This was considered a significant issue especially for h-BMSC, which did not

exhibit any transgene expression despite significant plasmid DNA uptake. This
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drug is not only known to facilitate endosomal release of complexes by causing
osmotic swelling of endosomes, but also (i) to protect DNA from intracellular
nuclease degradation and (ii) to interact electrostatically with DNA, helping to
dissociate it from the carrier®. The transfection with plasmid alone and with PEI2
complexes was not affected by chloroquine in 293T cells (Figure 5.9A). A
positive effect of chloroquine was observed in 293T cells at the highest drug
concentration (50 uM) for only PEI2-BA and PEI2-ELA lipopolymers; both the
GFP-positive cells and mean fluorescence of the cell population was increased in
these cases (Figure 5.9A). The chloroquine helped the lipopolymers modified
with saturated BA and unsaturated ELA trans double bond lipids, which are
believed to perturb membranes to a lower extent as compared to cis double bond
lipids®. It appears that endosomal release might be limiting with the carriers
incorporating these lipids, but not limiting for the other lipids. However, the
effective chloroquine concentration (50 uM) reduced the cell numbers in culture
(as assessed by flow cytometry), indicating some toxicity due to the drug itself.
Lower chloroquine concentrations (10 and 25 M) seemed to be beneficiary with
the h-BMSC, where all polymers exhibited a small improvement of gene
expression (Figure 5.9B) without compromising the cell number (note that

toxicity was again evident in h-BMSC with 50 uM chloroquine concentration).

131



A. 293 cells B. h-BMSC

100% - 100% -
000 uM Chloroquine [JouM Chloroquine
. @ 10uM Chloroquine M 10uM Chloroquine
S 80% 7 M50uM Chioroquine 80% 1 mo5um Chloroquine
2 E50uM Chloroquine
8 60% - 60% -
[
=
a 40% 4 40% -
>
i
G 20% 20% |
0% 0% A .. l [ i:. .f. l
1000 4
DI0uM Chloroquine [J0uM Chloroquine
s [ 10uM Chloroguine 40 1 m10uM Chloroquine
‘% 800 1 M50uM Chioroquine [ 25uM Chloroquine
3 E50uM Chloroguine
5 30
3
)
&
o 20 4
-
o
§ 10 A
<
w
oA
1200 40 1
8 0 0uM Choloquine O0uM Chloroquine
3 [ 10uM Chloroquine W 10uM Chloroquine
x W 50uM Chloroguine 30 + E125uM Chloroquine
a E50uM Chloroquine
£ 800+
5
=] 20 q
=
c
8 400
c
S 10 -
o
©
(@]
0 0
& & 2 \o el \el ¥
& & F T T & & &F &
& & & W & & &L &L
N T L L L L ® L &L <

Figure 5.9. Effect of chloroquine on transfection efficiency with (A) 293T cells and (B) h-BMS
cells, transfected at DNA/polymer ratio of 1:5 (1:5 ug/mL). Cells were incubated with the drug at
the indicated concentrations for 30 min after which complexes were added and incubated for 24
hrs further. Culture medium was replaced and cells were further incubated for additional 24 hrs.
Percentage of GFP-positive cells, mean fluorescence of GFP-positive cell population and cell
concentration per well was assessed by flow cytometry.

The increase obtained with chloroquine, however, was relatively marginal
(especially with mean GFP expression) so that the chloroquine treated h-BMSC
did not attain similar levels of transfection as PEI25 treated 293T cells.

Rejman®® et al., reported that complex internalization by clathrin-dependent

endocytosis is limited to <200 nm particles (i.e., size range obtained with PEI25

complexes) and caveolin-dependent endocytosis prevails for bigger particles of
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200-500 nm (i.e., size range obtained with lipopolymer complexes). To better
elucidate the endocytic pathway of the lipopolymer complexes, three chemical
inhibitors of specific endocytic processes (genistein, chlorpromazine and MBCD)
were employed to determine if discrete pathways was beneficial in successful
transfection. The 293T cells were pre-incubated with the chemical inhibitors and
the gene expression was subsequently evaluated (since transfection was not
successful in h-BMSC, the assay was not performed with that cell line). The
carriers chosen were PEI2, PEI25 and PEI2-LLA, which gave the highest cellular
uptake and gene expression among the lipopolymers. These drugs have shown to
cause morphological effects and toxicity even with short incubation times (e.g., =
2 h)*2. To reduce such effects and in particular any possible autofluorescence, we
quantified GFP expression 24 h after removing the inhibitors and complexes from

the cells.

A cytotoxicity study was first conducted to optimize the concentrations of
chemical modulators; the cell viability was investigated by the MTT assay after
24 h exposure to the modulators (Figure 5.10). Even though the drugs
concentration used for these experiments were far lower (i.e., genistein < 200 uM,
chlorpromazine < 10 ug/mL and MBCD < 10-50 mM) than the concentrations

26,27,32

used for other cell lines , a cytotoxic effect was observed in our hands. Cells
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Figure 5.10. Cytotoxicity of 293T cells incubated for 90 min with endocytosis inhibitors prior to
treatment with complexes (DNA/polymer ratio of 1:5 pug/mL). MTT assay was assessed 24 hrs

post-complex incubation and cell viability was expressed as a percentage of untreated cells (no
carrier), mean + SD of triplicate wells.
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treated with the highest drug concentration, 100 and 50 uM of Genistein, 5 ug/mL
of Chlorpromazine and 5, 2.5 mM of MBCD showed high cytotoxicity. The
combination of the complexes with inhibitors increased this effect, an observation
previously noted for polymeric gene delivery systems®. This effect was most
evident on cells treated with MBCD/polymers; even at the lowest MRCD of 1
mM, all drug/polymer incubation reduced cell viability. Herein, similar results
were observed with genistein/PEI2 or PEI25 treatment. Cells treated with
chlorpromazine at 2.5 and 1 ug/mL showed a reduced toxicity even in the

presence of polymers, particularly for PEI2 and PEI2-LLA.

Despite the observed cytotoxicity effect observed at these drugs concentrations,
the effect of the drugs on transfection efficiency suppression was evaluated.
Treatment with 10-100 uM genistein, an inhibitor of caveolin-dependent
endocytosis, did not result in a reduction in transfection at any concentration for
PEI2 and PEI2-LLA. Theses observations contradict Rejman’s results, where
particles between 200-500 nm were suggested to undergo caveolin-dependent
endocytosis. Only PEI25 was marginally affected (i.e., mean fluorescence was
reduced without changes in %GFP-positive cells, Figure 5.11). The clathrin-
dependent endocytosis inhibitor chlorpromazine reduced the GFP-positive cells at
5 ug/mL for PEI 25 complexes. This suggests that clathrin-dependent endocytosis
was involved only with PEI25-mediated transfection process, as expected given
the size of the complex. However, it is important to mention that the cell
concentration was reduced with this drug treatment. The manifested cell toxicity
was not likely the reason for increased GFP expression, since the higher
concentrations of the drugs led to increased toxicities without influencing the GFP
expression (Figure 5.11). It is possible that extending the incubation time might
have allowed the cells to better recover from the treatment and better reveal the
effect of the chlorpromazine.

Treatment with MBCD, an inhibitor of cholesterol-dependent endocytosis,

reduced gene expression in a dose-dependent fashion. This compound forms
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water-soluble inclusion complexes with cholesterol, causing the removal of
cholesterol from the cholesterol-phospholipids-glycolipid rich lipid rafts in

33% A remarkable reduction in GFP-positive cells was

plasma membrane
observed at 5 mM MpBCD for PEI25 (~54%), while a much smaller reduction
(7%) was observed for PEI2-LLA and for both carriers cell viability was
compromised. This suggests that the endocytosis of PEI25 and, to a lesser extent,
PEI2-LLA appeared to be dependent on the integrity of the lipid rafts. The
importance of lipid rafts for PEI25 mediated transfection was noted before®. It
appears that the PEI2-LLA entry into the cells was not as much dependent of lipid
rafts, possibly due to increased hydrophobicity the complexes that may facilitate
plasma membrane penetration of complexes. However it is important to mention
that the possibility of inhibited gene expression observed with MBCD was
because of the cytotoxicity effect instead of a specific inhibitory effect as

observed before with other cell lines®2.
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Figure 5.11. Effect of endocytosis inhibitors genistein (left column), chlorpromazine (middle
column) and MRBCD (right column) on transfection. The 293T cells were incubated with the
indicated drugs for 90 min prior to complex uptake, then the complexes (DNA/polymer ratio of
1:5 pg/mL) were added and incubated for 24 hrs. Culture medium was replaced and cells were
further incubated for additional 24 hrs. Percentage of GFP-positive cells, mean fluorescence of
GFP-positive cell population and cell concentration per well was assessed by flow cytometry.

5.4. Conclusions

We have successfully modified low MW (2 kDa) PEI with fatty acids of long
(>18C) acyl saturated and unsaturated chains. Gene delivery and expression by
these lipopolymers was found to be dependent on the cell type: only 293T cells
were able to process the complexes in an appropriate fashion, leading to high
levels of transfection whereas h-BMSC did not. This was the case even though the
cellular uptake of plasmid DNA in h-BMSC was as high as the 293T cells.
Increasing the polymer content in complexes did not affect the physical properties
of the complexes (i.e., size and ¢-potential), but compromised the cell viability

significantly. The highest transfection efficiency was found with highly
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unsaturated (3-6 double bonds) lipid-substituted PEI2. Internalization studies
indicated that effective transfection followed both clathrin and cholesterol-
mediated endocytosis in 293T cells, and lipid-substituted PEI2 did not rely on
lipid rafts on cell membrane as much as the PEI25 for effective transfection. Our
results suggest that the uptake pathway mediating successful gene expression
depends on the cell line and type of PEI. We conclude that the chosen fatty acids
were not as advantageous as the shorter fatty acids (C14to C18) previously used
for PEI2 substitution. It is possible that increasing the substitution ratio on the
polymers might lead to further beneficial effects, but better control of the

chemical grafting scheme is needed to this end.
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6. General Conclusions and Future Directions

The widespread application of gene therapy depends on development of suitable
methods for gene delivery. In fact, the greatest obstacle in the field revolves
around the engineering of appropriate gene carriers'. Current carriers battle
different problems: for example, lack of cell targeting in vivo, inefficient long-
term expression, and low transfection rates®. Additional considerations include the
capacity of the vector to package genes of sufficient size and the vector’s
immunogenicity. Therefore, an ideal gene therapy delivery system would be
injectable, targetable to specific sites in vivo, regulatable (i.e., control expression
levels of target genes at will), and able to maintain long-term gene expression,
and finally, be immunologically compatible’. Delivery systems currently used for

gene therapy purposes can be broadly divided into viral and nonviral vectors.

The focus of this thesis was on the design of nonviral carriers, in particular
cationic polymers, which have been used for gene delivery since the late 1980s®,
Cationic polymers such as PLL and PEI contain high densities of primary amines,
which are protonated at neutral pH. This high density of positive charges allows
the cationic polymers to form stable complexes with genetic payloads (e.g.,
plasmid DNA). The cationic polymers self-assemble with DNA to generate
condensed structures of variable sizes capable of entering the cell. These
polymers vary widely in their structures, which range from linear to highly
branched molecules and influence their complexation with nucleic acids and their
transfection efficiency. In addition to providing positive charges for DNA
complexation, the primary amines also serve as functional groups to chemically
modify the polymers with ligands (i.e., lipids) that can enhance the outcome of
one or more of the steps in the transfection process.

Modifications of cationic polymers with lipid groups have been employed to

facilitate cellular delivery, given the lipophilic nature of cell membranes. To
design effective gene carriers that will modify primary BMSC in vitro (an
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important cell phenotype for clinical gene therapy), PEI and PLL were substituted
with PA via amide linkages. Depending on the reaction conditions, PEI and PLL
were substituted with 2.2-5.2 and 13.4-6.2 PA per polymer chain, respectively
(Chapter 3). The PA substituted polymers displayed slightly lower binding
efficiency compared to native polymers towards a plasmid containing pEGFP-N2
in an agarose gel-binding assay. The cell binding of PLL-PA, but not PEI-PA,
was particularly enhanced, resulting in a high percentage of cells displaying
significant polymer uptake. Cytotoxicity of PEI-PA was not altered compared to
native PEI, while PA substituents on PLL reduced the toxicity of the polymer.
PEGFP delivery into the BMSC was also significantly increased with the PLL-PA
(vs. PLL), but not PEI-PA (vs. PEI). The transfection efficiency of PLL-PA was
significantly higher (~5-fold) than the unmodified polymer. Notably, PLL-PA
mediated more transgene expression than native PEI liposomal carriers (Fugene ™

and Lipofectamine-2000™

) or an adenoviral carrier (GFP-Av) one day after
transfection. However, further incubation time (7 days) lead to an equivalent level
of transfection for all the carriers used. Adding PA to PEI did not improve
transfection capabilities of the carrier, suggesting that the success of the lipidation
approach is dependent on the carrier to be modified. Therefore, we conclude that
PA substitution on PLL provides an effective carrier for transfection of primary

cells derived from the bone marrow”.

Given the success obtained on PLL-PA, we further modified PLL with several
endogenous lipids of variable chain lengths (lipid carbon chain ranging from 8 to
18 saturated and unsaturated) in order to identify other possible lipids that can
enhance gene delivery properties of the native carrier. We imparted an
amphiphilic property to PLL by substituting ~10% of the &-NH, with lipids.
Lipid-modified PLL of high molecular weight (~25 vs. 4 kDa) were found to be
more effective in delivering plasmid DNA intracellularly in BMSC (Chapter 4).
For lipid-substituted 25 kDa PLL, a correlation between the extent of lipid
substitution (no. of lipid substituted times no. of carbon in the lipid chain) and the

PEGFP-N2 delivery efficiency was observed. Additionally, transgene expression
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by BMSC significantly increased (20-25%) when amphiphilic PLLs were used for
plasmid delivery as compared to native PLL and the commercial transfection
agent Lipofectamine-2000™. The transfection efficiency of the polymers was
positively correlated with the extent of lipid substitution. The amphiphilic
polymers were able to modify the cells up to 7 days after transfection, after which
the expression was decreased to background levels within a week. We noted that
C14-, C16- and C18-substituted PLL gave the most effective DNA delivery, but
this was likely because of the high substitution ratios obtained with these lipids
(~10 lipids/PLL). We speculate that other lipids can be as effective if they are
substituted at equivalent levels. We conclude that lipid-substituted PLL can be
used effectively as non-viral carrier for DNA and the extent of lipid substitution

was important for effective gene delivery”.

It is important to note that the studies carried out in Chapter 3 and Chapter 4
could be further improved with a better experimental design. The transfection
experiments were performed with pEGFP/polymer complexes and normalized
against cells treated with saline solution or pEGFP only. They did not include a
transfection group with blank plasmid and its carrier complexes. A blank plasmid
is one that mimics EGFP plasmid with the same frame but without the nucleotides
that encode for GFP. Adding these 'blank’ complexes to the studies would have
provided a better comparison between the fluorescence level of the GFP-
expressing cells and the background, since treating the cells with blank complexes
were subsequently shown to lead to an autofluorescence signal without actual
EGFP expression. The approach described above was implemented in the studies
described in Chapter 5, where transfection of 293T and BMSC with a mock
plasmid gWIZ and its counterpart gw1Z-GFP was combined with the carriers and

compared against each other.
Given the successful transgene expression obtained with low molecular weigh

(MW) PEI modified with the same series of lipids described above®, the last
research chapter of this work (Chapter 5) was directed towards the modification
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of 2 kDa PEI with longer lipids; saturated fatty acid (BA, C22), trans fat (ELA,
C18:1T) and essential fatty acids (EA, C22:1; DHA, C22:6 and LLA, C18:3).
Transfection efficiency with these carriers proved to be cell dependent. Only
293T cells were able to express the GFP, but not BMSC. The PEI modified with
highly unsaturated lipids resulted (LLA and DHA) in efficient carriers, which
where able to increase transgene expression overtime (6 days). However, the level
of transfection obtained from the carriers was less efficient than the highly
efficient 25 kDa PEI. As expected, the latter displayed significant toxicity but the
lipopolymers were more favourable in this respect. Furthermore, the perturbation
of the mechanisms of endoytosis using specific drugs led to propose the possible
endocytic pathway that lipid-substituted carriers might take in order to efficiently
transfect 293T cells. Complexes of PEI25 utilized the cholesterol-mediated and
clathrin-mediated endocytosis as reported by others’®, whereas PEI2-LLA
complexes did not follow any endocytosis pathway and the complexes possibly

penetrated the plasma membrane directly.

Throughout the chapters of this thesis, we show that lipid modification of PLL
and PEI is an efficient route for constructing carriers that could potentially be
used as gene delivery carriers. However, there is still room for improvement,
since these carriers do not ensure site-specific gene expression in the cells. The
described carriers lack moieties that could give targetability to specific cell types,
internalization follow by endosomal escape and nuclear transport. The
incorporation of additional functionalities (i.e., receptor-binding domains,
endosomolytic or nuclear targeting moieties) into the polymer can create specific
interactions with the cell surface, target a particular internalization pathway,
provide endosomal escape or improve nuclear localization. Although we have
previously conjugated a small peptide RGD (arginine-glycine-aspartic acid
peptide) to native PEI (branched 25 kDa) without successfully enhancing gene
expression in primary cells (BMSC)®, we have not explored the ability of other

10,11

moieties and the new derived polymers. Conjugation of folate'®*, transferring**,

13,14

epidermal growth factor****, nuclear localization sequences (NLS)**® to PLL and
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PEI are among the possibilities for this purpose.

In Chapter 5 we observed that despite of the high cellular uptake of the
complexes, transgene expression was minimal in h-BMSC. The derivates of PEI
carriers seem to remain in the endocytic vesicles of the cells limiting their ability
to deliver their nuclear active cargo. Therefore, functionalization of these carriers
with membrane lytic peptides could enable efficient release of the DNA payloads
into the cytoplasm. For this purpose, conjugation of HGP (15-amino acid peptide
derived from HIV gp41)*" peptide to PEI were recently shown to enhance
transgene expression compared to native PEI. Moreover, conjugations with
melittin'® have shown to endow nuclear homing activity as well as endosomolytic
action enhancing transfection efficiency in a broad range of cell lines (tumor cells,
primary hepatocytes and human umbilical vein endothelial cells). Another
strategy to facilitate DNA release is to include reducible crosslinkers like
disulphide linkages in the polymer chain. Disulphide bonds are quickly cleaved
inside the cells by the reducing enzymes such as glutathione reductase or
sulphydryl species, leading to a rapid dissociation of the DNA/polymer complex,
hence releasing the DNA. This method has been applied on PLL'® and PEI'*?,
and resulted in improved gene carrier properties as well as diminished
cytotoxicity when compared to native polymers. Furthermore, conjugation of PLL
and PEI with labile thioester linkages could be an additional alternative for the
construct of effective gene release. Thioester are common intermediates in many
biosynthetic reactions. They are involved in the synthesis of all esters, including
the formation and degradation of fatty acids, peptides, sterols and others®. Lipid
attachment through amide linkage (N-acylation) results in stable linkages, in
contrast attachment through thioester linkages (S-acylation) are meta-stable and
usually display a half-life of hours?'. Therefore, we believe that the introduction
of the lipids described before (Chapter 4 and 5) through a degradable thioester
linkage (C-S-CO-C) instead of amide linkage (C-NH-CO-C) would generate
carriers (i.e., PLL and PEI) with an easier and faster release property from the

cytosolic compartments enhancing their gene delivery efficacies. This reasoning
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could be used for the native or modified polymers described in this work as they
could improve their delivery properties if specificity is gained, hence taking them

from the bench work to an in vivo application.

A final consideration is the proliferation rate of target cells, which can play a
major role in whether the complexes gain access to the nucleus. In general, during
cell division nuclear envelope breaks down and reforms allowing the complexes
or freed DNA to diffuse into the daughter’s cell nucleus and eventually
transcription takes place. This process occurs very slowly in primary cells than
transformed cell lines®?, which may account for the lower transfectability of the
former as seen with h-BMSC compared to 293T cells (Chapter 5). Therefore, to
maximize the efficacy of the carriers, the robust internalization pathway should be
considered during the carrier design process and mechanisms facilitating nuclear
entry in non-dividing (or slowly dividing) cells should be incorporated into the

carriers.

148



6.1. References

1. Nabel G. Development of optimized vectors for gene therapy. Proc. Natl.
Acad. Sci. USA., 1999, 96, 324-326.

2. Hullett DA. Gene therapy in transplantation. J. Heart Lung Transplant,
1996, 15, 857-862.

3. Wu GY, Wu CH. Receptor-mediated invitro gene transformation by a
soluble DNA carrier system. J. Biol. Chem., 1987, 262, 4429-4432.

4.  Incani V, Tunis E, Clements BA, Olson C, Kucharski C, Lavasanifar A,
Uludag A. JBMR., 2007, 81A, 493-504.

5. Incani V, Lin X, Lavasanifar A, Uludag H. ACS Appl. Mater. Interface,
2009, 1, 841-848.

6. Neamnark A, Suwantong O, Bahadur RKC, Hsu CYM, Supaphol P, Uludag
H. Aliphatic lipid substituted on 2 kDa polyethylenimine improves plasmid
delivery and transgene expression. Mol. Pharmaceutics, 2009, 6, 1798-1815.

7. Rejman J, Bragonzi A, Conese M. Role of clathrin- and caveolae- mediated
endocytosis in gene transfer mediated by lipo- and polyplexes. Mol. Ther., 2005,
12, 468-474.

8.  Kopatz I, Remy JS, Behr JP. A model for non-viral gene delivery: through
syndecan adhesion molecules and powered by actin. J. Gene Med. 2004 6: 769-
776.

9.  Celments BA, Bai J, Kucharski C, Farell L-L, Lavasanifar A, Ritchie B,
Ghahary A, Uludag H. RGD Conjugation to polyethyleneimine does not improve
DNA delivery to bone marrow stromal cells. Biomacromolecules 2006, 7, 1481-
1488.

10. Ward CM, Pechar M, Oupicky D, Ulbrich K, Seymour LW. Modification of
PLL/DNA complexes with multivalent hydropholic polymer permits folate-
mediated targeting in vitro and prolong plasma circulation. J. Gene Med., 2002, 4,
536-547.

11. Guo W, Lee RL. Receptor-target gene delivery via folate-conjugated
polyethylenimine. AAPS Pharm. Sci., 1999, 1, E19.

149



12. Kircheis R, Kichler A, Wallner G, Kursa M, Ogris M, Felzmann T,
Buchberger M, Wagner E. Coupling of cell-binding ligands to polyethylenimine
for targeted gene delivery. Gene Ther., 1997, 4, 409-418.

13.  Xu B, Wiehle S, Roth JA, Critiano RJ. The contribution of poly-L-lysine,
epidermal growth factor and streptavidin to EGF/PLL/DNA polyplex formation.
Gene Ther., 1998, 5, 1235-1243.

14. Blessing T, Kursa M, Holzhauser R, Kircheis R, Wagner E. Different
strageties for formation of pegylated EGF-conjugated PEI/DNA complexes for
targeted gene delivery. Bioconjugate Chem., 2001, 12, 529-537.

15. Escriou V, Carriere M, Scherman D, Wils P. NLS bioconjugates for
targeting therapeutic genes to the nucleus. Adv. Drug Delivery Rev., 2003, 55,
295-306.

16. Gorlich D. Nuclear protein import. Curr. Opin. Cell Biol., 1997, 9, 412-419.
17.  Kwon EJ, Liong S, Pun SH. A truncated HGP peptide sequence that retains
endosomolytic activity and improves gene delivery efficiencies. Mol.
Pharmaceutics, 2010, 7, 1260-1265.

18. Ogris M, Carlisle RC, Bettinger T, Seymour LW. Melittin enables efficient
vesicular escape and enhanced nuclear access of nonviral gene delivery vectors. J.
Biol. Chem., 2001, 276, 47550-47555.

19. Oupicky D, Carlisle RC, Seymour LW. Triggered intracellular activation of
disulfide crosslinked polyelectrolyte gene delivery complexes with extended
systemic circulation in vivo. Gene Ther., 2001, 8, 713-724.

20. Gosselin MA, Guo WJ, Lee RJ. Efficient gene transfer using reversible
cross-linked low molecular weight polyethylenimine. Bioconjugate Chem., 2001,
12, 989-994.

21. Linder ME, Deschenes R. Palmitoylation: policing protein stability and
traffic. Nat. Rev. Mol. Cell Biol., 2007, 8, 74-84.

22. Grigsby CL, Leong KW. Balancing protection and release of DNA: tools to
address a bottleneck of non-viral gene delivery. J. R. Soc. Interface, 2010, 7, S67-
S82.

150



Appendix A

This section is intended to update the literature on hydrophobic modifications of
cationic polymers, in particular PEI. A brief discussion of the progress of lipid-
modified PEI, such as gene encapsulation, adsorption to cell membrane, serum
inhibition, gene dissociation, cytotoxicity, and gene or tissue-targeting on recent
studies (2009-2010) was addressed. The structure-function relationships discussed
here provided important information and insight for improvement of these
exciting gene carriers. As described in this work, most studies have shown that
incorporation of hydrophobic chains can improve gene delivery efficiency, mainly
explained by (i) hydrophobic interaction conferred to the resulting amphiphilic
polycation derivatives and (ii) enhanced cellular uptake by the hydrophobic
chains via the lipophilic cell membrane.

In 2009, Aravindan L* et al. found that increasing acylation of 25 kDa PEI using
acetic (C2) or propionic (C3) anhydride reduced the plasmid DNA/polymer
interaction, surface charge and buffer capacities because of the reduce number of
amines available for protonation and binding. However, reduction in the
concentration of amine groups helped to facilitate complex dissociation inside
cells, which increased gene transfection compared to native PEI. Particular ~70%
amine modifications in PEI by C3 formed small particle size of ~130 nm with a
positive net surface charge (compared to ~107 nm with unmodified PEI). This
carrier showed better membrane interaction, optimal binding strength with
plasmid DNA, more hemacompatible, less cytotoxic and was a superior
transfection agents with HEK 293 cells compared to C2-modified and native PEI
polymers. Hydrophobic chains also improved the delivery properties of low MW
(800 Da) PEI. PEI modified with alkyl acrylates of 6 and 12 carbons improved
complex stability and exhibited good binding affinity to siRNA, particular C6-
modified PEI showed significant lytic properties compared to shorter C2- or
larger C12-modified PEI%. C2-, C4- and C12-modified PEIs were quite unstable
against aggregation and either precipitated during preparation or was not

internalized because of the large size of the particles. Moreover, 10 residues of C6
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on PEI were able to induce efficient knockdown bioactivity of transfected
Neuro2A/EGFPLuc cell compared to lower degree of C6-modification, C2-, C4-,
C12-modified PEI. It gave comparable results to commercial transfection agent
Lipofectamine 2000. Importantly, the formulations caused significant knockdown
even in the medium with high content of serum. However, C6-modified PEI
decreased cell viability; therefore further formulations with other carriers such as
lipids or C12-modified PEI were needed to reduce the cytotoxicity effect. In the
same line, increasing the hydrophobic chain length beyond C6 on high MW (25
kDa) PEI reduced transfection efficiency and increased toxicity with CHO-K1
cells. Grafting 12.5% of 25 kDa with C12 formed larger and unstable complexes
size of 1800 nm with plasmid DNA?3 to less hydrophobic side groups such as
cellobiose (polyalcohol containing 12 carbons in backbone with hydroxyl groups)
and low MW PEG.

In contrast, increasing the hydrophobic chain length to 18 carbons on 25 kDa PEI
effectively delivers siRNA in B16 melanoma cells®. Both native and modified PEI
formed complexes of ~110 nm and displayed positive net surface charge.
Compared to native PEI, C18-modified PEI showed higher potency in STAT3
(signal transducer and activator of transcription 3) silencing accompanied by a
significant induction of IL-6 secretion and a reduction of VEGF (vascular
endothelial growth factor) production. Moreover, with C18-modified PEI
complexes, the level of the cellular Caspase 3 activity (an indicator of apoptotic
activity) was found to be 2.5 times higher than that of PEI complexes.
Consistently, in vivo results indicated significant regression in tumor growth and
tumor weight after siRNA/C18-modified PEI treatment as compared to the
SiRNA/PEI. This was accompanied with significant increase in IL-6 levels and
Caspase 3 activity, and a significant decrease in VEGF level and STAT3 activity

in the tumor tissue.

A different approach for PEI design was carried out by Oskuee® et al. The authors

formed dendrimers with polycationic PEI cores surrounded by hydrophobic alkyl
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shells of various lengths, each surrounded by an anionic outer shell of
carboxylated moieties at the physiological pH. This group found that increasing
the hydrophobic chain with alkylcarboxylate to 6 and 10 carbons and substituting
less than 20% of the amines on 10 kDa PEI formed positive charge complexes
with particle size ranging from 130 to 190 nm. Moreover, these carriers
substantially increased transfection in Neuro2A mammalian cells up to 5-fold
higher as compared to native 10 kDa PEI, which was comparable to 25 kDa PElI,
with the greatest increases occurring with C6-modified PEI derivatives.
Additionally, the alkyl chain length and density were shown to have no significant
effect on toxicity. Such an increase in transfection efficiency and reduction in
toxicity was attributed to the formation of an optimal hydrophobic shell and outer
anionic shell and that decreasing or increasing the length and density of the alkyl
chain, was going to cause a loss of dendrimeric architecture, resulting in
negligible transfection activity as seen with C2- and C16-derivatives. In a later
publication, the same group® found that siRNA delivery with high 25 kDa PEI
modified with the carboxylates listed above was increased compared to the native
PEI, and these results were independent of the hydrophobic chain length. Instead,
the delivery properties and cytotoxicity of the modified polymer was dependent of
the degree of substitution. The authors proposed that a certain reduction in
cationic charge density led to reduced toxicity without compromising complex
stability. Thus, higher concentrations of modified carrier were applicable for
siRNA delivery without toxic side effects, enhancing endosomal escape and

avoiding endolysosomal degradation.

Dehshahri’ et al. improved the gene delivery properties of 10 kDa PEI by
alkylating the primary amines with variable alkylcarboxylated chains of 2, 6, 10
and 16 carbons, followed by coupling to various oligoamines (ethylendiamine,
diethylentriamine, spermidine and spermine) through amide linkages. The
modified polymers bound to DNA and formed particles size in the range of 56-97
nm with a net positive charge allowing the complexes to enter the cell through

non-chlathrin mediated endocytosis®. These carriers yielded optimal transfection
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efficiencies which were much greater than those of native 10 kDa PEI, and
comparable to the transfection efficiency of 25 kDa PEI with Neuro2A murine
neuroblastoma cells. Moreover, the optimal alkyl chain length was found to be six
carbons; however, a shorter alkyl chain (C2) at higher degrees of substitution
(29% of primary amines) resulted in transfection efficiencies approaching those of
C6 alkylation at lower degrees of substitution (9% and 17% of primary amines).
The most effective oligoamine was found to be diethylentriamine, which gave the
highest buffering capacity in the endosomal pH range and reduced cytotoxicity.
The most probable reasons for the improved transfection efficiency were a more
favorable hydrophobic—hydrophilic balance and greater buffering capacity in the
endosomal pH range.

It is important to mention that the work describe above was only intended to
update the most recent literature on the polymers used in this thesis, and it only
focused on the insertion of hydrophobic moieties into cationic carriers and its
influence on gene delivery performance. Formulations that involved polymer

modification with other agents were not discussed.
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Confocal Image of h-BMSC treated with DNA complexes of PEI25
(DNA/polymer ratio of 1:5 (ug: ng)). The cells were analysed 24 hrs post-
treatment. Complex internalization was observed with Cy5-labeled gWIZ-GFP
(red), nuclei were stained with Hoechst (blue) and GFP expression was observed
as green
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